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PREFACE 
 
 
The authors have shown recently that for the two types of adult stem cells 

(hematopoietic stem cells and intestinal epithelium stem cells), the 
“ischemia/reperfusion” reaction can be developed in vivo. The damaging 
action of this reaction onto stem cells can be diminished by an injection of a 
source of NO-radicals into the animal’s body during reperfusion, since NO-
radicals are capable of decreasing the negative effect of radicals produced after 
oxygen access into the ischemic tissues. The authors believe that these data 
may be used in the development of new approaches for the protection of cell 
systems of organism renewal after the damaging action of various agents. 

Basing on our own and literature data, we analyze phenomenological 
problems of the death of several adult stem cells types, including hemopoietic 
and mesenchymal stem cells of bone marrow, stem cells of intestinal 
epithelium and other epithelia. We discuss potential mechanisms of cell death 
in vivo and in vitro after the action of ionizing radiation, hyperthermia and in 
the conditions of the “ischemia/reperfusion” reaction development.  

Although the phenomenology of adult stem cells death after the action of 
ionizing radiation has become classical, the molecular mechanisms of the 
death of these stem cells types are still being actively studied. It has been 
shown that after the action of ionizing radiation both the repair of induced 
damage and programmed cell death are realized in stem cells, the latter 
process going via several specific molecular pathways. The effects of many 
modifiers of radiation damage in adult stem cells are related to their 
participation in a complex combination of the processes of genetic damage 
repair and cell thanatogenesis.  

When adult stem cells undergo hyperthermia, other “targets” are damaged 

than those in the case of ionizing radiation. However, a similar formal 
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A. Konoplyannikov, S. Proskuryakov and M. Konoplyannikov xii 

approach developed earlier for the ionizing radiation action can be applied to 
describe the dependence between the cell survival and the damaging agent 
dosage. At the same time, the action of hyperthermia is characterized by a 
number of phenomena with no analogues existing in the case of ionizing 
radiation, for example, a known phenomenon of thermotolerance resulted from 
the increased production of the heat shock proteins.  

We have shown recently that for the two types of adult stem cells 
(hematopoietic stem cells and intestinal epithelium stem cells) the 
“ischemia/reperfusion” reaction can be developed in vivo. The damaging 
action of this reaction onto stem cells can be diminished by an injection of a 
source of NO-radicals into the animal’s body during reperfusion, since NO-
radicals are capable of decreasing the negative effect of radicals produced after 
oxygen access into the ischemic tissues. We believe that these data may be 
used in the development of new approaches for the protection of cell systems 
of organism renewal after the damaging action of various agents.  

Recently, studies on the cancer stem cells progenitors produced by the 
action of some carcinogens onto animals have started. The simultaneous 
studies on the survival of adult stem cells and cancer stem cells progenitors 
after the damaging action of ionizing radiation and hyperthermia may give rise 
to the improvement in the existing methods of malignant tumors treatment.  
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Chapter 1 

 
 
 

ADULT STEM CELLS AND CELL RENEWAL 

SYSTEMS 
 
 
An adult organism consists of a big number of different cell types 

(approximately 250-300) which constitute various cell populations of all the 
tissues and organs [1-2]. These cells can be damaged upon the action of 
different physical, chemical and biological agents. From the viewpoint of 
radiobiology, considering ionizing radiation as a possible cause of lethal 
damage of any cells in an organism, all the cell populations of an adult 
organism can be divided into two big groups based on their organization and 
reaction to irradiation. The first group involves cells fast or slowly 
regenerating during postnatal life due to cell division, while the second group 
represents systems not regenerating during this period of life [3-4]. Fast 
regenerating systems include bone marrow, intestinal epithelium, 
spermatogonial epithelium etc.; vascular endothelium and fibroblasts 
regenerate slowly. The cells which almost never regenerate under normal 
conditions are populations of parenchymal cells of liver, kidneys and lungs, 
though their regeneration can be stimulated by special conditions [3, 5-6]. It 
has been currently understood that the key role in the physiological and 
regenerative restoration of adult tissues belongs to adult stem cells [2, 5-8]. 
This fact applies to both fast and slowly regenerating tissues and organs, and 
even such tissues as nerve and muscle, which currently have no methods of 
successful stimulation of cell proliferation and until recently have been 
considered as systems unable to regenerate [9-11]. In the last few years, new 
data appeared on the presence of stem cells and, hence, on the possibility of 
cell reproduction in such cell populations, to replace dying cells and provide 
repair after damage [9-11]. 
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A. Konoplyannikov, S. Proskuryakov and M. Konoplyannikov 2 

The systems of fast cell regeneration have been most extensively studied; 
they are usually designed by a so-called hierarchical type - cell hierarchy from 
stem cells to functional elements. A. Michalowsky [3] suggested to call their 
reaction onto irradiation “H-systems (or hierarchical cell population) 
reaction”. Non-regenerating (or, in some cases, slowly regenerating) cell 
systems suggested to be called “F-systems” (flexible cell lineage) are less well 
understood. The latter consist mainly of a homogeneous population of 
functionally competent cells being in the Go –phase of cell cycle. Although the 
cells of H- and F-systems are pretty much similar in their radiosensitivity 
(tested as the loss of ability to “infinitely” reproduce), they are significantly 
different in the dynamics and level of adult stem cells death after irradiation, 
and also in the picture of radiation damage development.  

The systems of fast cell regeneration usually involve three or more 
compartments: 1) Adult stem cells compartment. Those are divided into 
primitive, pluripotent (capable of generating not one, but several cell lineages 
simultaneously), and committed stem cells (which are the initial component of 
a certain cell lineage); 2) Proliferative-increasing cell pool. These cells 
reproduce and differentiate into the elements of the following compartment 
(often a maturing cells pool is considered as a subpool within this pool); 3) 
Pool of functional cells. Adult stem cells form the basis for such cell renewal 
systems and usually are the only source of their repopulation after massive loss 
caused by irradiation, action of chemicals or, less common, action of other 
damaging agents. Adult stem cells are characterized by such two 
fundamentally important properties as capability of long-lasting self-renewal 
(it is sometimes referred to as an infinite proliferative potential) and the ability 
to produce cells going into differentiation, in doing so they can initiate various 
cell lineage. For example, in the hematopoietic system a pluripotent stem cell 
is a common progenitor cell for all hematopoietic cell lineages [12]; in the 
intestinal epithelium it is the only common progenitor cell of four cell types: 
columnar epithelium or enterocytes in the small intestine and colonocytes in 
the large intestine, mucosecreting or goblet cells, enteroendocrine cells and 
Paneth cells [13]. In the last years, two more properties of adult stem cells 
have been discovered – their plasticity (a possibility of reprogramming the 
following differentiation of adult stem cells) [14] and a possibility of 
producing various types of pluripotent stem cells from embryonic stem cells in 
vitro [15].  
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Chapter 2 

 
 
 

RADIOBIOLOGY OF ADULT STEM CELLS 
 
 
There exist different methods for revealing adult stem cells, first of those 

methods were developed by radiobiologists in the 60-70s of the last century 
[16-20]. Following irradiation, an acute deficit of survived stem cells is 
created and formation of the cell colonies is observed in the regions of their 
progeny proliferation. During 20 sequential divisions, one survived stem cell 
produces more than a million of cells-progeny. These new cells form a 
peculiar “colony” that may be morphologically revealed and recorded. When 
applying this method to studying survival of hematopoietic stem cells (HSC), 
the analysis of colonies formation in the spleen appeared to be possible not 
only for own cells survived the radiation (endogenous colony test), but also for 
bone marrow cells transplanted into a lethally irradiated organism (exogenous 
colony test), as shown in pioneer works by Till and McCulloch [16-18]. In the 
same decade, Withers and Elkind developed the methods of intestinal 
"microcolonies" and"macrocolonies", identical in their approach to 
endogenous colony test for HSC, for studying post-radiation survival of stem 
cells of murine intestinal epithelium [19-20]. Later on, methods applying 
primary and constant cell cultures were developed for human and animal 
hematopoietic stem cells (and some other types too) [21-22]. A population of 
non-hematopoietic stromal stem cells found in bone marrow [23-24] and later 
named mesenchymal stem cells (MSC) also rapidly became an object of 
radiobiological studies [24, 27-28]. Another population of adult stem cells - 
spermatogonial stem cells – had drawn attention of Withers et al [29] and 
other radiobiologists [30] who used the previously described method of 
radiation devastation of this cell renewal system in this case as well. 
Analogous works on peculiar equivalents of “exocolonies” of non-irradiated 
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and irradiated thyroid epithelium stem cells and other tissue-derived 
progenitor cells upon transplantation into different places in the body have 
been substantially less developed [31-34].  

Before discussing the general laws of the death of different stem cells 
upon the action of ionizing radiation, here we briefly refer to the methods of 
quantitative description of the dependencies between the radiation dose 
(radiobiology literature conventionally uses Latin symbol D for this quantity) 
and cell survival (S). A relatively small number of defined schemes are 
currently used in the modern radiobiology for the description of dose 
dependencies of various cells’ survival in vivo and in vitro. One of the most 
widely used schemes is a single-hit multitarget model [35-37]. Its widespread 
popularity is due to the fact that it allows one to extract the parameters 
characterizing cell radiosensitivity from the graph of cell survival vs. radiation 
dose. The formal description of this model is given by the equation:  

 
S = 1- [(1 – ехр (-D/D0)]n or, identically, S = 1- [(1 - e(-D/D

0
)]n  

 (1) 
 

where S is the fraction of survived cells (survival) after irradiation in the dose 
D, D0 and n are constants (parameters) called “mean cell lethal dose” and 

“extrapolation number”, correspondingly. The dose-effect curves plotted using 
semi-logarithmic scale (with the linear X-scale of the dose and the logarithmic 
Y-scale of the survival) have sigmoidal shape with the initial smoothly bent 
region followed by an almost linear (i.e. exponential in linear coordinates) 
dependence. It is easy to verify that, at sufficiently high D values the equation 
(1) transforms as follows:  

 
lnS  ln n - D/D0 =(2) 
 

or, using decimal logarithms, 
 
lg S  lg n - D/D0 x lg e  (3) 
 
These equations (2 and 3) describe the straight line which the dose-effect 

plot approaches at higher irradiation doses. They describe only a part of the 
“dose- cell survival” curve to be experimentally estimated using the methods 
of stem cells survival similar to endogenous colonies method for HSC. The 
measurement of this curve slope allows estimation of the mean cell lethal dose 
D0, which is numerically equal to the dose decreasing cell survival by a factor 
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Radiobiology of Adult Stem Cells 5 

of e, for example, from 1 to 1/e (i.e., from 1 до 0,37, or from 100% to 37%; 
therefore, sometimes the parameter D37 is used instead of D0 ). In the formal 
approach of the “target theory” [38] the mean cell lethal dose is an absorbed 
dose which, for the evenly distributed events of target inactivation, is 
sufficient for precisely one hitting of the sensitive cell “target” with 100% 

cells damage. However, due to random distribution of events of target 
inactivation, according to the Poisson statistics such events will happen only in 
63% of cells, while 37% of cells will remain intact. The point of the 
intersection of the linear part of the curve with Y-axis (i.e. at the zero dose of 
radiation) gives a value of the logarithm of “extrapolation number” (in formal 

terms of the “target theory” it corresponds to the number of “targets” in a cell). 

Thus, having plotted the linear part of the curve based on experimental data, a 
researcher gets an opportunity to simultaneously estimate two parameters 
characterizing cells radiosensitivity. Often one more parameter is used - 
“width” of the initial shoulder region (or quasithreshold dose) Dq , which is 
numerically equal to the dose of radiation, cut on the X-axis by the linear part 
of the dose-effect curve at the level of 100% survival. This parameter is related 
to the other two ones via the following expression:  

 
Dq = D0 x ln n (4) 
 
It is conventional that Dq may be used to quantitatively characterize cells’ 

ability to repair radiation damage, and that increase in this parameter means 
enhancement in the irradiated cells ability to regenerate after radiation 
damage. It is especially related to the so-called “sublethal radiation damage” 

which does not directly result in the irradiated cell’s death, but makes it 
sensitized to the further action of ionizing radiation [35-36]. 

In a number of cases, instead of an S-shaped survival-dose curve one may 
observe exponential curve, i.e. the dependence of the form  

 
S = ехр (-D/D0) (5) 
 
Such dependence is a special case of the described model at n=1, and Dq 

in this case is accordingly equal to zero. Such a scheme is referred to as a 
single-hit single-target model. In this case only one parameter - D0 - is needed 
to characterize cells radiosensitivity. Same cells may produce different dose-
effect curves (sigmoidal or exponential) depending on the different linear 
energy transfer (LET) of irradiation. The first type of curves is usually 
observed upon the action of low-LET radiation, while the second type is 
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A. Konoplyannikov, S. Proskuryakov and M. Konoplyannikov 6 

observed for high-LET radiation. An important point is that the initial slope of 
S-shaped dose-effect curves is equal to zero, i.e. the tangent to the curve at the 
zero dose of radiation is parallel to the X-axis. At the same time, in the 
radiobiological practice S-shaped curves with non-zero (usually negative) 
initial slope are frequently observed, with the rest of the curve described by the 
equation (1). In this case experimental points are best approximated by the so-
called modified single-hit multitarget model with the equation of a form  

 
S = ехр(-D/1D0){1 - exp (-D/2D0 )]n

 }  (6) 
 
It is commonly assumed for such a case that there are two types of cell 

inactivation in a homogeneous population that can be regarded both to the 
cells characteristics and irradiation characteristics, or to both factors 
simultaneously. The mean cell lethal dose D0 for the exponential region in this 
case can be derived using the following simple relationship:  

 
1/D0 = 1/1D0 + 1/2D0  (7) 
 
Another approach to the description of the dose-effect dependence which 

has gained acceptance in the last decades is based on a so-called linear-
quadratic model [36-38]. In this case the dependence of the cell survival on the 
radiation dose is given by the following relationship:  

 
S = exp[-(aD + bD2)] (8) 

 
where parameters a and b characterize contributions of the linear and quadratic 
components into the gradient of the fraction of survived cells (note that many 
authors use greek characters  and  instead of coefficients a and b; note also 
the dimensionality of these values – it is Gy-1 for the linear coefficient and Gy-

2 for the quadratic one). The initial slope of such a curve is determined by the a 
(or ) value, while its following shape at high radiation doses is given by the b 
(or ) value. It is noteworthy that in this case in the range of high doses the 
curve “dose-effect” does not tend to the exponential function but is similar to a 

parabola, i.e. its curvature grows with the radiation dose. When the range of 
the radiation dose is limited and experimental points are scattered, separate 
parts of such a curve can obviously be approximated by any dependence, 
including the exponential one, so the choice of a model depends on the 
researcher’s preferences.  
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Radiobiology of Adult Stem Cells 7 

In the first works [16-17], dedicated to the survival of murine 
hematopoietic stem cells after the action of low-LET radiation (X-rays of 280 
kV), it was found that the dose-effect curves for HSC in the exogenous colony 
test (spleen of lethally irradiated mice 10 days after donor bone marrow 
transplantation, irradiation in vitro and in vivo) are very similar and have the 
following parameters characterizing their radiosensitivity: 1. D0 is 1,05 Gy, 
and n is equal to 2,5 (when irradiating bone marrow in vitro); 2. D0 is 0,95 Gy, 
and n is equal to 1,5 (when irradiating bone marrow in vivo). Similar value of 
D0 , close to 1 Gy, was obtained in the experiments using the method of spleen 
endocolonies [36, 39]. Thus, murine hematopoietic stem cells did not differ in 
their radiosensitivity from the majority of other mammalian cells, which were 
grown in the culture and whose post-radiation survival was evaluated by 
change in their ability to form clones [35]. This conclusion about similarity of 
the radiation reaction of this type of stem cells and mammalian cells cultured 
in vitro were confirmed by other radiobiological data. The same conclusions 
were made when the methods of culturing progenitor cells for different 
hematopoietic lines were developed, and the curves of the radiation survival 
were obtained [36, 40-42]. The progenitor cells under study included early and 
late progenitor cells of erythroid series (BFU-e and CFU-e), progenitor cells of 
granulocytes and macrophages (GM-CFС, G-CFC и M-CFU) and others. As a 
rule, progenitors differentiated into a certain cell line were slightly more 
resistant to ionizing radiation than pluripotent stem cells, but this difference 
was not significant. At the same time, more committed stem cells, but still 
remaining a source of several hematopoietic lines, are characterized by a 
higher radiosensitivity as compared to polypotent HSC [43]. Under the action 
of high-LET radiation (mainly neutrons, protons, heavy charged particles etc.) 
D0 for HSC and their committed cell progeny drops by several times 
(proportionally to the magnitude of the relative biological effectiveness of 
such radiation – RBE), while n – extrapolation number – decreases to 1.0, i.e. 
the dose-effect curves convert into exponential functions [36, 44-45]. After the 
action of high-LET radiation, hematopoietic stem cells, as well as other types 
of mammalian cells, are almost incapable of repairing radiation damage, as 
opposed to the action of low-LET radiation [35-36, 42, 46-48]. Similar to 
mammalian cells in vitro, this type of stem cells was able to repair both 
sublethal cell damage and potentially lethal damage [35, 46-48]. It was shown 
later that repair of the damage in HSC genetic structures caused by low-LET 
radiation along with their proliferation at sufficiently long irradiation are the 
reasons for the dose-rate effect [36, 48]. HSC and their partially differentiated 
cell progeny have served as first types of adult stem cells to investigate the 
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A. Konoplyannikov, S. Proskuryakov and M. Konoplyannikov 8 

effect of radiomodification of various biological, physical and chemical 
agents, which can either attenuate or enhance their damage from irradiation in 
vivo and in vitro [21, 36, 49-61]. These studies substantially expanded the 
knowledge about the nature of fetal and adult stem cells and also about the 
mechanisms promoting their survival or death in the different whole-organism 
conditions during fetal and postnatal life, as well as during growth in the 
conditions of primary and stable cell cultures. Some of these data will be 
considered in more detail later, in the discussion on the mechanisms of stem 
cells death in an organism and their importance for sustaining cell homeostasis 
in the systems of an organism’s cell renewal.  

After the methods of cell culture and survival estimation were developed 
for pluripotent HSC and HSC-generated progenitor cells for different large 
animals and human hematopoietic lines, extensive research was conducted to 
characterize their radiosensitivity [36, 62-69]. It turned out that, with few 
exceptions, the quantitative parameters of cell radiosensitivity for these cells 
were of the same order of magnitude as those for laboratory mice. In other 
words, for such cells the value of D0 under the action of low-LET radiation is 
about 1 Gy, and the values of extrapolation number n are in the range of 2-5 
[32, 36]. When applying the “linear-quadratic model” to describe the dose-
effect curves for survival of human hematopoietic stem cells, the main 
quantitative parameter of radiosensitivity – “α/β ratio” - was found to be 3-5 
Gy, i.e. of the same order as that for mice [36-37, 70]. Therefore, human HSC 
cultures as well as laboratory animal stem cells have become a popular object 
not only for solely radiobiological studies, but also for evaluation of 
chemotherapy agents especially those involved in the cancer therapy [71-74]. 
Besides, they are used for evaluation of different modifiers which can be 
utilized to stimulate the reparative processes in the case of disorders of 
hematopoiesis in humans [75-76]. Along with the modern molecular biology 
tests, methods based on the consideration of the death level of stem cells with 
different degree of committing are still applied very frequently in such studies 
[65, 77].  

Another system of adult stem cells, first investigated by radiobiologists, 
are intestinal stem cells (ISC) [6, 19-20, 32, 36, 78-80]. As it was for HSC, the 
first elaborated approaches to estimate ISC survival were developed for mice 
and by their concept they were analogous to the method of “spleen 
endogenous colonies”. The mice underwent general irradiation in the doses 
leading to a substantial loss of ISC in the lower region of intestinal crypts. 
Before the “intestinal” form of radiation death began, 3 days after irradiation, 
fragments of mice small intestine were fixed for the following histological 
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Radiobiology of Adult Stem Cells 9 

treatment and obtaining transverse cross-sections of small intestine. The cross-
sections were examined for presence of regenerating crypts and those crypts 
where regeneration had not begun. The estimation was based on a reasonable 
assumption that regenerating crypts must have one or more ISC remaining 
after irradiation, while non-regenerating crypts must have no viable ISC, and 
that the probability to find survived ISC in the small intestine crypts was 
described by Poisson distribution. Thus, using rather simple mathematics, a 
mean number of survived ISC per one crypt and also for the entire transverse 
cross-section in a histological slide could be calculated [19-20, 36, 78]. This 
allowed one to plot the curve of ISC survival vs. irradiation dose in a certain 
dose range and to estimate a value of “mean cell lethal dose” D0 for them. D0 

for murine ISC appeared to be approximately the same as that for HSC and 
was equal or a little higher than 1 Gy under the action of low-LET radiation 
[19-20]. However, full curves “dose-effect” for these two types of stem cells 

are significantly different, since ISC have considerably greater “shoulder 
dose” Dq . For stem cells of the small intestine epithelium Dq is 4-5 Gy 
according to different estimations, and the value of “extrapolation number” n 

is of several tens [78-83]. This fact reflected higher ability of ISC to repair 
sublethal cell radiation damage (Elkind-type repair) during the early 
postradiation period, as was soon confirmed by the experiments on the effects 
of fractionated irradiation for ISC [84-85], and also in the low dose rate 
experiments [36], when reparative processes in the damaged stem cells could 
be realized fast. In a number of such radiobiological experiments the “linear-
quadratic model” was used to describe the “dose-effect” dependence. 

According to this model, the “α/β ratio” is 13.3 Gy at a high radiation dose rate 
(1.2 Gy/min) and is equal to 96 Gy at a low radiation dose rate (0.08 Gy/min) 
[86]. The conclusion about higher ISC ability to repair radiation damage of 
low-LET radiation is consistent with the data on a higher biological activity of 
high-LET neutrons of various energies and other high-LET radiation for these 
cells as compared to HSC [36, 87-90]. In [91], a relatively infrequently used 
“two-component” model was applied (see Eq. 6 and 7) to describe dose 
dependence of ISC survival after γ –irradiation of mice. According to this 
model, the D0 value for the first component is 1.5 Gy, for the second 
component it is 4.5 Gy, with the value of “extrapolation number” n equal to 
20. These data also showed better expressed reparative processes for ISC after 
the action of low-LET radiation, additionally confirmed by a study of 
fractionation effect and by comparison of effects of Co60 

γ-radiation and fast 
neutrons.  
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The research on the ISC radiobiology allowed creation of a new 
experimental model for some problems which were mentioned already in the 
works on HSC, but were difficult to analyze using one object only. First of all, 
it concerns the concept of “stem cells niche” first formulated for HSC [92] 
which suggested that the adult cell renewal systems contained certain 
structures capable, by producing cytokines and growth factors, and also by 
providing necessary cell interactions, of generating conditions for self-
sustainable population of stem cells during lifespan. A concept of “stem cells 
microenvironment” is widely used along with this term nowadays which 
extends to all known stem cells types [93], although a detailed research on 
such structures is only beginning and probably will not be finished soon. This 
concept is utilized also for analysis of different problems of radiation damage 
and the following HSC and ISC population regeneration [93-95]. It has been 
found that survival of ISC in the lower part of mice intestinal crypts after 
massive irradiation increases significantly when this zone is supplied with 
FGF-2 produced by pericryptal fibroblasts. The latter have a mesenchymal 
nature and play a role of “niche” elements for ISC [94]. Thus, the “niche” 

influence is realized not only in the conditions of sustained cell homeostasis in 
adult cell renewal systems, but also in the conditions of its disruption resulting 
from radiation inactivation of stem cells.  

Using experimental ISC models of transgenic and knockout mice, 
researchers successfully investigated the effects of a number of genes onto the 
apoptosis development and onto radiation damage of stem cells [96-98]. A 
number of genes (р53, р21, АТМ, Ku80, PARP-1, Msh2 etc.) directly relevant 
to DNA repair were shown to play an essential role in the regulation of the 
programs of cell survival. For example, products of p53 gene served as 
inducers of apoptotic form of cell destruction in intestinal crypts or led to the 
growth arrest at cell cycle checkpoints [96, 99]. It was observed for control 
non-irradiated mice that 1-2 ISC underwent spontaneous apoptosis in the small 
intestine crypts during 1 day, the fact which was probably related to 
homeostatic regulation for sustaining the number of stem cells in a crypt, with 
the participation of p53 genes and genes of the bcl-2 family [96, 99]. Deletion 
of p53 gene had a differing effect onto ISC survival in mice after low-LET 
irradiation: their survival in small intestine did not change, though 
regeneration of damaged crypts slowed down, while in large intestine ISC 
survival was lower for p53(-/-) mice than that for the wild type mice [98]. It 
was believed that in this case attenuation or absence of stem cells arrest in G2-
phase of cell cycle did not give them enough time for the reparative processes 
to go and resulted in the following decrease in cell survival. Under the action 
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Radiobiology of Adult Stem Cells 11 

of high-LET radiation p53-independent apoptosis was induced in ISC [100]. 
No difference in the extent of apoptosis within the whole pool of intestinal 
crypt cells was found between adult wild-type (WT) and p21(-/-) mice, but 
p21(-/-) mice showed 3 times higher crypt survival than WT mice 3.5 days 
after irradiation in the dose of 13 Gy [101]. The increase in the survival of ISC 
and their proliferating and differentiating cell progeny in irradiated animals 
was associated presumably with increased numbers of Msi-1- and survivin-
expressing cells in regenerative crypts. Besides, it was shown that p53 gene 
products participated in the development of early apoptosis induced by very 
low radiation doses in ISC located in the base of small intestine crypts [102]. 
Late manifestations of radiation apoptosis for ISC are p53-independent [99, 
102]. Although no change in the probability of spontaneous or radiation-
induced apoptosis was observed for mice with the deletion of bcl-2 gene 
family, but bad gene products were expressed in the crypt cells and villi after 
the action of radiation [102]. An unexpected phenomenon of significant 
increase in radioresistance of ISC was revealed for the cells located in the zone 
of patches of Peyer upon the action of both low-LET and high-LET radiation 
[103-104]. It was suggested that the increase in the ISC radioresistance in this 
case was due to “physiological shut down” of the p53 gene activity and/or 

increased expression of the bcl-2 and bcl-x genes [105]. 
A unique property has been discovered for ISC of small intestine – 

preservation of stability of two template DNA strands after cell division in the 
remaining stem cell, while the second cell going into differentiation receives 
two newly synthesized DNA strands [106-107]. Such segregation of template 
and newly synthesized DNA strands in stem cells of small intestine provides a 
peculiar “immortality” of DNA in this type of adult stem cells and stability 
toward development of cancer that makes them strikingly different from stem 
cells of large intestine epithelium. At the same time, it is worth mentioning 
that radiobiological aspects of many signaling pathways regulating cell 
homeostasis, including cell proliferation, cell death, possible carcinogenesis 
(such as Wnt/β-catenin, BMP/SMAD4, Notch, Hedgehog, PTEN/aKt, TGF- β 
etc.) have been stud concerns effects of different modifiers of stem cells’ 

radiosensitivity, with initiation of a variety of these signaling pathways. For 
example, epithelial growth factors (TGF-β, KGF) and cytokines related to 
hematopoiesis and immune functions (IL-1, SCF и IL-11, IL-12), usually in 
the form of human recombinant polypeptides, appeared to be powerful 
exogenous modifiers of ISC survival/death [108]. Interleukin α (IL-1α) was 
one of the first cytokines which was found to have radiomodifying properties 
toward ISC [109]. Administration of IL-1α to animals 4-8 hrs before 
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irradiation resulted in the aggravation of crypts damage. Only if administered 
1-7 days before irradiation, it led to a decrease in the ISC death, though 
repopulation of the damaged crypts was not faster [110]. It has been known 
that IL-1α radioprotective action onto HSC also appears in case of preliminary 
injection performed several hours or days before irradiation [111]. Interleukin-
12 (IL-12), secreted under the action of bacterial products by 
monocytes/macrophages and lymphocytes plays an important role in the 
generation of T1-helper cells. With other growth factors, it synergetically 
stimulates proliferation of early hematopoietic progenitor cells thus providing 
radioprotective action [112]. At the same time, this cytokine is capable of 
suppressing tumor growth and metastases production, probably by inhibiting 
cancer stem cells, and also of decreasing the proliferative activity of ISC [112-
113]. This fact is demonstrated by a significant drop in the number of 
regenerating crypts and a twofold decrease in the lifespan of mice having 
received this cytokine in the dose of 15 Gy either 18 hrs before irradiation, or 
1 hr after irradiation. Antibodies to interferone-gamma (aIFN-γ) cancelled this 
sensitizing effect [113]. Since a controversial action of IL-12 onto the 
radiation effect for different tissues was found, the prospective of its 
application as well as application of similar cytokines as radioprotectors seems 
to be somewhat illusive. Radioprotective action of FGF-2 was noticed earlier 
via the test of ISC survival [94]. An extensive study on the mechanisms of this 
effect has shown that they are not associated with direct action of FGF-2 onto 
the cells of intestinal epithelium, since its receptors are present only in the 
endothelium of microvessels surrounding crypts [114]. In the endothelial cells 
FGF-2 inhibited activity of acid sphingomyelinase producing a well-known 
thanatogenic mediator – ceramide. FGF-2 receptors are not expressed in the 
intestine, while acid sphingomyelinase is presented in the vessels endothelium 
in the amount which is 20 times higher than that in other tissues. Taking the 
above facts into account, it was suggested that the primary cause of intestinal 
mucosa exhausting and, correspondingly, ISC death, was early apoptotic 
destruction of the microvessels endothelium. Morphologically, FGF-2 
radioprotective action was expressed in the limiting of crypts shrinking, but 
not in the acceleration of their regeneration after irradiation [114]. At the same 
time, it should be mentioned that the extent of the radioprotective effect for 
FGF-1 and FGF-2 depends greatly on the experimental mice strain [115]. 
Transforming growth factors (TGFβ1, TGFβ2, TGFβ3) are known as 
inhibitors of epithelial cells proliferation, arresting them in the G1-phase of the 
cell cycle, thus they are capable of affecting ISC radiosensitivity [116]. For 
example, exogenous TGFβ3, injected to mice 24, 8, 4 hrs or immediately 
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before irradiation, essentially increased the number of regenerating crypts in 
the small intestine (3-12 times increase, depending on the radiation dose). In 
the large intestine, the effect was less noticeable, and the number of 
regenerating crypts increased no more than 2.5 times [116]. A similar 
radioprotective action was found for the keratinocytes growth factor (KGF) 
which is a member of the fibroblast growth factor family (FGF-7). KGF 
stimulates reparative processes, as was shown in the models of skin wounds 
and experimentally induced colitis [117-118]. KGF radioprotective effect onto 
intestinal epithelium is observed only if it is administered before irradiation; 
the number of regenerating crypts increases by a factor of 3.5 for the 14 Gy 
radiation dose. Since its receptor is expressed in any epithelial cells, KGF 
presumably directly affects ISC survival, possibly via the induction of seleno-
independent glutathione-peroxidase activity [118]. However, it should be 
pointed out that intestinal crypts of glutathione-peroxidase deficient mice 
(Gpx1-/-) were more resistant to radiation, than those of the wild-type mice 
[119]. KGF radioprotective action may also be related to the increase of ISC 
population and/or their accumulation in the radioresistant S-phase of the cell 
cycle [102, 120]. A combination of KGF and stem cell factor (SCF) did not 
additionally boost ISC radioresistance [121], though individually applied SCF 
improved survival of stem cells of this type in irradiated mice [122]. This fact 
may indirectly show that the radioprotective effect of these agents is realized 
via the same mechanisms.  

Another class of extensively studied anti-radiation agents for adult stem 
cells is lipopolysaccharides (LPS). LPS, components of a cell membrane of 
gram-negative bacteria, are one of the most well-known and powerful 
modifiers of various mammalian cells (including HSC and ISC) survival upon 
irradiation in vivo [52, 123]. Note that the important details of the 
radioprotective action of LPS onto ISC have been found only in the last 
decade [124]. The regulatory circuit appears as follows: introduction of LPS 
increases expression of the factor of tumor necrosis alpha (TNF-α) in the small 
intestine (exact cell origin is not identified) by almost 4 times; TNF-α binds to 
TNFR1 in pericryptal fibroblasts and/or villus enterocytes and promotes 
synthesis of cyclooxygenase Cox-2 and prostaglandin PGE2 in these cells. 
RNA-binding protein Apobec-1 is found in the same chain [125]. It should be 
noted that PGE2 is not synthesized under the action of LPS in the cells forming 
a crypt and carrying TNFR1. Such an effect is observed also for murine 
enterocytes expressing mutant Apobec-1. The increase in ISC survival due to 
prostaglandin may be relevant to the inhibition of the mechanisms of apoptotic 
destruction and to the arrest of irradiated stem cells in the G2-phase that gives 
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them time for the reparative processes [126]. It is not improbable that LPS 
ability to inhibit apoptosis via suppression of p53 activity plays a certain role 
in its antithanatogenic action [127]. In general, it is conventional to consider 
the radioprotective effect of LPS onto stem cells and their microenvironment 
as a result of the LPS-induced prostaglandins production [124, 128].  

Among the low-molecular stimulators of ISC post-radiation survival, 
dimethylsulfoxide (ОН

• -radicals scavenger) and retinoic acid (a well-known 
inducer of cell differentiation) were found [129]. cAMP-phosphodiesterase 
inhibitors (diethylamino-1-reserpine, 1-methyl-3-isobuthyl-xanthine, 
theophylline and caffeine) administered to mice shortly before irradiation 
boosted the number of regenerating crypts by 6-7 times in respect to the 
control group [130]. The effect in this case did not visibly differ from that for 
the standard radioprotector WR-2721, which acts at the physico-chemical level 
via decreasing the degree of DNA radiation damage in various types of adult 
stem cells [131-132]. Two more groups of substances, opposite in their general 
effect, are of special interest for radiomodification of stem cells. These two 
groups include anti-inflammatory agents (by the example of indometacin) 
promoting death of irradiated ISC, and carcinogens (by the example of 
azomethane and 1,2-dimethylhydrazine) promoting survival of irradiated stem 
cells [126,133-135]. For example, indometacin, non-selective inhibitor of 
cyclooxygenases 1 and 2 (Cox-1, Cox-2), decreases the concentration of 
prostaglandin PGE2 both in intact and in irradiated animals, though the latter 
ones show a rise in the Cox-1 level after irradiation. Administration of this 
drug to the animals 1 hr after irradiation and then every 8 hrs for 3 days 
resulted in the dramatic reduction in the number of regenerating crypts [133]. 
Selective Cox-2 inhibitors did not affect the crypts’ survival, as well as the 

deficit of these genes (Cox-2(-/-)) in irradiated mice. However, neutralizing 
antibodies to PGE2 and Cox-1

(-/-)-genotype decreased the number of 
regenerating crypts [136]. As the analysis of these data has shown, 
prostaglandins switch into the mechanisms of ISC death only in the damaged 
epithelium, in the conditions of stress reaction onto cytotoxic action [133]. In 
contrast, carcinogens - azomethane and 1,2-dimethylhydrazine – administered 
to mice 1 day before irradiation were able to essentially enhance ISC survival 
as compared to the control group, where the animals did not receive 
carcinogens [134-135]. This effect may be related to the damage brought by 
the carcinogens to the mechanisms of apoptotic removal of stem cells 
containing radiation-damaged DNA, for example, via inhibiting the activity of 
p53 gene. At the same time, it was shown using the ISC model that combined 
application of a carcinogen and indometacin in irradiated mice attenuates 
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Radiobiology of Adult Stem Cells 15 

radioprotective action in comparison with the effect of the carcinogen only 
[134], i.e. prostaglandins participate in the realization of carcinogens 
radioprotective action, either. We have shown recently that 1,2-
dimethylhydrazine is capable of exhibiting the same radioprotective action 
onto murine HSC [135], irradiated in vivo, though additional indometacin 
administration did not suppress this effect. It is possible that a specially 
synthesized p53 gene inhibitor - pifithrin-α - has a radioprotective action onto 
adult stem cells similar to the carcinogens effect [137]. On the other hand, in 
the mechanisms of pifithrin-α and its analogues action, their ability to inhibit 
NO-synthase activity may play a certain role, which is characteristic for many 
radioprotectors with physico-chemical mechanism of action [55].  

Rafiomodifying action of the majority of agents investigated mainly using 
HSC and ISC remains absolutely insufficiently studied for other types of adult 
stem cells. Among those, we earlier mentioned mesenchymal stem cells 
(MSC) [6, 23-28], stem cells of spermatogonial epithelium and other epithelia 
[29-31, 34], and also so-called cancer stem cells [138-140]. At the same time, 
even those few radiobiological studies conducted with the use of the above 
types of stem cells allowed finding a number of interesting phenomena. For 
example, it was revealed that MSC of bone marrow were characterized by a 
higher radioresistance than HSC of bone marrow in vitro and in vivo [24, 27-
28, 36, 141-143]. The magnitude of the mean cell lethal dose D0 for low-LET 
irradiation of human and laboratory animals’ MSC is 1.4-2.0 Gy and can be 
even higher (up to 2.5 Gy) after prolonged irradiation [144]. MSC population 
obtained by cell culture of rats’ bone marrow is inhomogeneous and contains 
fibroblastoid precursor cells forming “compact” and “diffuse” clones which 

significantly differ in their radiosensitivity [143]. If the linear-quadratic model 
for the description of the survival-dose dependencies is used for these two 
MSC subpopulations in vitro, the “α/β ratio” is 12.7 ± 5.5 Gy for precursor 
cells forming “diffuse” colonies, and is 4.5 ± 3.0 Gy for precursor cells 
forming “compact” colonies. These data can be explained on the hypothesis 
that precursor cells forming “compact” colonies belong to a category of more 
“primitive” and less committed MSC, while more radioresistant precursor cells 
forming “diffuse” colonies belong to more committed cell progeny, with 
partially exhausted proliferative potential. This assumption is consistent with 
the data obtained in our laboratory on the MSC cultures of patients with 
Hodgkin’s lymphoma. In these patients, large portions of bone marrow 
underwent intense radiotherapy resulting in a high proliferative load onto 
different populations of bone marrow cells. We have shown that the MSC 
cultures grown from non-irradiated regions of the patients’ bone marrow 
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contain a greater fraction of “diffuse” colonies [145]. We have also found in 
the experiments on animals that the “oxygen effect” is expressed much weaker 

for irradiation of this MSC subpopulation in vivo, i.e. these cells are under 
hypoxia conditions in an organism [146]. There is no question that MSC and 
ISC remain a good object for studying cell nature of radiation aging [147-148].  

As we have recently discovered in the experiments on 5-azacytidine-
induced human and rats’ MSC differentiation toward cardiomyocytes, their 
radioresistance increased [149]. This fact is in a good agreement with the 
general understanding that this is a characteristic phenomenon in the process 
of pluripotent adult stem cells differentiation into progenitor cells of certain 
cell lineage. It would be interesting to observe how MSC radioresistance 
changes when they differentiate into other numerous cell lineages (for 
example, progenitor cells for osteoblasts, chondrocytes, adipocytes etc.), but 
such data have been non-existent so far. Another prospective direction in the 
radiobiological studies with the use of MSC may be investigation of 
radiosensitivity of gene-modified MSC cultures, as it is this cell type that is 
believed to be the most promising agent for gene delivery into different tissues 
[150-151]. Radiobiological data could be useful in the development of optimal 
schemes for cell and gene therapy applying MSC and their partially 
differentiated cell progeny, while the data quantitatively characterizing these 
cells may be utilized for a peculiar “quality control” of cell cultures 
industrially manufactured for therapeutic purposes.  

A very interesting phenomenon was detected in the radiobiological studies 
using spermatogonial stem cells - cells existence in the conditions of 
physiological hypoxia in an intact organism, the fact making this type of adult 
stem cells relatively radioresistant (the value of D0 for low-LET radiation is 
about 1.6-2.4 Gy [29, 36, 152]). Spermatogonial stem cells showed fast 
increase in the sensitivity to repeat irradiation due to reoxygenation in the first 
hours after the first action of ionizing radiation, and also efficient 
radiosensitization in the presence of electron affinic substances [152-154]. 
This pool of adult stem cells is characterized by exponential decrease in its 
size with age, in contrast with stem cells in other systems of cell renewal 
[155]. A local hyperthermic action (in the range of 41-430 

С, 30 min long) 

onto mice testicles before irradiation significantly aggravated radiation 
damage of spermatogonial stem cells [156]. A research has been started on the 
“niche” for this interesting system of adult stem cells [157], which provides 
both self-maintenance of the stem cell pool and their following differentiation 
up to the spermatozoons production. Although the key role of the Sertoli cells 
in this system functioning is of no doubt, studies on the specific programs of 
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Radiobiology of Adult Stem Cells 17 

interaction of different components of this cell renewal system and their 
reaction onto damaging agents are in their beginning stage only.  

Very little radiobiological information exists on the characteristics of 
cancer stem cells. These cells are traditionally considered as relatively 
resistant to ionizing radiation and many chemotherapy drugs [158-160], but 
the nature of this resistance remains almost unknown. This might be related to 
the fact that they exist in the conditions of hypoxia in an organism, or they can 
have p53 function shut down or genes of bcl family activated, they can possess 
a powerful system of reparative enzymes etc. Study of these mechanisms for 
developing radio- and combined therapy for patients with resistant forms of 
malignancies has become an urgent task. It is not impossible that the model 
based on the observation of radiobiological characteristics of adult stem cells 
for animals treated with carcinogens will become one of the most convenient 
models, as mentioned earlier [134-135]. Both expanding the set of adult stem 
cells types (first, by using MSC and their partially differentiated progeny) and 
monitoring the effects not only immediately after the carcinogen 
administration but also in a more distant time appear to be promising.  

Stem cells within the “critical” systems of cell renewal which preserved 
their viability after total irradiation are currently considered as certain 
“determinants” of an organism’s survival in the acute phase after a lethal dose 
irradiation leading to “bone marrow” and “intestinal” forms of radiation 
lethality [36, 161]. This is due to the fact that they are the only sources of 
proliferative restoration of the corresponding systems of cell renewal 
devastated by radiation. In this case the adult stem cells which survived 
radiation escaped the death which manifests itself in the form of radiation-
induced apoptosis or mitotic catastrophe. Radiobiological analysis performed 
using “intestinal” form of mice death has shown that at such radiation doses an 
average of one or less stem cells survives in the crypts of small intestine. 
These surviving stem cells may restore the initial cell population of a crypt 
relatively fast via proliferation [16]. Those intestinal crypts where no stem 
cells survived after irradiation still may restore their structure due to the effect 
of “fission” of nearby repopulated crypts [162]. For the hematopoietic system 
the restoration of hematopoiesis is possible due to the phenomenon of HSC 
“migration” [163-164]. Death and damage of stem cells also play a crucial role 
in the development of late non-tumorous radiation damage of different tissues 
[4]. However, other effects, such as still poorly investigated effects of 
radiation-induced senescence of stem cells, as well as accumulation of somatic 
mutations and clonal stabilization, may contribute into the pathogenesis of late 
radiation damages [147-148]. As for the development of radiation-induced 
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tumors, epigenic disorders and the possibility of the “plasticity”effect 

(dedifferentiation) may greatly contribute along with somatic mutations in 
stem cells and disorders in their “microenvironment” [165-166], but the real 
progress in this direction is expected only in the future research.  
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Chapter 3 

 
 
 

HYPERTHERMIA AND ADULT STEM CELLS 
 
 
Going to the description of the effect of another physical factor - 

hyperthermia – capable of lethally damaging adult stem cells in vitro and in 
vivo, we emphasize that thermal biology of stem cells has been poorly 
developed so far. The research in this direction was stimulated by first 
attempts of utilizing methods of general and local hyperthermia to boost the 
efficiency of radiotherapy for resistant malignancies in the second half of XX 
century [167-168]. As has been established in the experiments on the 
biological reasons for such hyperthermia application, heating of normal and 
tumor cells of humans and laboratory animals in vitro and in vivo to 40-410 С 
and more increases their sensitivity to ionizing radiation, besides, heating has 
its own damaging action onto cells [169-170]. The damaging and 
radiosensitizing action of hyperthermia at the cell level depends on the 
temperature and duration of heating, and also on such factors as cells’ nature, 

pH of the medium etc. Hyperthermia is capable of aggravating damaging 
action of not only ionizing radiation, but also of many chemotherapy drugs 
used in the cancer treatment [171]. One rather unusual phenomenon is 
characteristic for the biological action of hyperthermia as compared to the 
majority of other damaging agents – development of a higher resistance to the 
repeat hyperthermia observed in a short (1-2 days) time after a mild heating. 
This phenomenon was called “induced thermotolerance” [169-172]. The basis 
for the thermotolerance phenomenon is induction of heat shock proteins and a 
raise in the activity of DNA polymerase-beta (a key enzyme; suppression of its 
activity under hyperthermia leads to cell death) [173]. Heat shock proteins are 
known to perform important functions in the body on sustaining homeostasis 
and providing reparative processes. They are synthesized not only in response 
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to hyperthermia, but also under the action of many stress agents [174-176]. 
Therefore, it seemed interesting to investigate damaging and radiosensitizing 
action of hyperthermia and its ability to induce thermotolerance in adult stem 
cells. It was shown in the experiments conducted on murine HSC heated in 
vitro that hyperthermic “dose-effect” curves plotted in a manner similar to that 

for radiation (X-axis is the duration of heating for each of 4 temperatures in 
the range of 41-440 

С, Y-axis is the logarithm of survived fraction of cells) had 
a typical sigmoidal shape with a small “shoulder dose” and the subsequent 

exponential region [177]. This finding means that the “single hit multi-target” 

model suggested in radiobiology can be used for the description of the 
dependence of adult stem cells survival on the “heat dose”. The latter is 
estimated by the duration of heating at a given temperature. The D0 for murine 
HSC heated in vitro and then transplanted to lethally irradiated mice for the 
survival estimation using spleen “exocolonies” was found to be 29.3, 22.6, 8.1 
and 2.8 min for the temperatures of 410, 420, 430 and 440 С, respectively. An 
additional study on the distribution of spleen colonies by their morphological 
forms showed that it did not differ statistically significantly for stem cells 
survived hyperthermia and for control intact HSC. In other words, the choice 
of differentiation for stem cells after hyperthermia in the studied range of 
temperatures and durations of heating was not disrupted. The analysis of the 
character of D0 change with temperature showed that this dependence was 
consistent with the second order kinetics of chemical reactions describing 
reaction rate vs. temperature [169-170, 178]. The main parameter of such 
dependence – “activation energy” - was estimated to be about 120-150 
kcal/mol for the process of heat inactivation of murine HSC. This value is 
close to similar parameters for other mammalian cells (but not stem cells) in 
vitro and in vivo [178-179], i.e. similar mechanisms can be assumed for the 
damaging action of hyperthermia onto adult cells with different functions. In 
the same work the radiosensitizing action of hyperthermia onto murine HSC 
was described. The cell suspension was heated to 430 

С for 30 min that 
decreased stem cells survival up to 10% of the initial value. The subsequent 
irradiation of the preliminary heated suspension resulted in the reduction of 
HSC radiosensitivity according to the test of clonogenic survival with the D0 

being decreased from 0.97 Gy to 0.61 Gy, or about 1.5 times. Approximately 
the same degree of HSC radiosensitization was observed if the cells were 
heated 1 hr before irradiation. However, when the HSC were heated 1 hr after 
irradiation, the observed reduction in the cell survival was only a simple 
summative effect of radiation and heating. These data can be explained as a 
result of fast reparative processes in the irradiated stem cells which can be 
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blocked only by preliminary heating. The latter conclusion is confirmed by the 
data on the hyperthermia blocking the activity of DNA repair enzymes, in 
particular, DNA-polymerase-beta [173, 178, 180]. Similar results on the 
thermal inactivation and radiosensitization were obtained by our group and 
other authors for other types of adult stem cells of humans and laboratory 
animals – progenitor cells of granulocytes-macrophages [181-182], 
spermatogonial stem cells [156, 183], mesenchymal stem cells [175, 182, 
184]. The general conclusion based on these data is that the prepared 
suspensions of adult stem cells are characterized by almost the same 
sensitivity toward hyperthermia, while transplanted tumor or leukemic cells 
often demonstrate higher sensitivity to the heating [168, 179, 182, 185-186]. 
For the murine leukemic myeloid cell line L1210, it was possible to bind their 
elevated heat sensitivity to a disorder in the balance of protein expression for 
the Bcl-2 family, with inclination toward the family members possessing 
proapoptotic action [186]. At the same time, there are indications that in a 
tumor tissue some cells can be different in their heat sensitivity which was 
demonstrated in the study of this sensitivity for several different cell clones 
obtained from human colon adenocarcinoma [187]. It remains unclear how 
precisely the data of testing adult stem cells thermosensitivity in vitro 
correspond to their thermosensitivity in vivo. In our works performed on MSC 
of rat bone marrow, we obtained “dose-effect” curves for the 430 C heating of 
a prepared suspension of bone marrow cells and for a local heating of a lower 
extremity (by a controlled microwave radiation). We found that the MSC 
thermosensitivity in vitro and in vivo did not noticeably differ [182, 184]. In 
these experiments we also discovered a possibility to induce MSC 
thermotolerance in vivo via local action of microwave radiation. This allowed 
us to create a method of temporary “labeling” of stem cells in an organism to 
observe certain physiological processes, for example, stem cells migration into 
other parts of the body upon their damage or when using different actuators of 
cell migration. These data appear to be of top interest in connection with the 
development of cell therapy often supplemented with stimulation of 
autologous bone marrow stem cells migration into various damaged organs 
and tissues [188].  

Taking into account an important role of p53 gene in apoptosis, attempts 
were made to ascertain this system participation in the hyperthermic death and 
radiosensitization of normal and tumor cells in the whole organism conditions. 
It was shown that hyperthermic sensitization for different types of cells which 
underwent irradiation with different LET values manifested itself in the form 
of activation of apoptotic processes and possibly necrosis regulated by 
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expression of p53, Bcl-2 and Bax [189-193]. The damaging action of 
hyperthermia alone was found to have no close relation to the activity of p53 
gene and was observed for the mutant cells or in the absence of this gene [194-
195]. This may be regarded to the fact that a medium-efficiency heat dose may 
disrupt the process of apoptosis, and also in this case necrosis processes may 
be realized [196]. Thus, the analysis of the realization of the hyperthermia 
mechanisms at the cell level and its application in the new methods of 
anticancer and cell therapy remains an urgent task of the modern biomedical 
research.  
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Chapter 4 

 
 
 

PHENOMENON  

OF "ISCHEMIA/REPERFUSION"  

FOR ADULT STEM CELLS 
 
 
One more interesting problem in the field of agents acting on adult stem 

cells in vivo is an "ischemia/reperfusion" reaction recently discovered by our 
group for stem cells of two “critical” systems of a whole ogranism’s cell 
renewal [197]. This reaction is known to result in cell apoptosis or necrosis in 
different tissues of a whole organism after acute hypoxia caused usually by 
temporary disruption in the delivery of oxygen and other necessary 
components for energetic and plastic demands of tissues. Until recently, it has 
been investigated only for highly differentiated, usually non-proliferating 
parenchymal cells of vitally important organs (heart, kidneys, nervous system 
etc.) [198-200]. A possible development of this reaction in the stem cells 
within the tissues designed by the principle of cell renewal almost did not 
attract attention of researchers. However, stem cells in such tissues (primarily, 
in bone marrow and small intestine epithelium) play a crucial role both in 
sustaining their physiological regeneration and in the response to the action of 
damaging agents, especially ionizing radiation and cytostatics [36]. Besides, it 
has become clear in the last years that the regeneration processes in an 
organism with damaged vitally important organs (including the case of 
"ischemia/reperfusion") can be markedly enhanced by delivery of MSC into 
the “target” tissues. This can be realized through transplantation of autologous 
bone marrow MSC or by activation of own MSC migration [201-203]. 
Therefore, we projected a search for indications of the reality of the 
"ischemia/reperfusion" reaction in stem cells of two “critical” systems of cell 
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renewal (bone marrow and intestinal epithelium). The cells survival was 
studied by radiobiological methods after total irradiation using a known 
radioprotector serotonin to generate a short-lasting acute hypoxia in the tissues 
during irradiation [204-205]. Sodium nitroprusside (SNP) was used as an 
agent for testing the "ischemia/reperfusion" reaction in stem cells. SNP is a 
donor of NO radicals and is known to significantly enhance the cells’ 

probability to survive when administered to animals in the period of 
“reperfusion (reoxygenation)”. NO radicals compete with active forms of 
oxygen (AFO) and thus diminish their damaging action [198, 206]. In the 
experiments on the mice from the control group which underwent only total 
irradiation in the dose of 6 Gy, the number of endogenous spleen colonies was 
1.9±0.2 colonies/spleen on the 8th day after irradiation. The administration of 
hypoxic radioprotector serotonin to mice 10 min before irradiation increased 
this level to 6.1±0.5 colonies/spleen, i.e. by about 3 times. This was consistent 
with the results of similar experiments on the evaluation of “bone marrow” 

survival of mice or on the HSC survival [36, 204, 207]. However, when SNP 
was administered to serotonin-protected mice immediately after irradiation, it 
resulted in the further essential growth of the number of endogenous spleen 
colonies to 13.2±0.7 colonies/spleen on the 8th day after irradiation. At the 
same time, administration of SNP alone to mice did not produce 
radioprotective effect, and the number of registered endogenous spleen 
colonies was only 2.2±0.3 colonies/spleen which did not differ statistically 
significantly from the control group. The discovered effect of the strong 
radiomodifying action of the post-radiation SNP administration to mice after 
prior protection with serotonin before irradiation was quite unexpected and 
was obtained for the first time for adult stem cells. This effect can be 
explained as an additional suppression of the "ischemia/reperfusion" reaction 
in HSC irradiated in the conditions of rather substantial but short-term 
hypoxia. It may be suggested that the real anti-radiation protection due to 
acute hypoxia in vivo is actually higher than the observed one, but the majority 
of survived stem cells (about 50%) undergo apoptosis or necrosis at the stage 
of reoxygenation because of the "ischemia/reperfusion" reaction. The validity 
of this hypothesis was tested in the experiments where the post-radiation 
survival of HSC with different degree of committing (CFU-S-8 and CFU-S-
12) was determined by the method of exogenous spleen colonies. In this case 
the same groups of mice as those in the experiment with exogenous spleen 
colonies were used as donors of bone marrow. However, the total mice 
irradiation was conducted in the dose of 2 Gy, and the bone marrow of these 
animals was obtained 2 hrs after irradiation, when the completion of the 
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"ischemia/reperfusion" reaction in HSC was expected. The number of colonies 
(formed by the remaining live HSC) was measured grown in the spleen 8 and 
12 days after transplantation of a given amount of donor bone marrow cells 
into lethally irradiated recipients. The level of the counted spleen colonies was 
normalized to the number of transplanted cells of bone marrow. The stem cells 
survival was calculated in comparison with the survival of the same cells from 
non-irradiated animals. The "ischemia/reperfusion" reaction was also 
established in this case, being more expressed for CFU-S-8 than for CFU-S-
12. This may be related to the fact that more “primitive” CFU-S-12 are likely 
to exist in an organism in the conditions of relative physiological hypoxia and 
proliferative resting thus being less vulnerable to the "ischemia/reperfusion" 
reaction. These considerations are consistent with the previously reported data 
on the radiobiology of these two HSC subpopulations [208-209]. A similar 
picture of the enhancement of the serotonin radioprotective effect by the post-
radiation SNP administration was also detected in the test of the intestinal stem 
cells survival using the method of intestinal “microcolonies”. Note that the 
radioprotective action of serotonin for the stem cells of small intestine 
epithelium was less marked, and the increase in the survival due to additional 
SNP after initial serotonin protection was lower, correspondingly. It is 
possibly related to a lower degree of hypoxia created by serotonin in the 
intestine, and also to a shorter duration of hypoxia than that in the 
hematopoietic tissues [210]. The same enhanced radioprotective effect at 
additional SNP administration was detected in the test on the mice survival for 
the “bone marrow” and “intestinal” form of death, which reflects the 
importance of the "ischemia/reperfusion" phenomenon in the organism 
reaction to the acute radiation damage.  

Thus, using radiobiological methods for estimation of adult stem cells 
survival, for the first time it has become possible to reveal the 
"ischemia/reperfusion" reaction for such cells in vivo. The primary tasks for 
the further research in this direction involve elucidating the dynamics of this 
reaction in the whole organism and study of different modifiers for this 
reaction. In the latter task, the presence of many inducers of apoptosis and 
necrosis should be considered, which were found in the experiments on the 
cell death in tissue culture or in the short-lasting cultures prepared from 
specially separated parenchymal cells of vitally important organs [211]. From 
this viewpoint, a “preconditioning” technique is of importance when using 

adult stem cells (primarily, MSC) for their systemic transplantation into a 
damaged organism. The “preconditioning” is essential so that transplanted 

cells would be able to avoid attack of active forms of oxygen after they reach 
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the damaged parts of tissues in the process of “homing” [212-214]. Our 
scheme of experiments on the studying the "ischemia/reperfusion" reaction 
may become useful for studying various ways of “preconditioning” and other 

methods for creation of favorable conditions to sustain stem cells survival after 
their transplantation into an organism. On the other hand, it seems important to 
attempt applying the "ischemia/reperfusion" reaction to destroy cancer cells or 
at least increase their sensitivity to radiation of chemotherapy drugs. This 
experiment can be performed using the previously considered model of adult 
stem cells treatment with carcinogens in vivo.  
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