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Letter from the Editors

Dear readers,
We are delighted to bring you the 
eighth issue of Acta Naturae – the 

first issue of 2011. As you can see, despite the 
numerous skeptical assessments that greeted 
the very beginning of our activity, the jour-
nal continues to be published, and, moreover, 
it is carving out a place for itself under the 
sun in russia and abroad. the support that 
is anticipated to come in the nearest future 
from the Ministry of education and Science 
is of crucial importance at this stage.

As usual, this eighth issue opens with re-
view articles devoted to the major issues of 
life science. the reviews by e.S. Severin and 
M.V. Savvateeva consider the problems of 
the functioning of membrane receptor sys-
tems, which are crucial in the interaction be-
tween a cell and its environment. the design 
of next-generation drugs is closely connected 
to the investigation of these systems. the re-
view by t.A. Zdobnova et al. deals with the 
quite urgent problem of tumor diagnostics 
using quantum dots. unquestionable suc-
cess has been achieved in this field; howev-
er, a number of problems that raise obsta-
cles in successful application of this method 
have remained unsolved. the review by D.A. 
Skvortsov et al. contains data on the deter-
mination of telomerase activity, which is in 
many cases a major criterion in assessing ma-
lignant cell transformation. the experimental 

articles deal with different branches of biolo-
gy. the range of articles is rather broad: med-
ical genetics, cell biology, molecular physiol-
ogy, and the physicochemistry of proteins. 
However, the vast majority of these publica-
tions are connected to medicine. We believe 
that the tendency towards “medicinization” 
represents development in our science.

In the section Forum, the discussion of 
topical questions of both scientific and sci-
ence-organizational nature is continued. the 
report by e.B. Prokhorchuk deals with the 
results of the 4th Annual conference of Par-
ticipants in the International cancer Genome 
consortium, which was held in Australia in 
December 2010.  Work in this direction has 
been active; it remains to deplore that russia 
is not a rightful participant in the consorti-
um. Vice-chancellor of Moscow State univer-
sity, Academician A.r. Khokhlov, speculates 
on the eternal problem of russian science – 
the timely and rational renewal of scientific 
equipment. Finally, the article by I. Sterlingov 
devoted to the place and role of bibliometry, 
which is believed to objectively and reason-
ably assess the current state of things, should 
be rather interesting to our readers.

We would like to seize this opportunity to 
invite interested authors to send their articles 
to our journal.

The Editorial board
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A. V. Safonova, A.N. Petrin, S. D. Arutyunov, V. N. Tsarev, L. A. Akulenko,  
A. O. Zorina, D. V. Rebrikov, A. V. Rubanovich, S. A. Borinskaya,  
N. K. Yankovsky

Association of Cytokine Gene Alleles 
with the Inflammation of Human 
Periodontal Tissue
Gingivitis and parodontitis are chronic inflammatory diseases of the peri-
odontal tissue in humans caused by both environmental and genetic factors. 
the human cytokine genes that regulate the immune response may play an 
important role in the development of these chronic inflammatory diseases. 
the aim of this study is to analyze the allele status of eight human cytokine 
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mans.  A total of 296 unrelated males of russian origin were studied. A 
significant association of the IL1B and IL6 minor alleles and gingivitis was 
found.  In addition, we found a significant association of the OHI-S index 
with the IL18 gene alleles. 
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94 Steps to Success

Alexei Khokhlov

Without the use of specialized equipment, it is extremely difficult 
to achieve results in modern science. Unfortunately, the situation 
regarding scientific equipment in our country is far from perfect. 
This concerns not only the quality of instrumental resources in our 
research institutes and universities, but also the process of pur-
chasing scientific equipment. The vice-chancellor of M.V. Lo-
monosov Moscow State University, Alexei Khokhlov, in an inter-
view with Konstantin Kiselev, the director of the project Science 
and Technologies in the Russian Federation, speculates on this 
eternal problem of the Russian research and design sector.

Кonstantin Kiselev:
Alexei Removich, to what 
extent is the quality of sci-

entific equipment and its timely 
purchase an eternal problem for 
Russian science?

Alexei Khokhlov:
– I do not think that it is an 

“eternal” problem. Of course, in So-
viet times there used to be similar 
problems, relating to the prohibi-
tion of importing high-technologi-
cal equipment. therefore, in some 
cases we had to design instruments 
ourselves, and in other cases simply 
copy the best examples of western 
scientific equipment. there was 
definitely a lack of equipment, but 
it did not result in any catastrophe. 
Moreover, in a number of fields, 
such as nuclear physics, low-tem-
perature physics, quantum me-
chanics, nonlinear optics, and ma-
terial science, our equipment was 
unique and was exceptionally ad-
vanced. It corresponded to the sci-
entific tasks that were imposed by  
the economic structure at the time.

After the uSSr’s collapse, there 
was a substantial gap in financing of 
science and technologies for about a 
decade. During this period, we were 
more concerned with preserving the 
institutes and laboratories and pay-
ing salaries to our scientists, rather 
than buying an up-to-date micro-
scope (although we tried  our best 
to do so). It was not until 5 years ago 
that we had the opportunity to pur-
chase modern, high-quality, expen-
sive equipment for all foreground 
directions of development of science 
and technology. More so, centers 
were established in which unique 
installations could be shared. 

However, I consider it premature 
to say that our science has been ad-
equately equipped with up-to-date 
technology. For example, if one 
compares the equipment in rus-
sian research institutes and that in 
analogous foreign institutions, such 
as the Max Planck Institute in Ger-
many, it would be of a much higher 
standard and more modern in Ger-
many. Foreign laboratories in the 

leading countries have been better 
equipped in comparison with rus-
sian ones.

– And does this also mean that 
German science is ahead of Rus-
sian science, in terms of the quality 
of research?

– Of course, good equipment and 
results are closely related. Only ar-
ticles on studies that were carried 
out on modern equipment are ac-
ceptable for publication in scientific 
journals with good impact factors. 
the absence of modern equipment 
means that you will not be able to 
publish your article in a highly rat-
ed journal.

However, the connection is not 
absolute. Some countries have ex-
cellent financial opportunities and 
equipment, but no scientific schools 
(such as the Arab oil-producing 
countries), in which the situation 
with publications is far from  per-
fect, since these countries lack their 
own scientific traditions. they may 
achieve some results thanks to 
their discipline, diligence, and the 
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scientific ‘stars’ they invite to their 
countries; however, it is difficult 
for them to catch up, in the absence 
of their own scientific foundations 
and the permanent development of 
the aforesaid. Another factor that 
has to be taken into consideration is 
that science is international, and it 
is possible to pursue one’s own ideas 
on somebody else’s equipment. 

– Probably this accounts for 
why foreign scientific organiza-
tions (namely American and Euro-
pean) that have modern scientific 
equipment gladly use theoretical 
studies made by Russian scientists. 
Sometimes a series of experiments 
is carried out using these theories. 
The results obtained are of global 
exposure, yet the author of the idea 
only gets an initial quotation in the 
article.

– Of course, such situations may 
occur. However, it is not a tragedy 
for science and even for the scien-
tist who invented the particularly 
brilliant theory. In russia, there 
never has been a great quantity of 
good equipment. A similar situation 
existed in the 21st, as well as the 
early 20th century. If one peruses 
the biographies of outstanding rus-
sian scientists of that time, he will 
discover that the majority of ex-
perimental studies by Mechnikov, 
Vernadskii, and even Mendeleev 
were carried out when they worked 
abroad. We are theoreticians rather 
than practitioners; the theoretical 
part of russian science has always 
been better developed as compared 
to  experimental science.

Modern “Big” science is science 
of large-scale collaboration. russian 
experimentalists partially work on 
their own equipment and partially 
implement their hypotheses on the 
equipment of foreign institutes and 
universities, in partner laboratories 
(provided that they possess good 
ideas).

Meanwhile, in recent times the 
state has acquired the possibility 
to purchase modern equipment. In 

most cases, this equipment com-
prises the most necessary modern 
instruments. Starting from 2004, 
a good deal of new equipment has 
been purchased for  Moscow State 
university. today, we purchase it 
as well, but within the framework 
of the Program for the Develop-
ment of MSu.

– Does it cover the entire range 
of equipment, from an oscilloscope 
to an expensive force microscope? 
Do Russian manufacturers cover a 
certain part of scientific demand?

– Yes, it covers the entire range 
of equipment – from simple appa-
ratuses and reagents to installations. 
Some of the equipment is bought 
from russian manufacturers and 
others from foreign ones. Howev-
er, when it comes to large modern 
equipment (electron microscopes, 
chromato-mass spectrometers), we 
focus on foreign manufacturers. 
However, there are rival russian 
manufacturers producing atomic 
force microscopes, for example. It 
all depends on the particular instru-
ment.

– What is the procedure for pur-
chasing expensive equipment at 
Moscow State University? By the 
way, what is considered  expensive? 
Is it 100,000 rubles or 30,000,000 
rubles?

– According to our legislation, all 
equipment that costs over 100,000 
rubles requires a price quotation 
and  that over 500,000 rubles en-
tails inviting bids or auctions. What 
is the procedure for purchasing? 
We announce tenders and purchase 
equipment within the framework of 
a tender procedure.

the procedure is neither overly 
sophisticated nor burdensome; pro-
vided that the financing of purchas-
es is made periodically. However, as 
we receive the money by the very 
end of the year, we have to perform 
it in a hurry, which is not good.

– How are the demands formed 
for scientific equipment at Moscow 
State University?

– It depends on the particu-
lar situation and on the financ-
ing source. Money is received by a 
certain group in the form of either 
grants or state contracts. there are 
contracts with firms, with provision 
of the money for purchasing equip-
ment. In this case, the group de-
cides for itself which equipment it 
should purchase. Most small equip-
ment is purchased via this chan-
nel. there are also the centralized 
events. thus, before the 250th An-
niversary of Moscow State univer-
sity, the government of the russian 
Federation allocated  means aimed 
at the purchasing of modern equip-
ment. each department submitted 
their requests, which were subse-
quently analyzed and then possibly 
combined. the university’s admin-
istration then made the decision re-
garding which equipment should be 
purchased. the final decision was 
left to the rector of the university.

– You mean  money plays a cru-
cial role? Does receiving financial 
support mean that equipment can 
be purchased?

– exactly. But in order to re-
ceive this support, our rector,V.A. 
Sadovnichii, expended a great deal 
of effort. now, concerning the cent-
ers of shared use. the Ministry of 
education and Science announced 
a competition between the centers 
of shared use, and the university 
filled out an application enumer-
ating the large equipment that 
was necessary. the university won 
this request and subsequently the 
equipment listed was purchased. 
now, the Program of Development 
of Moscow State university is en-
gaged in it. the committee under 
the university administration has 
formulated the priority  for the de-
velopment of Moscow State uni-
versity. this would be the purchase 
formation based on the demands of 
centralized development from re-
search sectors (there are seven  in 
total). Within each sector, the rel-
evant scientists have been (and 
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are still in the process) of submit-
ting requests for the equipment 
that they need. Once again, these 
requests are analyzed and gener-
alized by the leader of the priority 
sectors; everything is then passed 
on to the university administration. 
the administration decides what 
can and what cannot be purchased, 
within the framework of the priori-
ties  for the current year. the final 
decision on what is to be purchased 
belongs to the rector. the requests 
within the framework of the priori-
ties  in  development were formu-
lated. the money that was received 
at the end of 2010 was mostly spent 
on two mega-projects of Moscow 
State university: for the moderni-
zation of our supercomputer “Lo-
monosov,” the enhancement of its 
speed to 1.3 petaflops, and for de-
signing the satellite “Lomonosov,” 
which will be launched later this 
year (in honor of the 300th anniver-
sary of M.V. Lomonosov). there is 
an entire complex of scientific tasks 
to be studied by this satellite. the 
remaining money will be spent on 
other priority directions of devel-
opment. I think that the majority 
of the requests submitted in these 
directions will be implemented this 
year.

– Will the restructuring of Mos-
cow State University associated 
with the centralization of man-
agement and organizational pro-
cedures have an effect on the pur-
chasing of equipment?

– As concerns what I have just 
said, it will have no effect,since we 
are speaking about large purchases, 
which always go  through Moscow 
State university as a single legal 
entity. Since Federal Act 94 has 
been adopted, tender procedures 
have always been fulfilled.

– What about small purchases? 
Will subdivisions be affected?

– there exists in the law a provi-
sion that there are certain nomen-
clature items of goods.  Payment 
with respect to each item made by a 

specified legal entity cannot exceed 
100,000 rubles. If the limit of the total 
number of purchases for each item is 
surpassed,  competition procedures 
kick in . even if the 100,000 limit was 
exceeded by 1 kopeck (a computer 
mouse was bought), it will be diffi-
cult to carry out the entire purchase. 
Since MSu is a very large organiza-
tion, a problem arises. It is connect-
ed with the fact that there will be a 
need to group and use a competition 
procedure even for small purchases. 
We are aware of this problem and  
are actively searching for solutions 
so that the performance of scientific 
groups working in Moscow State 
university is not hindered. In par-
ticular, it is recommended that at  
the beginning of the year (when no 
money has yet been allocated), each 
department announce tenders with 
step-by-step selection for the maxi-
mally wide range of goods and serv-
ices, according to a specified item of 
purchase nomenclature.

– How is it performed? 
– It can be based on purchases 

made in the past year. We look 
through the catalogues and think of 
everything that may be necessary 
to us, and we determine the maxi-
mum cost of each item. the tender 
is then announced. Some large sup-
plier wins the tender. they may 
compete during the tender. But 
since there is a step-by-step selec-
tion, what does it mean? the maxi-
mum amount of goods for each 
item is specified, but we may not 
select 100% at once. We can select 
only 80%, during the year, as we 
need it. When a department needs 
something, it turns to the winning 
company: “Kindly supply us with 
20 paper packs and with 30 more 
tomorrow,” etc. the company de-
livers the paper. the delivery time 
should be agreed upon in advance; 
the payment is made after delivery, 
monthly or quarterly.

– Do “miracles” happen at ten-
ders? I mean the cases connected 
with  Federal Act 94.

– Of course. especially when the 
crisis struck, many companies ap-
peared and began their destructive 
activity. the procurement depart-
ment has methods to fight the com-
panies that were established for 
such abusive practice.

undoubtedly, Federal Act 94 is 
not suitable for the scientific sphere. 
However, on the other hand, I am 
going to recount an unpopular 
viewpoint. research institutions 
do not function in a vacuum. When 
we say that the level of general 
culture and moral values is rather 
low in our society, why should the 
scientific sphere be an exception? 
Of course, there have been abusive 
practices. For example, several in-
voices are made for homogeneous 
groups of goods; or sometimes goods 
are purchased by a scientist from 
a company that is led by the same 
person. Sometimes such things may 
occur.

I would put it in another way: 
the revocation of  Federal Act 94 
should be conjugated with a general 
change in procedures and organiza-
tion of analysis of research projects 
in the russian Federation. unfor-
tunately, our current system is too 
formal. there are competitions of 
the Ministry of education and Sci-
ence and projects of the russian 
Foundation for Basic research. Of 
course, the reports are submitted; 
however, they are very formal. the 
most important thing is to imple-
ment certain items of the perform-
ance specification. If you do it, that 
is all.

– Of course, and it is almost im-
possible to find faults in it, espe-
cially if it is  scientific work.

– For  scientific work, it should 
be different. there should be a re-
ally good examination of everything 
that has been done, based on the ac-
tual achievements of the group. the 
achievements can easily be assessed 
quantitatively: the articles pub-
lished during the work, in which 
journals they were published, and 
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what results were obtained. As soon 
as these facts are made the corner-
stone Federal Act 94 becomes obso-
lete and wholly unnecessary. But in 
the existing case, you have commit-
ted some trifle; formally complied 
with all the requirements of the lot, 
submitted a report — and nobody 
can find faults against you. Such 
situations become a good source 
for various abusive practices. es-
sentially, the report should include  
information concerning what has 
been done. If a scientist has pub-
lished ten articles in leading jour-
nals, which have been well-cited 
during these years, he is considered  
a winner. As it is well-known, suc-
cess is never blamed. He has carte 
blanche to do as he wishes. He has 
achieved success. If there is precise 
control over what a scientist had 
done, the Federal Act becomes un-
necessary. However, if the situation 
is the same as it is now, formally he 
did something, but in actuality he 
did nothing, then the Federal Act is 
needed. With such a situation as re-
ported in the absence of Federal Act 
94, the door is open for a dishonor-
able figure to pocket the money by 
creating invoices, each worth 99.9 
thousand rubles. this money is usu-
ally paid not to his company, but to 
the one with whom he had already 
discussed everything.

– Since you hold a certain posi-
tion in the Russian Academy of Sci-
ences, it may be a suitable time to 
ask you about the procedure for the 
procurement of scientific equip-
ment in this system. I understand 
that there is a special Committee 
that is responsible for instruments 
and equipment; a number of re-
quests for scientific equipment are 
submitted to it.The requests are 
then analyzed and placed for ten-
der. However, the winner of the 
tender is always an organization, 
Akademintorg, which was estab-
lished by the Academy of Sciences 
as a unitary enterprise and is enti-
tled to engage in business. There is  

rumor that Akademintorg marks 
up the broker’s margin way too 
much, going into a huddle with the 
suppliers, and so on. Is it not a bet-
ter idea to give the authority to re-
search institutes of the RAS, since 
the Act on Science and the statutes 
of the Academy allow for the de-
centralization of the procurement 
of equipment?

– I consider Akademintorg to 
be an absolutely unnecessary or-
ganization. I am not familiar with 
the procedure of money transfer 
to the russian Academy of Sci-
ences. However, if this money can 
be transferred to an institute which 
can announce the tender itself (the 
scientists who actually work will be 
able to help to do it with due quali-
fication), that would certainly be 
a preferable variant in compari-
son with one when a strange ten-
der for a lot of equipment is held. 
I understand that Akademintorg 
plays the role of a large supplier. I 
can understand it when the ques-
tion is regarding such things as sup-
plying paper, other stationery, and 
even re-agents. However, when the 
question is supplying sophisticated 
equipment, each component be-
ing very specific, it would be easier 
to carry out this procedure in in-
stitutes, at a more qualified level. 
Moreover, the institutes are hold-
ing a lot of tenders because they 
need to purchase the re-agents and 
other supplies in accordance with  
Federal Act 94...

– You mean that the argument 
“There are no specialists in the in-
stitutes who can engage in com-
plicated tenders” is unreasonable, 
since the institutes have already 
learnt how to do it?

– Yes, they have learnt how to 
do it, and even do so. there are 
tender committees in each insti-
tute. the argument is absolutely 
groundless. the equipment can be 
purchased without Academintorg. 
Frankly speaking, I do not want to 
make unsubstantiated statements, 

but I have information that there 
are no valuable experts. I do not 
comment on rumors, nevertheless 
these rumors do exist. When the 
question is supplying paper, let 
supplying companies do it. How-
ever, when the question is large 
equipment, the profit for the com-
panies supplying it is considerable. 
An additional point is that the rep-
resentatives of these companies in 
russia may be tempted to establish 
special relations with the purchas-
ing company, when such an oppor-
tunity exists...

– I think that it is quite easy to 
verify whether the rumors are 
true or not. To do so, an independ-
ent committee should be set up. It 
even could be set up in the Russian 
Academy of Sciences from other 
people who are not related to the 
tender procedure. For instance, to 
compose it of university professors 
who are Academy members. I am 
sure that they are erudite enough 
to manage to examine the invoices 
or product catalogues — it would 
be easier than proving the New-
ton’s binomial formula.

– Of course. However, so far I 
have known only one case when 
the Academy of Sciences has asked 
people who do not belong to the 
Academy their opinion. It was the 
program of molecular and cell bi-
ology by  Academician G.P. Geor-
giev. In fact, all the information 
was transparent and clear. every-
thing could be found online: why 
the grant was given or why it was 
not. Also, there is an opportunity 
to appeal: the calculations or in-
terpretation of facts was incorrect. 
the appeals committee is mainly 
composed of  professors of Moscow 
State university (and other insti-
tutions of higher education) who 
do not belong to the Academy of 
Sciences.

– During the interview, you 
mentioned the transparency of all 
procedures on several occasions. 
When speaking about the purchase 
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of scientific equipment, does it 
mean that you are an advocate of 
any procedure, provided that it is 
reasonable and verifiable (trans-
parent)?

– You are right — each proce-
dure (lots, projects, purchases…etc) 
should be subjected to the scrutiny 
of an external examination.  Actu-
ally, the world scientific community 
quite frequently carries out various 
activities connected with external 
expertise. this expertise is always 
performed by people who are out-
side the system. For instance, I par-
ticipate quite frequently in com-
mittees that inspect the scientific 

competence or activity of a certain 
european research institute or 
foundation. 

– What about our foundation? 
There are inspection committees in 
the Russian Academy of Sciences, 
are there not?

– no, it is not very efficient. I 
participate in the activities of the 
American national Science Foun-
dation and review the projects. I 
am frequently invited to the neth-
erlands, so that the International 
expert Panel, rather than Dutch 
scientists, can evaluate  grant ap-
plications. therefore, I believe that 
it is necessary to integrate more 

actively into the world scientific 
community and attract foreign 
experts so that they can evaluate 
what is going on here. Probably, 
Federal Act 94 will become unnec-
essary in this case. A person would 
understand that even if he has 
fulfilled all the requirements of a 
project, his foreign colleagues will 
come, and they will see the non-
sense that he has done and he will 
thus be ashamed. Probably, this 
could be a solution? Of course, an 
external evaluation of everything 
should be carried out. then, it will 
be possible to eliminate many re-
strictions. 
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BioBibliometry
Statistics on life sciences publications

Bibliometry is  changing how  
science is organized . the 
count and examination of 

published works and references in 
research journals seem to be a mag-
ic wand that enables us to embrace 
the boundless, allowing us to cap-
ture in  figures,  talent, success and 
place, both in the history of science 
and  of humanity.

Irrespective of criticism, the 
number of advocates of the count 
of references and indices is steadily 
increasing. According to the project 
of the official Innovation Strategy 
of the russian Federation, by the 
year 2020, 5% of all new articles in 
the Web of Science database should 
be written by russian authors. this 
is an indicator of success in scientif-
ic reform that has been subscribed 
to by the Ministry of economics. 
However, the current share is ap-
proximately 2.5%, while as recently 
as ten years ago it was 3.5%. It is no 
coincidence that experts remain 
skeptical regarding the figures 
quoted in the Strategy project.

the competition for “mega-
grants” announced by the Ministry 
of education and Science had the 
same demonstrative force. the of-
ficials avow that applicants for the 
six-figure financial support need to 
have high Hirsh indices. It has been 
heard that even in more modest 
competitions held by the Ministry, 
participants will need to specify the 
number of citations of their pub-
lished works.

this year, the assessment of the 
effectiveness of the state’s civil sci-
ence organizations is due to start, 
raising heated debate. this is large-
ly due to the fact that it is quite pos-
sible that unsatisfactory bibliomet-
ric indices may result in the closure 

of a number of research institutes. 
the same indices have been widely 
used to measure the efficiency of 
the development of national re-
search and federal universities.

At an organizational level, a 
number of programs for stimulat-
ing those researchers who actively 
publish their results in authorita-
tive journals have also emerged. 
the type of incentive depends on 
the type of organization: in some 
organizations, the refined index of 
the effectiveness of scientific activ-
ity is forcefully used, while some 
organizations stipulate their own 
rules, according to which the salary 
of researchers who publish their 
results in Nature and Science may 
be five times greater in comparison 
with their less active colleagues.

It goes without saying that any 
bibliometrical indices should be in-
terpreted with a great deal of cau-
tion. there are a number of factors 

preventing one from affirming 
the existence of an unequivocal 
link between the indices and the 
actual scientific merits of an indi-
vidual researcher, organization, or 
even country. However, many sci-
entists in the world put increasing 
importance on bibliometry in their 
careers, and they are guided by 
figures even in terms of self-rating 
and planning. Sometimes the situa-
tion can be absurd; such as the case 
when after having gotten married 
and changed their last names, west-
ern female researchers continue us-
ing their maiden names, which are 
already indexed in bibliometric da-
tabases, for scientific publications.

It is necessary to concede that bi-
omedicine, molecular biology, bio-
informatics, and other cutting-edge 
disciplines of life sciences better suit 
publication analysis as compared 
with  mathematics or archaeology 
due to the large amount of publica-

Fig. 1. Publications in MEDLINE database (arranged between the years of 
1950 and2009).



12 | ActA nAturAe |  VOL. 3  № 5 (8)  2011

FOruM

tions in biology, the time it takes to 
publish these works, and the great 
quantity of citations. An average 
professor in molecular biology has 
more articles published than his 
mathematician colleague; these ar-
ticles are cited more frequently.

nevertheless, we consider the as-
sessment of individual researchers 
and publication of their ratings as 
being insufficiently proper even in 
the field of biology. It is much more 
reliable to refer to the composite 
indicators with respect to coun-
tries and organizations, since large 
swathes of published data enable to 
capture actual changes in science. 
PubMed — the data search sys-
tem in the MeDLIne database — 
is the main tool for everyday work 

Sergei Kochetkov, Professor, corre-
sponding member of the Russian Acad-
emy of Sciences
The article presented should be interest-
ing and extremely useful for the readers 
of acta naturae and, indeed, all scien-
tists. Indeed,   bibliometry has been as-
suming a bigger role  recently, and this  
is very likely to continue in the future. I believe that this 
article will provide an objective and reasonable evalua-
tion of the current state of affairs.

As can be seen from the article, the current state of  
Russian science is far from excellent; both objective and 
subjective factors are responsible for this situation. It can 
be said without fear of exaggeration that the objective 
reason is the culpable attitude of our authorities toward 
science over the course of the past two decades. Moreo-
ver, such excuses as the recent economic crisis, the tough 
times during the 1990s, are insufficient. The root cause is 
a lack of understanding (in the best-case scenario) and 
a deliberate ignorance (in the worst case) of the role of 
science in the development of modern economics. As 
a result, the second-major scientific power in the world 
became a mere supplier of raw materials to developed 
countries. I consider measures that were taken recently in 
an effort to improve the situation to be wholly inefficient 
(the analysis of the reasons lies beyond the scope of this 
comment). However, I consider it appropriate to mention 
that the thoughtless use of bibliometrical indices in order 

to divide Russian scientists into the categories of “proper” 
and “improper” may exacerbate this situation.

The subjective reasons for the  decrease in the number 
of publications by  Russian scientists in foreign journals is 
connected with the editorial policies of the journals and, 
to an increasing extent, with enthusiasm about the biblio-
metric indices. Indeed, a considerable number of editors 
of international journals confess in private conversations 
that Russian publications are not inferior to the corre-
sponding western ones in terms of their quality. Howev-
er, the endless pursuit of the ‘impact factor’ of the journal 
makes the editors reject a considerable number of the 
articles they receive. Unfortunately, in this case, Russian 
articles are rejected more frequently, since due to the ob-
jective reasons mentioned above, Russian science has not 
been well integrated into  world science. Russian scien-
tists (with several exceptions) are insufficiently acquainted 
with the international community. Unfortunately, this situ-
ation cannot be improved without substantial changes in 
the state policy towards science. Even provided  the cor-
responding conditions are created, it will take much time 
to rectify. In this regard, I would like to emphasize , on 
one hand the absolute necessity for the use of bibliomet-
ric indices as the only criteria  that objectively describes 
the situation and, on the other hand, that these indices 
should not be made a cornerstone. If we compare Russian 
science to an ill patient, radical treatment should lead to 
the patient’s recovery and not make  the problems disap-
pear through his death.

German

Russian

French

Japanese

Chinese

Fig. 2. The major subsidiary languages of science. The number of new publica-
tions in the MEDLINE database between the years  of 1955 and 2009.
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with publications for medics or  bi-
ologists. this database was created 
by the national Health Institute 
(united States) and contains  data 
on published works from approxi-
mately 5,000 research journals for 
the past several decades. Presently, 
it contains approximately 20 mil-
lion publications. An increase in the 
number of articles that are added 
to MeDLIne each year  faithfully 
represents  the general increase  in 
interest in life sciences in our gen-
eration (Fig. 1).

In the course of  the next 
3–5 years, the number of new sci-
entific and near-scientific papers in 
medicine and biology in MeDLIne 
will pass the threshold of 1 million 
per year. It is of importance that 

Sergei Deyev, Professor, correspond-
ing member of the Russian Academy of 
Sciences
The drive to  assess the results of sci-
entific labor using figures has produced  
and continues to produce  the cor-
responding criteria. Among the most 
conspicuous and extensively used is the 
impact factor devised 50 years ago by Garfield, and a 
new science-meter indicator that was invented five years 
ago – the so-called Hirsh index; a quantitative character-
istic of a scientist’s productivity, based on the number of 
publications and  citations. Each of the aforementioned 
criteria is less than ideal. Striking examples are available 
to illustrate that in terms of these formal indices even 
outstanding scientists can appear like outsiders. Never-
theless, accurate formalized bibliometric indices can and 
should serve as a basis for the evaluation of a scientist’s 
labor. The subjectivity of such an evaluation for an indi-
vidual scientist will always be higher than that for research 
institutions in general. Therefore, these indices are more 
useful when comparing research institutes and finding the 
leading ones amongst them. However, these formalized 
indicators should not be regarded as the one and only 
determining criteria. Each statistics-based evaluation 
system  has its own drawbacks. Nothing can adequately 
substitute the expert evaluation given by colleagues. The 
examination carried out by independent and impartial 
experts from other departments (ideally, by foreign re-

searchers) would be most efficient and objective. The a 
priori known criteria, transparency and publication of the 
decisions made as a result of such examinations, minimize  
errors and inspire respect within the scientific community. 
The program of the Presidium of the Russian Academy of 
Sciences “Molecular and Cell Biology” can be given as an 
example of successful examination organization.

 There is an additional factor  regarding bibliometry 
that is worthy of our attention. The difficulties that Russian 
scientists experience in publishing works in highly rated 
foreign journals have been widely discussed. The prob-
lems are real, valid, and have numerous causes. There-
fore, the teams who manage to do it should be given 
more considerable evaluation. On the other hand, it is an 
oft-heard argument that Russian science should challenge 
the West, with a wide range of Russian scientific periodi-
cals. The editors-in-chief and editorial board members 
make efforts on a heroic scale to enhance the prestige of 
Russian periodicals. However, the obsolete system of or-
ganization of  publishing  in most Russian journals, coupled 
with the lack of financial support and subsequent poor 
translation quality and delayed publication of the English 
versions of the journals, is  a significantly negative factor 
which prevents the majority of Russian periodicals from 
having adequate values of impact factors. Unsurprisingly, 
the authors of the most interesting works strive for pub-
lication in foreign journals, thereby limiting the citation of 
Russian journals and in turn, affecting the impact factors of 
Russian periodicals.

Germany

Russia

France

Japan

China

Fig. 3. Publication activity of certain countries. The number of new publications 
in the MEDLINE database between   1995 and 2009.
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the processing of  texts is available 
not only for those  written in eng-
lish, but also other commonly used 
scientific languages. this unique ar-
ray of data allows one to trace how 
these languages kept up  with eng-
lish, or how they were left behind 
(Fig. 2).

As we can see, the collapse  of the 
socialist system has had an impact 
not only on russian science, but 
on German science as well. In any 
case, the lion’s share of all texts in 
MeDLIne is written in english. the 
percentage of publications written 
in english increased from 46 to 93% 
over the period from 1955 to 2009. 
Based on the increase in general 
publication activity, almost every-
one is using english. We show the 
distribution of the texts published 
from 1995 to 2009 according to the 
authors’ countries of origin (regret-
fully, a large number of articles 
in MeDLIne do not have the cor-
rect country affiliation of authors; 
therefore, the dynamic is more 
trustworthy, albeit not absolutely 
so) (Fig. 3).

A lot of interesting facts can be 
gleaned regarding the content of 
articles and the changeover of pop-
ular topics. We counted the number 
of articles containing a number of 
medical terms that are of great so-
cial and economic significance, for 
each year from a period  spanning 
1951 to 2009. A relative index was 
used (the number of articles con-
taining this term per 100,000 arti-
cles) (Fig. 4).

the development of methods 
and investigation techniques can be 
traced in the same way (Fig. 5).

But let us return to russian sci-
ence. the major russian bibliomet-
ric source is the russian Science ci-
tation Index (rScI), found within 
the electronic library of science, 
eLIBrArY.ru. It was financially 
backed by the Ministry of educa-
tion and Science and comprises data 
on published works from several 
thousand  russian research jour-

nals. the information on publica-
tions by russian authors in foreign 
journals from the Scopus database 
was recently  integrated into the 
rScI. the total number of publica-
tions encompassed with certainty 
by the index has exceeded 30,000.

Many scientists are critical of the 
rScI, both for its focus on russian 

journals and for numerous inaccu-
racies, trivia and errors. However, 
the number of errors is constantly 
decreasing, while the inclusion of 
Scopus data should solve the prob-
lem related to  publications in for-
eign journals. nevertheless, rScI 
substantially differs from the most 
authoritative bibliometric database 

Fig. 4. The relative number of articles devoted to certain biomedical problems 
(1951–2009, MEDLINE).

Carcinoma

Tuberculosis

Alzheimer’s disease

Schizophrenia

Stroke

Tomography

Fluorescence

Polymerase

Chromatography

Spectroscopy

Fig. 5. The relative number of articles mentioning certain experimental and 
clinical methods (1951–2009, MEDLINE).
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Table 1. Impact factors of Russian journals in the sphere of life sciences, 2009, Web of Science Journal Citation Reports

№ Journal Impact factor

1 Biochemistry (Moscow) 1.327

2 Applied Biochemistry and Microbiology 0.67

3 Microbiology 0.638

4 Molecular Biology 0.57

5 russian Journal of Genetics 0.501

6 russian Journal of Plant Physiology 0.5

7 russian Journal of Bioorganic chemistry 0.473

8 russian Journal of ecology 0.414

9 Zhurnal Obshchei Biologii 0.377

10 Journal of evolutionary Biochemistry and Physiology 0.267

Table 2. Impact factors of Russian journals in the  sphere of life sciences, 2009, RSCI. The self-citation coefficient shows 
the share of citations from this journal in the total number of citations to the articles published in this journal

№ Journal Impact factor
the total num-
ber of articles in 

rScI

Self-citation coefficient, 
%

1 Microbiology 1.69 1953 no data

2 Biomedical technologies and radio electronics 
(Biomeditsinskie tekhnologii i radio elektronika) 0.951 135 0

3 Geophysical Processes and Biosphere  
(Geofizicheskie protsessy i biosphera) 0.852 106 62.5

4 Human Physiology  
(Fiziologia cheloveka) 0.757 705 27.8

5 Molecular Biology  
(Molekulyarnaya biologiya) 0.67 1075 17

6
russian Journal of Gastroentherology, Hepatology, 

coloproctology (rossijskiy zhurnal gastroenterologii, 
gepatologii, koloproktologii)

0.645 390 20

7 Information technologies in Medicine  
(Vrach i informatsionnye tekhnologii) 0.644 376 17.2

8 Biochemistry  
(Biokhimia) 0.588 1785 27.4

9 russian Journal of nematology 0.538 106 н/д

10 Advances in Modern Biology  
(uspekhi sovremennoi biologii) 0.514 295 17.6
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in the world (the Web of Science). 
For the purpose of illustration, two 
versions of the top-10 biological 
journals are provided based on the 
value of the impact factor (Tables 1 
and 2).

the projected assessment of the 
efficiency of the institutes of the 
russian Academy of Sciences will 
be widely based on bibliometry. 

even today, the rScI permits to 
calculate  a number of indices for 
certain organizations.

We selected 15 research insti-
tutes of the russian Academy of 
Sciences with a  biology profile 
that are in the lead in terms of 
the number of citations of articles 
published between 2005 and 2009 
(Table 3). the amount of planned 

financing through the russian 
Academy of Sciences is used as an 
indicator of the  size of the organi-
zation. It should be noted that the 
areas of study encompassed by the 
Zoology Institute and the Institute 
of ecology are on average cited 
less internationally, in comparison 
with molecular biology and bioin-
formatics, amongst others. there 

Table 3. Biological Institutes of the Russian Academy of Sciences in the lead in terms of the citation of works published 
between 2005 and 2009, RSCI

Organization Publications 
(A)

citation
 (B)

Financing, thousand 
rubles (С) B/A c/A c/B

Institute of Bioorganic chemistry 1337 6103 315617 4.56 236.1 51.7

Institute of Molecular Biology 1078 4035 116096 3.74 107.7 28.8

Institute of cytology and Genetics, Siberian 
Branch rAS 1488 3237 no data 2.18 no 

data
no 

data

Institute of General Genetics 696 3063 85421 4.4 122.7 27.9

Institute of Biological Instrument 
engineering 138 2671 69773 19.4 505.6 26.1

Zoological Institute 1504 2548 117026 1.69 77.8 45.9

Institute of Microbiology 704 2143 51701 3.04 73.4 24.1

Institute of Molecular Genetics 530 1968 74457 3.71 140.5 37.8

Institute of Biochemistry 684 1950 103580 2.85 151.4 53.1

Institute of ecology and evolution 1419 2002 215157 1.41 151.6 107.5

Institute of cytology 726 1871 105806 2.58 145.7 56.6

Institute of theoretical and experimental 
Biophysics 921 1945 127707 2.11 138.7 65.7

Institute of Biochemical Physics 1285 1812 138538 1.41 107.8 76.5

Institute of Protein research 329 1592 67366 4.84 204.8 42.3

Institute of chemical Biology and 
Fundamental Medicine, Siberian Branch rAS 559 1576 no data 2.82 no 

data
no 

data
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are many biological and medical 
organizations in the russian Fed-
eration; however, none of them 
can engage competitively in terms 
of citation with physics institutes. 
If one were to rate all organiza-
tions which make up  the rScI in 
terms of the number of citations, 
the leading biological institute (the 
Institute of Biological chemistry) 
will only be ranked towards the 

end of the list of the top 20 organi-
zations.

In order to demonstrate the place 
of life science in the general scheme 
of russian publications, the Scopus 
database, which indexes 18,000 in-
ternational journals, is an appropri-
ate tool (Fig. 6).

It is enough to compare it with 
the united States to note a wide 
difference. As bibliometry attests, 
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Fig. 6. The weight of the individual life science in the total 
amount of published works by Russian authors in 2009. 
Scopus. N = 33,690.

Fig. 7. The weight of the individual life science in the 
total amount of published works by  U.S. authors in 
2009. Scopus. N = 415,057.

life sciences still play second fiddle 
in russia (Fig. 7).

taking into account the in-
creased interest in bibliometry and 
its significance in managing science, 
we intend to publish the updated 
indices for life sciences on a regular 
basis. 

Ivan Sterligov
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The Cancer Genome:  
What’s New?
Based on materials from the 4th Annual Conference of Participants  
in the International Cancer Genome Consortium:  
December 1–3, 2010, Brisbane, Australia

E. B. Prokhorchuk
Centre “Bioengineering”, Russian Academy of Sciences
E-mail: prokhortchouk@biengi.ac.ru

It’s been eight months since the 
announcement of the estab-
lishment of the International 

cancer Genome consortium  [1]. 
the conference was held with the 
intention of showing that  the par-
ticipants had started  successfully. 
the consortium was established in 
2008 by predominantly european 
researchers, with the purpose of 
performing a consolidated and co-
ordinated investigation of the ge-
nome of cancer cells. It should be 
noted that, in the united States, a 
similar project called tcGA – the 
center Genome Atlas (http://tcga.
cancer.gov–had been launched 
several years earlier. An agree-
ment was made that tcGA would 
become  part of IcGc. It is  un-
questionable that this decision 
benefited  european researchers 
more, since it provided access to 
the numerous American databases 
that had accumulated. the estab-
lishment of the IcGc was for the 
most part stimulated by a tech-
nological breakthrough in deter-
mining the nucleotide sequence of 
DnA, enabling it to migrate from 
the analogue signal on microma-
trices to a digital signal on nGS 
sequencers. At the time this article 
was being written, twelve coun-
tries were participating in the 
consortium: Italy, Spain, France, 
Germany, Great Britain, the unit-
ed States, canada, India, china, 
Australia, and Japan. Mexico is 

also reported to be on the verge 
of joining. Information on which 
country is “responsible” for a par-
ticular cancer type can be found 
on the consortium website http://
www.icgc.org. the total budget of 
the IcGc was announced at the 
Brisbane conference. the sum is 
rather impressive: $500 million. 
this is the sum of contracts signed 
between the governments of par-
ticipating countries and their na-
tional research centers, institutes, 
and universities, ensuring that at 
least 12,100 cancer genomes will 
be investigated. So, what is the 
status of the individual projects 
today, and what are the partici-
pants most concerned with?

One participant in each project 
(a mini-consortium devoted to a 
certain cancer type) is tasked with 
outlining the general state of the 
specific practice. the structure of 
almost all investigations appears to 
be the same. the first stage com-
prises a collection of clinical mate-
rial. During this stage, the central 
role is most frequently played by 
hospitals, surgeons, and oncologists. 
they are responsible for collecting 
and storing material, recording 
medical history, and selecting the 
treatment regimen for a patient. 
A detailed histological description 
of the clinical material then has to 
be compiled. For example, three 
independent oncologists need to 
anonymously assess the sections of 

formalin fixed tumors in the con-
sortium devoted to kidney cancer 
cA-GeKID (cancer Genomics of 
Kidney), supported by the Sev-
enth Framework Program. Only if 
there is  unanimity concerning the 
homogeneity of the material (at 
least 90% of cancer cells on the sec-
tion) and the stage of tumor pro-
gression (which can be expressed 
quantitatively with no more than 
5% inaccuracy) can the refriger-
ated adjacent section be used for 
the extraction of DnA and rnA. 
the problem of the heterogeneity 
of tumor material was mentioned 
by all speakers. the contamination 
of  samples with stromal cells and 
the ingress of several tumor foci 
into the surgical material are the 
primary reasons why no more than 
10% of several hundreds of tumor/
control samples live up to the mo-
lecular-genetic investigations. cer-
tain laboratories (John McPher-
son, canada) have attempted to 
enrich the cell material using flow 
cytofluorimetric sorting (but the 
attempts have not been sufficiently 
successful) or used xenotransplan-
tants in immune-deficient mice (in 
this case, increasingly considerable 
enrichment can be performed). All 
mini consortia use almost the same 
methods for analyzing nucleic ac-
ids at subsequent stages. the fol-
lowing are the most frequently 
sequenced by IcGc researchers 
in a tumor/control pair: 1) genome 
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with a coverage depth of ×30–
×50; 2) transcriptome; 3) exome; 
4) repertoire of micro-rnAs; and 
5) highly methylated DnAs. On 
average, all mini consortia (prob-
ably, with the exception of the 
“advanced” tcGA and relatively 
young consortia, such as the Ger-
man project “Genomics of prostate 
cancer”) have reached appreciably 
the same level. In general, the ge-
nomes of no more than 10 tumor/
control pairs and no more than 
several tens of transcriptomes or 
exomes had been successfully se-
quenced using nGS (Illumina or 
SOLiD) by December 2010. neither 
consortium has provided  data on 
DnA methylation or the reper-
toire of micro-rnAs. this  is not 
surprising, since most teams only 
started receiving financial support 
in the beginning of, or middle of, 
2010. However, ahead of the fifth 
meeting of the IcGc, to be held 
in June 2011 in tokyo, almost all 
teams have promised to approach 
30–50 genomes and several hun-
dreds exomes/transcriptomes. 
Only  American researchers of the 
consortium have promised to ap-
proach 3,000 re-sequenced cancer 
genomes in two years. to be com-
pletely fair, it should be noted that 
the 3,000 genomes mark emerged 
in the American program as the 
joint effort of all institutes on all 
oncopathologies that they study. 
the policy of the consortium to-
wards confirmation of the data ob-
tained using nGS attracts signifi-
cant interest. For example, in the 
Broad Institute, united States (Gad 
Getz), the following procedure is 
used: first,  data on 30–40 genom-
es are accumulated, and mutations 
in cancer genomes are detected, 
and only then is the existence of 
mutations in amplicones  attested 
using bar-coding and alternative 
methods of sequencing (Sanger 
sequencing or 454). Finally, the 
bioinformatics analysis caps these 
technological chains. this method 

allows to isolate  somatic muta-
tions which have occurred only in 
tumour cells, but not in the normal 
tissues  adjacent to the tumour/or 
in blood cells.  Databases of these 
mutations created at the Sanger 
Institute (Great Britain) – cOS-
MIc (http://www.sanger.ac.uk/
genetics/cGP/cosmic/) – have 
been widely mentioned, as well 
as the tcGA databases (http://
www.broadinstitute.org/tcga/ 
password: tcga; login: tcga). none 
of the speakers mentioned a muta-
tion in the intergenic regions or in 
promoters. On the contrary, more 
than sufficient data were given 
on coding regions and the exone-
intron junction. On the basis of 
the preliminary data provided by 
nGS, it appears that 100 somatic 
mutations on average emerge in 
tumor cells (with the threshold 
value p = 10-5); these values being 
very close in tumors of different 
etiologies. So, which genes are most 
frequently subjected to mutation? 
TP53 is the absolute leader – from 
85 to 96% depending on the tumor 
type. the following genes were also 
mentioned: VHL, in the case of kid-
ney cancer; MUC17, upon gastric 
cancer; CTNB1 (β-catenin) upon 
intestinal cancer, etc. this begs 
the very reasonable question as to 
whether it was necessary to spend 
uS$500 million  to determine that  
well-known genes –tumor growth 
suppressors – are mutated, while  
oncogenes are either amplified or 
characterized by an elevated level 
of transcription. the answer was 
given in the form of a lecture by 
Prof. rob Sutherland, who was 
the first to propose anti-estrogen 
therapy for breast cancer. He ex-
plicitly stated that the scheme of 
therapy for each particular patient 
will be selected depending on the 
“genotype” of the mutations  in his 
tumor. Herceptin, which is effi-
cient only upon Her2+ malignant 
neoplasms of the breast, can serve 
as a striking example. the opposite 

is also true: mutations may disturb 
a certain methabolic pathway in 
tumor cells; therefore, a thera-
peutic drug, which would block 
this disturbance, could be found 
among the drugs that are very un-
like those used in oncology. Hence, 
both concepts (“the right drug for 
a particular tumor” and “the right 
tumor for a certain drug”) are val-
id. Such a change in the paradigm 
of pharmaceutics could consider-
ably accelerate and improve the 
results in clinical trials of anti-tu-
mor drugs. this means that in the 
future we are bound to witness a 
number of experiments devoted to 
finding the correlation between a 
whole-genome genotype of muta-
tions in a tumor and the most effi-
cient method for anti-tumor ther-
apy. It is the underlying purpose 
of the IcGc consortium; namely, 
a transition to  personified therapy 
for oncology patients. the issues of 
bioinformatic processing of genetic 
information were discussed in ad-
dition. With a considerable reduc-
tion in the cost of genome sequenc-
ing, the amount of data generated 
increases. Increasing computer re-
sources are necessary in order to 
process, store, and provide access 
to the results obtained. the costs 
of computer resources compen-
sate for the fall in prices and make 
the cost of the entire investigation 
even higher. time will tell for how 
long the pursuit of cancer genomes 
will continue. thus far, the amount 
of investigations is surely on the in-
crease; the consortium is expected 
to have new participants with new 
projects. 
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ABSTRACT Molecular physiology is a new interdisciplinary field of knowledge that looks into how complicated 
biological systems function.  The living cell is a relatively simple, but at the same time very sophisticated bio-
logical system. After the sequencing of the human genome, molecular physiology has endeavored to investigate 
the systems of cellular interactions at a completely new level based on knowledge of the spatial organization 
and functions of receptors, their ligands, and protein-protein interactions.  In recent years, the achievements in 
molecular physiology have centered on the study of sensor reception mechanisms and intercellular data transfer, 
as well as the immune system physiology, amongst other processes.
KEYWORDS molecular physiology, receptor profile, secondary messengers, targeted delivery, epigenetic diagnos-
tics, prostate cancer
ABBREVIATIONS BPA - Benign prostatic adenoma, PIN – Prostatic Intraepithelial Neoplasia, PSA – Prostate-
specific antigen, PC – prostate cancer, cAMP – cyclic adenosine monophosphate, cGMP – Cyclic guanosine 
monophosphate, АМАCR - Alpha-methylacyl-coenzyme A Racemase, CGI – CpG-island, DAG – Diacylglycerol, 
DD3 - Differential Display Code 3, EPСA - Early Prostate Cancer Antigen, ERG4 – V-ets Erythroblastosis vi-
rus E26 oncogene homolog, ETS – transcription factor, ETV1 – ETS translocation variant 1, EGFR - Epidermal 
Growth Factor Receptor, GSTP1 - Glutathione-S-Transferase π1, IP3 - Inositol Trisphosphate, RARβ2 - Retinoic 
Acid Receptor Beta 2, RASSF1A - RAS Association Domain Family Protein 1A, TMPRSS2 - Transmembrane 
Serine Protease 2

When considering the functioning mechanisms 
of membrane receptor systems, it is neces-
sary to first highlight the achievements in 

molecular physiology regarding the process regula-
tion that occurs in the cell, as well as the intracellular 
transmission of hormonal signals. the concept of sec-
ondary messengers (secondary mediators) is considered 
today fundamental in cellular and physical-chemical 
biology, as well as in molecular medicine. However, to-
wards the end of the 1950s the discovery of the first 
biologically active substance with signal-transduction 
functions – cAMP – had upended concepts regarding 
biochemical process regulation in the cell and the intra-
cellular mechanisms of signal transduction. It appears 
that the signal molecules not able to cross through the 
cellular membrane interact with the specific receptors 
and enzyme systems located on the membrane’s ex-
ternal surface. thus, through interaction with mem-
brane receptor systems, biologically active substances 
determine the production of one or several secondary 
messengers; low-weight biologically active molecules 
which transmit signals on intracellular effector struc-

tures. currently, more than 10 similar molecules have 
been described – they are as follows: cyclic nucleotides 
cAMP and cGMP; inositol exchange products – inositol 
phosphate (IP3); diacylglycerol (DAG), as well as ca2+ 
ions; polynucleotide oligoA; nitrogen monoxide (nO); 
arachidonic acid exchange products; and a number of 
other substances of lipid-origin (Fig. 1).

It appears that key stages in signal transduction 
mediated by secondary messengers are common to 
regulation systems: agonist – receptor- effector pro-
tein- secondary messenger- modulating protein com-
ponent – physiological response. the main features of 
secondary messengers are their universality and trig-
ger functions.  Furthermore, both various molecular 
structures (e.g., ion channels) and multistage cascades 
of enzymatic reactions can act as effectors and their 
regulation systems.

In the second half of the 20th century, not a single 
nobel Prize was awarded for the outstanding achieve-
ments in research concerning this group of biological-
ly active compounds. In various years, e. Sutherland, 
e. Fischer and e. Krebs, F. Gilman and M. rodbell, F. 
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Grignard, L. Ignarro, r. Furchgott and F. Murad et al. 
were awarded nobel prizes.  It should be noted that the 
main achievements in molecular physiology are in some 
way linked to cell surface receptors. Studies focusing 
on central nervous system neurons, neuron junctions, 
and neural impulse distribution have led to significant 
improvements in our understanding of cell physiology.

receptors of the cellular membrane can be subdivid-
ed into two basic classes: ionotropic and metabotropic. 
Ionotropic receptors are membrane channels which 
open or close after binding with a ligand. emerging 
ion streams modulate intracellular ion concentrations, 
which may cause repeat activation of intracellular me-
diators. Metabotropic receptors may be directly linked 
to secondary messenger systems. conformational 
changes in a receptor during ligand-binding trigger 
initiation of a biochemical reaction cascade, leading to 
changes in the functional state of the cell. Membrane 
receptors play a significant role in intracellular com-
munications, signal transduction into the cell, neural 
impulse transduction, and many other cell functions. 
the variability of receptors to various ligand types rep-
resented on the membrane of the exact cell constitutes 
its receptor profile, which determines the type of phys-
iological activity of that cell (Fig. 2).

It should be noted that the study of the functions of 
a receptor complex not only allows us to understand 
the ‘life’ of a normal cell, but can also shed light on the 
molecular origin of various diseases. On the level of cell 
receptor system functioning, molecular physiology and 
molecular medicine are intrinsically linked. P. erlich’s 
postulate on the selective effects of curing substances 
on selective targets (1905) served as the starting point 
for pharmacological science – in particular pharma-
cokinetics – in which one of the basic goals is to study 
the receptor mechanisms of curing substance activity. 
receptor profiles determine not only the functional ac-
tivity of a normal cell, but also the specific pathologi-
cal conditions of the cells and entire organs. In recent 
years, many studies have been devoted to both the re-
ceptor profile and its dependence on pathological proc-
esses in precisely targeted organs.

We have defined the parameters of the main human 
alveolar macrophage receptor systems in both normal 
and pathological conditions [1]. After estimation of the 
examples of ligand dissociation constants, it was shown 
that the physiological constant profiles of pathological 
and normal conditions are substantially different (Fig. 
3). We also compared the enzyme activity of phosphor-
ylation systems in normal cells and human tumor cells.  
It was shown that in normal and tumor cells enzyme 
activity levels substantially differ; the same tendencies 
in studies of kinases are observed for different types 
of tumor cells [2]. An avalanche of experimental data 
relating to the intracellular “machinery” is being ac-
cumulated; specific details of the synapse transduction 
mechanisms, and knowledge on the structure and func-
tions of normal and defect genes and proteins.

the significance of the membrane receptor func-
tions and their spatial localization makes these mol-
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Fig. 1. The main stages of signal transduction mediated by 
secondary messengers in the cell (cAMP - cyclic adenos-
ine monophosphate, cGMP - cyclic guanosine monophos-
phate, DG - diacylglycerol).

Fig. 2. Relation between the receptor portrait of a 
cell and the features of systemic pathologies (GABA - 
γ-aminobutyric acid).
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ecules the main targets for the development of drugs 
against a wide range of diseases, including oncology. In 
recent years, one of the brightest achievements in mo-
lecular physiology has been the development of target 
drugs based on “therapeutic” monoclonal antibodies. 
An example of this is trastuzumab, which is based on 
humanized monoclonal antibodies to receptor erbB2 
(Her2, Her2/neu) of the epidermal growing factor 
family (eGFr). the drug is widely used for the treat-
ment of such diseases as breast cancer, amongst others. 
Humanized monoclonal antibodies specifically bind to 
the extracellular part of the Her2/neu receptor mol-
ecule, and they prevent uncontrolled cell proliferation, 
causing block age of the cell cycle and suppression of 
angiogenesis. Furthermore, when monoclonal antibod-
ies bind to the target cell, the activation of cell immu-
nity and apparent antibody-dependent cytotoxicity are 
observed.

the implementation of a molecular approach, in 
this particular case the use of target drugs based on 
monoclonal antibodies, can considerably improve the 
clinical situation, improve a patient’s quality of life, and 
extend their lifespan. Developing target therapeutic 
drugs being capable of interacting selectively with tar-
gets inside the cell or on its surface is one of the priori-
ties in molecular medicine, since the receptor profile of 
each cell type is unique. this direction is considered to 
have great potential, since irregularities in the activ-
ity of various enzymes or of their regulation is the ba-
sic reason behind metabolic disorders and diseases, as 
enzymes participate in all biochemical reactions and 

are likely to determine the course of pathological proc-
esses. 

Membrane-bound enzymes play a wide range of bio-
logical roles, participate in its main processes, such as 
processing of biologically active molecules, degradation 
of extracellular matrix components, decomposition or 
activation of soluble or surface proteins, cell adhesion, 
and signal transduction into cell. thus, the activity of 
different proteases, particularly those localized on the 
membrane, is believed to be responsible for the events 
that occur at the early stages of tumor development, 
because of the disturbances in expression regulation 
in enzymes belonging to this class [3–6]. We obtained 
strong evidence of the significance of such an approach 
in studies of prostate cancer (Pc) markers.

Prostate cancer is one of the most widespread tumors 
in the male population, characterized by a rapid metas-
tasis process [7]. In countries of the european union, 
two hundred thousand new cases of prostate cancer 
are diagnosed annually, with a total of forty thousand 
deaths occurring [8]. Here, we approach another aspect 
of molecular physiology and medical intervention – the 
molecular diagnostics of diseases. 

to this date, a large number of genes and their prod-
ucts which are believed to be involved in the develop-
ment of Pc have been detected, and they can reason-
ably be considered as markers of this disease [9-14]. 
changes in prostate tissue during the malignization 
process affect all basic cell functions and are reflected 
on different levels of structures and processes, such as 
cytomorphological changes, changes in the expression 
of genes and their products, epigenetic changes, etc. 
the basic molecular markers, indicating prostate tissue 
malignization, are illustrated in Fig. 4. 

Malignant tumors in the prostate (including Pc) 
can cause changes in the genome, a very significant 
occurence.  In particular, changes appear in the DnA 
methylation profile [15–24]. Hypermethylation of the 
5`-regulatory regions of several genes leads to their in-
activation. these changes in genetic material can be 
used in the diagnosis of prostate pathological condi-
tions. 

Amongst the well known epigenetic anomalies is the 
change in the GST1 gene promoter region methylation 
profile, found within tumor cells. this gene encodes cy-
toplasm glutation-S-transferase of the 1 class, which 
participates in apoptosis regulation and xenobiotic 
utilization. Hence, in normal cells of the prostate, the 
promoter region of the GSt1 gene is non-methylated, 
whereas upon proliferative inflammatatory atrophy 
(PIA) the methylation frequency of this region in the 
GST1 gene is 6.4%; for highly active prostatic intraepi-
thelial neoplasia (PIn) – 70%; and for prostate adeno-
carcinoma – 90% [25].
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Fig. 3. Binding parameters of various receptors of the hu-
man lung alveolar macrophages with ligands in normal and 
chronic inflammations of the lungs (3H - tritium, DHA, PRZ, 
IMI, QNB - studied ligands, green shows the values of Kd 
for the studied ligands in normal lungs; raspberry - chronic 
inflammation of the lungs).
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changes in the methylation status of the 5’-regu-
latory regions influence not only the GST1 gene, but 
also genes the products of which participate in tumor 
proliferation suppression [26-32]. cGI methylation in 
the promoter regions of such genes causes inactivation, 
which is associated with increased risk of development 
of a malignant tumor:  RAR2 (retinoic acid receptor  2) 
gene encodes the protein responsible for the receptor-
mediated suppression of tumor growth (retinoids are 
well-known inhibitors of tumor growth and progress). 
Methylation of the cpG islands in the promoter region 
of the RAR2 gene indicates prostate tumor maligniza-
tion. In healthy pancreatic tissue, methylation of cpG 
islands is absent [33]. the RASSF1A (rAS association 
domain family protein 1A) gene is also a tumor growth 
suppressor. Methylation of the cpG islands in the pro-
moter region of this gene was detected upon maligni-
zation of various tissue types [34, 35]. the frequency 
and methylation rate of RASSF1A correlate with the 
tumor’s aggressiveness, allowing for an adequate prog-
nosis of the outcome of a disease [36].

A number of studies performed earlier indicate the 
key role of DnA damage in the development of the ma-
lignization process. the most significant among these 
damages is considered to be the emergence of multi-
ple chromosome rearrangements and mutations in tu-
mor tissues. Genome instability is a common feature 
of tumor cells which manifests itself on the level of 
both chromosomes and selected genes. Moreover, each 
type of tumor is characterized by an assigned set of the 
most widespread disorders. In the tumor tissue, a high 
number of structural rearrangements can be found; 
firstly, translocations and deletions, the quantity of 
which significantly rises as the tumor progresses. 

the level of transcripts consisting of the 5’-untrans-
lated region of the androgen-regulated gene TMPRSS2 
and exones of the genes of the ETC (ERG4 or ETVI) 
family is considerably higher in tumor cells [37]. rear-
rangements affecting the TMPRSS2 gene and genes of 
the transcription factors etc (ERG4, ETVI, ETV4, etc.) 
occur in prostate tumor cells. these rearrangements 
result in the generation of chimera oncogenes [38, 39]. 
Androgen-dependent promoter elements ensure a high 
level of expression of such chimera oncogenes [38, 39]. 

It is necessary to note that there is a positive correla-
tion between the presence of the chimera TMPRSS2-
ETC gene transcript and disease severity. A high fre-
quency of detection (50 –60%) is characteristic for 
mrnA of this chimera gene in prostate adenocarcino-
ma; whereas for PIn, this value is 16%; and in normal 
tissue, it is 4%.

During the early stages of the disease (when the 
tumor process is localized), Pc is comparably easy to 
cure; however, as a result of a shortage of diagnosis 
methods, tumors are usually detected during the final 
stages of the disease. the current methods are either 
insufficiently informative or traumatic. Some recent 
scientific publications reveal losses of some prognostic 
significance of the basic, presently used biochemical 
tests for Pc – PSA (determination of the prostate-
specific antigen concentration in blood). In medical 
practice false negative and false positive diagnoses 
based on PSA determination occur frequently. the 
preliminary diagnosis is confirmed by biopsy; a rather 
painful procedure with negative consequences for the 
general condition of the prostate. thus, the basic goal 
of a diagnosis is not simply to confirm the disease, but 
also to reveal the pathogenic process at the earliest 
possible stage and to determine the stage of the tu-
mor’s progression.

Many types of biochemical markers of Pc have been 
described; those originating from serum, urine, semen 
and prostate tissues. Only a few of these markers can 
be used in clinical practice, and only one has made it 
to the clinical trial phase. the markers GStP1, DD3, 
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Fig. 4. Some markers of prostate cancer and their locali-
zation in the cell (PSA - prostate specific antigen, DD3 
- differential display code 3, p53 - protein 53, RARβ2 - 
retinoic acid receptor beta2, Trp-p8 - transient receptor 
potential-p8, AZGP - zinc a-2-glycoprotein 1, RASSF1A - 
RAS association domain family protein 1A, ECAD - E-cad-
herin, Hk2 - human prostate specific glandular kallikrein, 
MUC1 - mucin 1, AMACR - a-methylacyl-coenzyme A 
Racemase, n - nuclear, c - cytoplasmic, s - soluble, tm - 
transmembrane).
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AMAcr, ePcA, and hepsin are among those showing 
the most promise. As previously stated, the expres-
sion level of hepsin (limited in a normal cell) rapidly 
increases in a progressing tumor. It is necessary to note 
that the specificity of high expression levels of hepsin 
by tumor cells had attracted attention at the earliest 
stages of the study of that protein. expression of this 
enzyme increases as the tumor progresses and reaches 
a maximum at terminal stages (Fig. 5) [40]. 

thus, because of the high specificity of hepsin ex-
pression in tumor cells, there is an opportunity to an-
swer the question as to whether the neoplasm in pros-
tate is benign or malignant. Hepsin is preferable to the 
molecular markers currently being used in clinical 
practice in terms of several parameters.  We propose 
the following hypothesis:  an increase in hepsin proteo-
lytic activity on a cell surface is specific of prostate tu-
mors. For a confirmation of this hypothesis, we obtained 
a producer strain of recombinant hepsin and found the 
most specific substrate for it via a process of perfect 
purification and activation procedures [41]. We proved 
that it is possible to determine the proteolytic activ-
ity in biomaterial samples obtained from males with 
various pathological conditions of prostate, selected the 
conditions of this analysis, and we confirmed its specifi-
city in the case of a tumor. the resulting data testifies 
to the fact that proteolytic activity in a conditionally 
healthy donor group is similar to that in a group of pa-
tients with chronic prostatitis and BPH; but it reliably 
differed from the proteolytic activity in a group of pa-
tients with prostate adenocarcinoma (Fig. 6).

this fact confirms the high specificity of the meth-
od:  whilst chronic prostatitis and the BPH background 
level of proteolysis activity are constant (as in condi-
tionally healthy patients), the Pc progress level of pro-
teolysis activity rapidly increases, and the basic impact 
includes hepsin, so far as a specific substrate is used for 
detection [42].

Based on the studies carried out in our laboratory, 
a Pc detection test-kit has been developed. It is based 
on hepsin activity determination in epithelial cells of 
the prostate collected with urine after rectal massage 
(Patent “Prostate cancer detection test-kit and prostate 
cancer diagnostic method” [eurasian patent № 011694], 
diagnostic kit (registration № FSr 2009/05065)). Such 
parameters as sensitivity, specificity, prognostic signif-
icance of positive and negative results, and diagnostic 
accuracy of the developed method are not inferior to 
those of the well-known biochemical tests for Pc and 
other methods currently under development; indeed, 
it proved better by some parameters (Fig. 7).

Besides, the new method has significant advantages 
in comparison with the currently widely used PSA con-
centration determination methods. 

the method presented by us is better than existing 
ones, because of the non-invasive character of bioma-
terial collection; since enzyme activity is measured in 
urine.  to conclude, application of this method, which 
was developed in conjunction with existing methods, 
will help to avoid false diagnosis and will have a ben-
eficial impact on the general conditions and quality of 
life of the patient. 

а b

SRCR domain

Serine protease domain

Active site pocket

Extracellular

Intracellular
18–44

1–17

Normal prostate

Benign prostatic 
hyperplasia

Prostate cancer 
Gr. II/III

Prostate cancer 
Gr. IV/V

Fig. 5. a - Histochemi-
cal staining of sections 
of prostate tissue from 
patients with prostate dis-
eases of varying severity 
with monoclonal antibod-
ies against hepsin (color 
intensity correlates with 
the expression level of 
hepsin on the cell sur-
face). b - Domain struc-
ture of hepsin and location 
of the protein relative 
to the cell membrane 
(green shows the plasma 
membrane and the active 
center of hepsin; blue - 
SRCR-domain of hepsin; 
violet - protease domain 
of hepsin).
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the results obtained allow to conclude that the 
new method of malignant neoplasm of prostate di-
agnostics with determination of hepsin activity has 
a set of advantages as compared with the currently 
widely used PSA determination and can be recom-
mended for Pc screening studies in clinical labora-
tory conditions.

Increase of the size of a tumor as a result of increas-
ing, uncontrollable tumor cell proliferation causes them 
to invade surrounding tissues. this process is followed 
by the end of any contact both between tumor cells and 
normal cells; because of the action of various trans-
membrane proteases, it affects the surrounding ter-
ritorial matrix, as well. 

Serine protease hepsin is one of the enzymes that 
regulate the process of local invasion of tumor cells [4]. 
the expression level of hepsin was shown to considera-
bly increase on the surface of prostate adenocarcinoma 
cells [43-47]. Hepsin was shown to be the key activa-
tion factor of the proteolytic processes in tumor tissue, 
which result in dissemination of tumor cells.  In order to 
better understand the role of hepsin in these processes, 
it would help to review how the associated membrane 
proteolysis participates in the tumor’s progress. Dur-
ing the pathological process, activity of the membrane-
bound proteases causes an uncontrollable proteolysis of 
the territorial matrix and disorganization of its struc-
ture. 
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Fig. 7. Comparative analysis of the basic evaluative diag-
nostic indexes of the methods for prostate diseases diag-
nosis - determination of the concentration of PSA in the 
blood of the patient and determination of hepsin activity 
using “PHOTO-HEPSIN” (red shows the values of “PHOTO 
HEPSIN” parameters; blue shows the values of the pa-
rameters of the method for PSA concentration determina-
tion; -PV - negative predictive value; and  +PV - positive 
predictive value).
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the majority of studies devoted to evaluating the 
role of hepsin in oncopathology have focused on tumors 
of the prostate. We shall review the basal membrane 
disorder of this organ from the perspective of molecu-
lar physiology and the potential role of hepsin. the ba-
sal membrane of the prostate is a specialized extracel-
lular structure separating epithelial and stromal cells 
from each other and consisting of the matrix proteins 
produced by these two cell types [48].  Disruption of this 
structure is necessary for a local invasion in the early 
metastasis process [49].the molecular mechanisms in-
volving hepsin in the progress of malignant neoplasm 
has become clear. the set of extracellular matrix com-
ponents which are potential hepsin substrates have 
been discovered [4, 50].

Another aspect of hepsin’s impacts on the pathologi-
cal process is the activation of enzymes in inactive form 
that are also involved in the process of basal membrane 
degradation [51]. thus, hepsin can multiply and in-
crease proteolysis on the surface of tumor and stromal 
cells, which aggravates the damage to the basal mem-
brane and accelerates tumor progress (Fig. 8).

this hypothesis confirms the data on the suppression 
of the tumor cell’s invasive growth when hepsin activ-
ity is inhibited [52]. this, and other features of hepsin, 
makes it a convenient target for therapeutic actions. 
therefore, studying the inhibition mechanisms is con-
sidered promising in the development of antitumor 
drugs that can be effective in case of tumors for which 
an elevated expression of hepsin is characteristic. the 
search for specific hepsin inhibitors is underway, with 
the purpose of creating targeted drugs and develop-
ing Pc therapy methods [53]. Hepsin is involved in such 

phenomena as the increase in cell motility, matrix pro-
tein separation and extracellular structure disorganiza-
tion, and activation of extracellular proteases and their 
cascades, which underlie tumor progression. Inhibition 
of the activity of this enzyme may lead to suppression 
of these processes, and it will positively influence  dis-
ease outcome.

In 2008, in a  screening of the libraries of drugs and 
various chemical compounds aimed at searching for 
potential low-molecular-weight inhibitors of hepsin, a 
set of compounds capable of specifically inhibiting its 
proteolytic activity were found. Anthralin (anthracene-
1,8,9-triol) emerged as  one of the most efficient inhibi-
tors of hepsin. Some compounds were dose-depend-
ently shown to suppress the activity of recombinant 
hepsin and to exhibit no cytotoxic effect on various cell 
lines, which is significant for therapeutic applications. 
Among all compounds, anthralin demonstrated the 
highest inhibiting ability towards hepsin: it inhibited 
hepsin 5.5 and 85 times more efficiently than trypsin 
and thrombin, respectively [53].

As was discovered earlier in our laboratory, anthra-
lin inhibits recombinant hepsin. Due to this, we as-
sumed that anthralin may affect the native form of the 
protein in the same way [41]. the main contribution to 
proteolytic activity on the surface of prostate adeno-
carcinoma cells is made by hepsin, since it is its gene 
that is over-expressed. therefore, it can be assumed 
that the impact of a specific hepsin inhibitor will con-
siderably decrease the general proteolytic activity. the 
introduction of Anthralin into lysated human prostate 
adenocarcinoma cells caused a 50–70% reduction in the 
general proteolytic activity, which attests to the fact 

Normal
Capillary

Prostate  
epithelial cells

Basal  
membrane

Disease

Cancer cell  
penetration 
through the  
basal  
membrane

Hepsin

Fig. 8. Inva-
sion of tumor 
cells through 
the basement 
membrane with 
the participation 
of hepsin.
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that anthralin has an efficient inhibiting action on na-
tive hepsin localized on the membranes of tumor cells. 
Figure 9 shows the results of a determination of the 
proteolytic activity of a Lncap human prostate adeno-
carcinoma cell line in the presence and absence of an-
thralin.

the impact on the specified enzyme systems can 
control the disorders observed, while membrane locali-
zation of a number of enzymes is extremely convenient 

for designing targeted drugs and their application. the 
controlled enzyme activity typically underlies the ap-
proaches that are applied for the treatment of various 
diseases and the development of new drugs. With ac-
count for the abundance of serine proteases and their 
participation in pathological processes, the search for 
new inhibitors is of great significance. even today, some 
compounds capable of suppressing protease activity are 
used in tumor therapy.  Data confirming elevated ex-
pression of some members of the family of transmem-
brane serine proteases upon various oncopathologies 
has been published. the inhibition of the activity of en-
zymes belonging to this family is considered as promis-
ing in antitumor therapy. 

transmembrane localization of hepsin makes this en-
zyme a good target for therapeutic agents, since the lo-
calization of the transmembrane domain of this protein 
on a cell’s surface may facilitate drug delivery. Another 
advantage of hepsin when used as a molecular target is 
that the negative effects in hepsin suppression would 
be minimal, whereas the high specificity of its expres-
sion by malignant tissue cells can be used for effective 
and specific antitumor therapy. 

In the present paper, we have attempted to sum-
marize the main features of molecular physiology as a 
new interdisciplinary field of fundamental knowledge 
on sophisticated biological systems. Molecular physiol-
ogy has a special place in the variety of contemporary 
life sciences. this role has to do with the connection of 
molecular physiology to medicine and the stupendous 
number of potential medical applications. Furthermore, 
the role is associated with the conceptual revolution 
which has been taking place over the past 10–15 years. 
these factors allow to regard molecular physiology as 
a common discipline in biology which is located at the 
border between such sciences as biochemistry, bioor-
ganic chemistry, molecular and cell biology, microbiol-
ogy, and evolutionary biology.   
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ABSTRACT Semiconductor quantum dots (QDs) are a new class of fluorophores with unique physical and chemi-
cal properties, which allow to appreciably expand the possibilities for the current methods of fluorescent imag-
ing and optical diagnostics. Here we discuss the prospects of QD application for molecular diagnostics of tumors 
ranging from cancer-specific marker detection on microplates to non-invasive tumor imaging in vivo. We also 
point out the essential problems that require resolution in order to clinically promote QD, and we indicate in-
novative approaches to oncology which are implementable using QD.
KEYWORDS quantum dots, fluorescence imaging, multicolor labeling, nanoparticles.
ABBREVIATIONS AFP – alpha-fetoprotein; EGF – epidermal growth factor; EGFR - epidermal growth factor 
receptor; ELISA – enzyme-linked immunosorbent assay; HER2/neu - human epidermal growth factor receptor 
2/neu; IGF1R – type 1 insulin-like growth factor receptor; IHC – immunohistochemistry; MAA – mercaptoacetic 
acid; QDs – quantum dots; PEG – polyethylene glycol; scFv – single-chain variable antibody fragment; PSCA – 
prostate stem cell antigen; PSMA – prostate-specific membrane antigen; RES –reticuloendothelial system; ROS – 
reactive oxygen species.

INTRODuCTION
In recent biomedical studies, much attention has been 
paid to the search for new methods of noninvasive 
imaging of the internal structure of biological objects. 
Instruments with a high spatial resolution have been 
designed, and, consequently, optical methods for in-
vestigation are gaining widespread use. One of the most 
demonstrable and informative methods among these is 
the fluorescent diagnostics of pathological foci directly 
in the organism.

A considerable  portion of the methods being devel-
oped are directed toward imaging tumors, tissues and 
organs; studying the molecular structure of tumor cells 
by auto-fluorescence registration; or by specific stain-
ing of the objects under observation with fluorescent 
contrasting dyes.  Methods such as these enable us not 
only to localize a tumor in the organism, but also to esti-
mate the level of expression of various proteins, as well 
as the activity of individual cells and the processes that 
have an impact on tumor behavior and its response to 
the action of therapeutic agents.

In modern methods of diagnostics, special demands 
are placed on the contrast agents used. Fluorophores 
must possess the following properties: small dimensions 
(1–10 nm); sufficient brightness and a high quantum 
yield; it is necessary that their excitation and fluores-
cence in the spectral range correspond to optimum 
penetration into biological tissues; and chemical sta-
bility, photostability, and biocompatibility (stability in 
biological media and nontoxicity). Moreover, frequent-

ly in order to perform biological studies, these fluoro-
phores need to be conjugated with different targeting 
molecules, so that they can be delivered to particular 
targets (proteins, compartments, and cells). the conju-
gates need to specifically interact with the target and 
do so in a stable manner, whilst possessing a low level 
of nonspecific binding.

Fluorescent semiconductor nanocrystals, so-called 
quantum dots (QDs), are a relatively novel class of 
fluorophores with unique optical and physicochemi-
cal properties, atypical of other fluorescent dyes. two 
major classes of fluorophores have been convention-
ally used for diagnostics: organic dyes and fluorescent 
proteins [1]. these fluorophores were first used in biol-
ogy and medicine and have subsequently evolved sig-
nificantly. At this point, a large variety of organic dyes 
with a small molecular weight and fluorescent proteins,  
characterized by high brightness, good quantum yield 
and emission over the entire spectral region from blue 
to the near-infrared (Ir) region, have been designed 
[2, 3]. However, some of the properties of these fluoro-
phores (in particular, broad emission spectrum and low 
photobleaching thresholds) still limit their effective-
ness in such types of studies as long-term imaging and 
‘multiplexing’ (simultaneous detection of multiple sig-
nals) without an additional complex of instrumentation 
and processing [4].

QDs possess a number of physicochemical features 
that open wider possibilities in comparison with con-
ventionally used fluorescent labels, making them par-
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ticularly attractive for use in various biological experi-
ments [5, 6].

this review will summarize how QDs can be used for 
studying the molecular mechanisms of the processes 
that occur in tumor cells and for both in vitro and in 
vivo tumor diagnostics.

1 . QD FEATuRES PROVIDING ADVANTAGES 
WHEN uSING THEM IN BIOMEDICAL STuDIES
Quantum dots are almost spherical nanocrystals 
1–10 nm in diameter, consisting of a small number 
of atoms (500–10,000) of semiconductor materials of 
groups II–VI (e.g., cdSe, cdte, cdS, and ZnSe) or 
groups III–V (e.g., InP and InAs) of Mendeleev’s pe-
riodic table. the term “dot” mainly characterizes the 
extremely small dimension of these objects; while the 
adjective “quantum” describes the fact that their be-
havior and properties are described to a significant 
extent by quantum mechanics, rather than classical 
mechanics. the decrease in the particle size of the 
compound to a value smaller than the exciton Bohr 
radius (e.g., for spherical СdSe particles this diam-
eter is less than 6 nm) results in that the properties of 
the compound are determined not as much by their 
chemical composition as by their particle size. In light 

of this, semiconductor nanocrystals are characterized 
by their unique optical characteristics and physico-
chemical properties that distinguish them favorably 
from other fluorophores that are conventionally used 
in biology [7].

QDs possess a high molar extinction coefficient 
(higher than that of organic dyes by a factor of 10–
100) and a high quantum yield (up to 90%), which 
provides to these fluorophores exceptional bright-
ness. QDs are characterized by a broad absorption 
spectrum, a considerable Stokes shift, and a narrow 
and symmetrical (without a “tail” in the red region) 
fluorescence spectrum (peak width ~25–40 nm). In 
this regard, the emission wavelength is core size-
tunable, enabling us to create a wide range of various 
QDs fluorescing within a spectral range from uV to 
Ir (400–2,000 nm), using the same materials and the 
same procedures (Fig. 1). Furthermore, the broad ex-
citation spectrum typical of these nanoparticles (QDs 
can be excited by light at any wavelength smaller than 
their fluorescence wavelength) allows to excite a mix-
ture of different QDs at one wavelength that is con-
siderably remote (> 100 nm) from their fluorescence 
wavelengths [9]. Such properties of QDs significantly 
increase their potential use in multicolor labeling and 

Optical coding

Cellular and assay labeling

Near-infrared in vivo imaging

Photoelectrochemistry

Microbiological labels

Visible
λ,nm

UV<250 Infrared > 2 500400 700

FRET

Alloys CdSe/Te CdHgTeCdS

CdSe PbS

PbSe/TeCdTeZnSe

ZnS

Fig. 1. Representative QD core materials scaled as a function of their emission wavelength superimposed over the 
spectrum. Representative areas of biological interest are also presented corresponding to the pertinent emission, 
highlighting how most biological usage falls in the visible – near-infrared region. Reprinted by permission from Macmillan 
Publishers Ltd.: [Nature Materials] (Medintz I.L., Uyeda H.T., Goldman E.R., Mattoussi H. Nat Mater. 2005 4:435-446), 
copyright (2005).
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the simultaneous identification of different biological 
objects, in comparison with other dyes [6].

High resistance to photobleaching (that is higher 
than that of organic fluorophores by a factor of 100–
1,000) and an exceptional stability towards photo- and 
chemical degradation [7, 10], which is typical of fluores-
cent semiconductor nanocrystals, makes it possible for 
us to use them in long-term experiments on real-time 
imaging of the processes occurring inside a cell (e.g., 
endocytosis) [11] or translocation of individual recep-
tor molecules along the living cellular surface and for 
staining the samples that require long-term storage 
[13].

A more detailed description of the physicochemical 
properties of QDs important for their biological appli-
cation, and a comparative evaluation of their use and 
that of other fluorophores in biomedical studies, can be 
found in reviews [4–6].

Physicochemical and optical properties and the fea-
tures of QDs directly depend on the method of their 
synthesis. this wide field (not an issue for this review) 
is still under development. It is increasing the number 
of QDs used in biomedical studies and enhancing their 
properties (ref. reviews [4, 5]).

until recently, two types of water-soluble mono-
disperse QDs had been in use in biology: the so-called 
bioinert nanocrystals and nanocrystals conjugated to 
various biological molecules in order to add certain spe-
cificity to them.

Bioinert QDs find application as nonspecific con-
trast agents for cell staining due to endocytosis, for the 
contrasting of blood vessels and lymph nodes, and for 
studying biodistribution, toxicity, and in vivo passive 
delivery of nanoparticles into animal tumors. Water-
soluble QDs modified with hydrophilic thiols [14] and 
encapsulated by silicon or amphiphilic polymers [16] 
are frequently used as such bioinert particles. Such 
particles are typically coated with a layer of inert mol-
ecules, in order to reduce the nonspecific binding; the 
manufacturers of commercial QDs usually use polyeth-
ylene glycol (PeG) for this purpose.

2 . TARGETING OF QDS TO TuMOR CELLS
It is a common requirement when using QDs as fluor-
ophores for tumor imaging that they bind to various 
targeting molecules, thus ensuring the selective deliv-
ery of QDs to tumor cells and their components. the 
specificity of labeling is provided by the selection of a 
target that optimally suits each particular case and the 
corresponding targeting molecule.

the receptor part of signal proteins that are overex-
pressed on tumor cell membranes is used most often as 
a specific target. the level of expression of these cel-
lular molecular oncomarkers, determined directly in 

the tumor tissue, characterizes the molecular profile 
of each individual tumor and is used to determine the 
immune status of the tumor and the individualization 
of therapeutic treatment [17].

Antibodies and their fragments, ligands of specific 
receptors localized on the tumor cell surface, small mol-
ecules (such as peptides and aptamers) with specific 
affinity for some of the oncomarkers are used as a tar-
geting module, which provides the selective delivery of 
QDs to tumor cells and their components, depending on 
the aims and objects of the study.

2.1 Targeting agents
Immynoglobulin (Ig) molecules have been known for a 
long time, as they are widely used as efficient target-
ing modules for the specific delivery of diagnostic and 
therapeutic agents both in vitro at the cell and tissue 
level and in vivo at the whole body level. As early as in 
one of the first studies devoted to using QDs for biologi-
cal investigations,  the potential to obtain complexes of 
QDs with IgG molecules and the ability of the result-
ing complexes to bind to specific antispecies polyclonal 
antibodies and to form precipitates in the solution were 
illustrated [14]. Later, such complexes were used for 
the labeling of particular molecules located in various 
cell compartments (on the membrane surface, in cyto-
plasm, and in the cellular nucleus) [16].

regardless of the wide distribution of full-size an-
tibodies in diagnostic systems in vitro, their applica-
tion as targeting agents in vivo usually requires the 
elimination of their effector functions and a radical 
modification of physicochemical properties [18]. Anti-
bodies of scFv format are those that best meet these 
requirements [19, 20]. these small antibody fragments 
do not contain a constant domain. Although this fact 
has no effect on their targeting properties, it reduces 
the possibility of the side effects caused by the interac-
tion between the constant domains and receptors of the 
cells of the immune system and proteins of the com-
plement system [21]. scFv antibodies against  surface 
oncomarkers are widely used as targeting modules for 
the fluorescent imaging of tumor cells and delivery of 
therapeutic agents to them [22–24].

At the nie laboratory, it was demonstrated that QDs 
conjugated to targeting mini antibodies scFv could be 
used for tumor imaging, including in vivo imaging. Ac-
cumulation by tumor cells and efficient internalization 
of QDs conjugated to a human anti-eGFr-antibody of 
the scFv format were observed after their intravenous 
injection into a human pancreatic bearing mouse [25].

the major bottleneck of scFv antibodies as targeting 
agents is their monovalence, since monovalent bind-
ing to an antigen on the cell surface does not ensure 
the long-term retention of the antibody and results in 
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its rapid dissociation [26, 27]. Meanwhile, the typically 
large surface area of QDs makes it possible to attach 
several scFv molecules to each nanoparticle and cre-
ate unique multivalent constructions with enhanced 
properties [28].

Peptides are used as targeting molecules in order to 
perform specific recognition of certain proteins, with 
the purpose of imaging cells and their components [29]. 
the application of this approach in the design of target-
ed QDs was first demonstrated for short recombinant 
peptides that were capable of specific recognition of 
integrin in human neiroblastoma studies [30]. Later, 
it was proven that this approach could also be used in 
the specific labeling of the cells of lung endothelium, 
brain endothelium, and human breast carcinoma both 
in vitro and in living cells [31]. Arginyl-glycyl-aspartic 
acid (rGD peptide) capable of recognizing integrin has 
been noted as a good alternative targeting agent for the 
fluorescing in the Ir range QDs during in vivo imaging 
of different tumors in the mouse organism [32]. 

Another promising targeting agent for the delivery 
of QDs to tumor cells is aptamers; the specially de-
signed oligonucleotides capable of recognizing certain 
proteins and cell components and binding to them with 
high specificity. Various aptamer-based conjugates 
have been successfully used for cell imaging and recog-
nition, biomarker detection, etc. [33]. conjugates of QDs 

with the aptamer specific to the PSMA cancer marker 
selectively stained immobilized and living prostate tu-
mor LncaP cells and the same cells in a model medi-
um of collagen matrix [34]. It was shown that the use 
of aptamers as a targeting agent for imaging prostate 
tumor cells using QDs was equally efficient as using 
QDs conjugated to anti-PSMA-antibodies, but consid-
erably less expensive [35]. QD-aptamer conjugates can 
be used in parallel with other targeting agents, such as 
peptides, for the simultaneous imaging of several on-
comarkers [36]. Moreover, the preparation of biotin-
conjugated aptamers, which have the ability to bind 
to any streptavidin-conjugated QDs, provides the pos-
sibility to create universal reagents for the two-stage 
delivery of QDs to tumor cells [33].

2.2 Methods for binding targeting agents to QDs
In contemporary practice, two major approaches to 
binding the targeting molecules to QDs are used: direct 
binding (typically covalent) of protein molecules to ac-
tive groups on the QD surface and adaptor-mediated 
binding (Fig. 2).

usually, protein molecules are bound directly to the 
semiconductor part of a nanocrystal (via the SH group 
or by metal-affine coordination of histidine residues 
with the zinc atoms of a nanocrystal shell) or to its hy-
drophilic coating (by conjugation with carboxyl, amine, 

scFv antibody

Barnase

Barstar

Streptavidin

Biotin

Aptamer

Full-size antibody

Fig. 2. Design of a current quantum dot for biomedical application. (1) –fluorescent core (usually CdSe or CdTe);  
(2) - protective shell (usually ZnS); (3) – polymer coating to provide colloidal stability, and direct linkage to biologically 
active molecules, (4) – PEG, (5) – targeting molecules joined with QD directly or through biotin-streptavidin (6) and 
barnase-barstar (7) adaptor systems.
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and thiol groups using special catalysts; via electrostatic 
interaction). these methods were thoroughly described 
in the reviews [5, 37].

the surface area of a nanocrystal is appreciably 
large and is accessible for the binding of several bio-
logical molecules.  A range of 2 to 5 protein molecules 
and more than 50 small molecules (oligonucleotides or 
peptides) can be bound to one nanoparticle 4 nm in di-
ameter [38]. It should be noted that the reactivity of 
certain types of biological molecules after direct con-
jugation with nanocrystals can vary considerably. In 
particular, although antibodies retain their specificity 
after conjugation, they lose their affinity considerably 
[39]. Moreover, direct conjugation of QDs with antibod-
ies requires that the antibody activity in each new con-
jugate be checked.

the use of so-called “self-assembling adaptors” 
(small adhesive molecules that bind to each other with 
high efficiency and specificity but do not form ho-
modimers) is a more promising approach to QD binding 
to antibodies. the formation of complexes with these 
small molecules has no considerable effect on antibody 
affinity and allows us to simply prepare various com-
binations of antibodies with different specificities to 
QDs that fluoresce in different ranges, without any 
additional modifications. Heterodimerization modules 
that were previously designed for the preparation of 
recombinant bispecific and multivalent antibodies and 
for two-stage delivery of therapeutic agents to the tu-
mor are used as adaptor molecules to bind QDs to an-
tibodies.

the streptavidin–biotin system is the most well-
known and broadly used system among these modules; 
it possesses a high binding affinity Ka

 ~ 10-14 – 10-15 М 
[40]. Streptavidin is attached to QDs covalently or via 
electrostatic interactions, which allows them to bind to 
biotin-conjugated targeting agents. Streptavidin-con-
jugated QDs were first used for imaging of the tumor 
marker Her2/neu on the surface of human breast tu-
mor SKBr-3 cells through biotin-conjugated anti-hu-
man secondary antibodies and humanized anti-Her2/
neu antibodies [16]. A similar three-stage system was 
used for binding QDs to antibody fragments specific 
to glycyn receptors on a neuron membrane, making it 
possible to observe the motion of individual receptors 
in living neurons [41]. the three-stage system based 
on the biotin–streptavidin affine pair (primary anti-
bodies; biotinilated secondary antibodies; streptavidin-
conjugated quantum dots) allows for the use of single 
streptavidin-conjugated quantum dots for the imaging 
of a number of various targets without any additional 
modification, since the labeling specificity is deter-
mined by the corresponding primary and biotinilated 
secondary antibodies.

By using primary antibodies that bind to QDs via a 
biotin–streptavidin bridge [11], the number of stages 
in the labeling process can be reduced to two. this ap-
proach is not only used for antibodies, but also for many 
other targeting agents. thus, QDs conjugated with an 
integrin-recognizing peptide via a biotine–streptavidin 
module have been successfully used for labeling the 
αν-subunit of integrin in human neuroblastoma cells 
SK-n-SH [27].

 Because of its universal nature, the streptavidin–
biotin system is now widely used in certain types of im-
mune diagnostic investigations that use QDs. Strepta-
vidin-conjugated QDs and biotin-conjugated antibodies 
became commercially available recently (e.g., see www.
invitrogen.com). However, it is important to note that 
the application of this system to create site-directed 
fluorophores for tumor imaging in a human organism in 
vivo is restricted by the presence of a large quantity of 
endogenous biotin, which can compete with biotinilated 
components, thus reducing the labeling efficiency.

In order to prepare antibody-conjugated QDs, we 
propose the use of a barnase–barstar adaptor mod-
ule, which has shown good results in the preparation 
of heterodimeric mini-antibodies and their fluorescent 
derivatives [26, 42, 43]. this adaptor module is based on 
the ability of ribonuclease barnase from Bacillus amy-
loliquefaciens to form a very stable complex (Kd 

~ 10-14 
М) with its natural protein inhibitor, barstar [26].

Since the binding regions of barnase and barstar are 
localized outside their n- and c-terminal parts, each 
of these proteins is accessible for fusion with scFv an-
tibody fragments. Meanwhile, the binding efficiency 
of module components is retained. the small dimen-
sions of barnase and barstar (110 and 89 a.a., respec-
tively), stability, good solubility, and stability towards 
proteases allow to produce appreciable quantities of the 
desired chimeric proteins in bacterial producers. More-
over, barnase, within recombinant proteins, serves 
as an intramolecular chaperone, ensuring the correct 
folding of recombinant proteins, which is particularly 
important when designing structures with targeting 
antibodies [44].

the small dimensions and extreme stability over 
a wide range of conditions make it possible to easily 
form conjugates of both barnase and barstar with ac-
tive groups on the QD surface. It was also found that 
the conjugation of QDs with barstar considerably re-
duces the non-specific binding of QDs to the cellular 
membrane. Hence, fluorescent nanocrystals, which 
usually adhere nonspecifically to human ovarian ad-
enocarcinoma SKOV-3 cells and penetrate them (Fig. 
3A), become virtually neutral with respect to these cells 
after conjugation with barstar (Fig. 3B). At the same 
time, the barstar located on the QD surface provides 
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the additional binding of targeting antibodies using the 
barnase–barstar adaptor system, ensuring the efficient 
and specific labeling of cancer cells (Fig. 3C). 

An important advantage of the barnase–barstar 
module is the accurate (1 : 1) ratio between the compo-
nents in the complex and the total absence of self-ag-
gregation, as well as a high interaction affinity,   higher 
than that of all other dimerization systems, with the 
exception of the streptavidin–biotin system. As op-
posed to the streptavidin–biotin system, the use of the 
barnase–barstar system is based on genetic engineer-
ing technologies and requires no covalent modifications 
of antibodies.

the barnase–barstar adaptor system has been suc-
cessfully used for the preparation of fluorescent com-
plexes for the imaging of tumor cells overexpressing 
oncomarker Her2/neu, based on 4D5scFv antibod-
ies and QDs of two types 1) QDs modified by mercap-
toacetic acid and 2) QDs covered with a polymeric shell 
[45, 46]. In both of these cases, efficient and selective 
staining of membranes after the incubation of breast 
adenocarcinoma cells and human ovarian adenocarci-

noma cells with the obtained fluorescent complex was 
observed.

Furthermore, it was shown that QDs conjugated to 
targeting antibodies, with the help of adaptors, can be 
bound to molecules or nanoparticles of a different na-
ture. thus, they can be regarded as components of a 
“Molecular Lego kit” [43]. By implementing the con-
ception of such a Lego kit, self-assembling multimodal 
structures were designed on the basis of the barnase–
barstar adaptor module using QDs and magnetic parti-
cles. the resulting fluorescent magnetic nanoparticles 
are supplied with humanized mini-antibodies against 
the Her2/neu oncomarker and can efficiently and se-
lectively label the corresponding tumor cells [28]. As a 
result, fluorescence-labeled tumor cells acquire respon-
siveness to a magnetic field (Fig. 4).

2.3 The problem of nonspecific binding of QDs
QD tendency to “adhesion,” i.e., nonspecific binding 
to the cellular membrane, proteins, and components 
of the extracellular matrix, and their uncontrolled 
penetration into cells is a significant impediment to 
selective QD-based fluorescence labeling of biological 
objects. For example, particles with a strong negative 
or positive charge containing on their surface car-
boxyl or amino groups, respectively, were shown to 
possess a high level of nonspecific binding with cells 
and tissues [47, 48]. Such nonspecific binding can be 
explained by the electrostatic interaction between 
charged groups on the QD surface and the charged 
regions of proteins and other molecules on the cel-
lular surface. 

 An additional explanation for the nonspecific bind-
ing of QDs with the cellular surface may be the hydro-
phobic interaction between the lipids in the cellular 
membrane and the stabilizing agent molecules (e.g., tri-
n-octylphosphine or oleate anion) that remain on the 
QD surface after their synthesis due to the incomplete 
coating of a nanoparticle core with a ligand providing 
hydrophility, or due to instable binding of this ligand. 
thus, it was shown that QDs comprising cysteine, 
MAA, dihydrolipoic, and other mercapto-carboxylic ac-
ids, notable for their dynamic and instable Zn–S bond, 
exhibit the highest level of nonspecific binding [47].

It was determined that the degree of nonspecific 
binding strongly depends on the cell type [47, 49], which 
can be explained by different contents of charged and 
hydrophobic regions on the membrane of particular 
cells.

In order to reduce the degree of nonspecific bind-
ing, QDs are additionally coated with a layer of inert 
molecules. One such substances, widely used now, 
is PeG, a nontoxic hydrophilic polymer commonly 
used for enhancing the biocompatibility of drugs [48]. 
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Fig. 3. Non-specific and specific interaction of QDs with 
tumor cells. Schematics (on the left) and results (on the 
right) of fluorescent microscopy of SKOV-3 cells after 
incubation with QD (А), with QD-barstar (B), and with 
anti-HER-2/neu scFv dimer joined with barnase, following 
QD-barstar (C). Cell images in visible light (a, b, c) and 
fluorescent cell images (a’, b’, c’) are shown. Legend see 
Fig. 2.
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Quantum dots modified by PeG have a surface charge 
that is close to neutral and remain colloidally stable 
under various experimental conditions. Furthermore, 
PeG reduces the ability of QDs to interact with the 
cell surface or with the proteins of an extracellular 
matrix; i.e., it results in the passivation of the QD sur-
face [50].

In the case of PeG-coated QDs, it should be noted 
that despite the fact that they are successfully used 
both in vitro and in vivo experiments, such a modifica-
tion is not sufficient for some other purposes. Further-
more, PeG-coated particles have a considerably higher 
hydrodynamic diameter, which impedes their access to 
biological targets [51].

In order to minimize the nonspecific binding of QDs 
without increasing their size, a method for coating na-
nocrystals with a neutral hydroxyl layer was proposed 
[52]. the hydrodynamic diameter of the resulting na-
nocrystals is 13–14 nm, which is smaller than the size 
of PeG-modified nanocrystals by 50%. When using the 
obtained complexes for HeLa cells imaging, 140-fold 
and 20-fold reductions of nonspecific binding, in com-
parison with carboxylated QDs and biotin-conjugated 
QDs, respectively, were observed. to perform the tar-
geted delivery of such nanocrystals, it is necessary to 
supply them with targeting molecules, resulting in a 
partial loss of material and a decrease in the yield of the 
final product. Meanwhile, it is quite realistic to reduce 

the nonspecific adhesion of QDs on the cellular mem-
brane and simultaneously provide nonspecific binding 
of a nanoparticle to certain receptors expressed on the 
surface of a tumor cell. It was noted that some small 
neutral molecules, such as peptides or small proteins, 
enable to reduce the nonspecific binding of QDs [52]. 
We demonstrated that the component of the adaptor 
system, barstar, also possesses this property (see above 
Section 2.2, Fig. 3).

3 . In vitro DIAGNOSTICS 
One of the most promising and rapidly developing ar-
eas of application of QDs is their usage as fluorescent 
labels during in vitro study of tumor cells: for imag-
ing tumor cells and for localizing the individual mole-
cules expressed in them. the unique properties of QDs, 
which make it possible to perform multicolor labeling 
and long-term observation of fluorescence of objects, 
allow one to considerably broaden the range of con-
ventional methods that are used in this field. In vitro 
diagnostics is now the only application of QDs out of all 
alternatives of the biomedical use of QDs which can be 
quickly implemented in clinical practice (as opposed to 
the in vivo use of QDs, which requires long investiga-
tions of QD toxicity and further consequences of their 
introduction into the organism).

the major directions of investigation include: 1) imag-
ing of tumor cells overexpressing certain oncomarkers, 
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Fig. 4. Superstructures consisting of QDs, magnetic particles (MP), and scFv antibodies. Conceptual design of super-
structures based on barnase-barstar adaptor system (on the left), and multifunctionality proving (on the right). Human 
ovarian cancer SKOV-3 cells labeled by the assembled trifunctional structures were dragged toward the contour of 
letters “MF” (A). Bright-field (B - 100x magnification and D - individual cells) and fluorescent (C - 100x magnification and 
E - individual cells) photos of the sample. Adapted by permission from the National Academy of Sciences of the United 
States of America: [Proc. Natl. Acad. Sci. USA] (Nikitin M.P., Zdobnova T.A., Lukash S.V., Stremovskiy O.A., Deyev 
S.M. Proc Natl Acad Sci USA. 2010 107:5827-5832), copyright (2010).
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2) staining of tissues and their sections; and 3) observa-
tion of individual molecules and cells in real time. 

3.1 Imaging of tumor cells
the imaging of tumor cells and identification of the in-
dividual oncomarkers within them is of great practical 
importance. Most of the oncomarkers used for imag-
ing are represented by receptors overexpressed on the 
membrane surface of tumor cells, and they are almost 
non-expressed in normal tissues. A high level of expres-
sion of such markers correlates with a tumor process in 
the organism; their detection and quantitative assess-
ment being important for the early diagnostics, clas-
sification, and therapy of tumors [51]. 

 Several years after pioneering studies on the design 
and use of biocompatible QDs were published [14, 15], 
a few research groups claimed that it was possible to 
use QD conjugates for the imaging of tumor cells. thus 
far, QDs conjugated to various targeting agents (anti-
bodies, ligands, peptides) have been known. they are 
intended for visualizing the cells of clinically significant 
human tumors: prostate carcinoma [53], breast adeno-
carcinoma and ductal carcinoma [21, 54, 55], pancreatic 
carcinoma [56], glioblastoma [32], and squamous cell 
carcinoma of the tongue [57].

efforts in this area have primarily focused on the 
optimization of the properties of QDs for their appli-
cation in experiments in vivo and at the whole-body 
level. the preliminary purpose was a good solubility 
in aqueous solutions, biocompatibility, low toxicity of 
QDs, and additionally their supplying with targeting 
molecules providing the specificity of labeling. Over a 
short period of time, appreciably simple, inexpensive, 
and well reproducible QD-based methods for the im-
aging of cancer cells were designed for the diagnostics 
of clinically significant tumor types and prognosis of 
the disease’s progresson (Table). Hence, significant me-
thodical groundwork was laid for implementing these 
methods in clinical practice and further in vivo studies 
aimed at the imaging of tumors and their metastases 
directly in the living organism.

3.2 Simultaneous detection of several oncomarkers 
Generally, targeting molecules (antigens, peptides, 
aptamers, etc.) that selectively bind to the surface on-
comarker provide a high specificity of labeling of the 
corresponding tumor cells [17]. At the same time, such 
a feature of tumor cells as their extreme variability 
during the development of the disease and response to 
the action of therapeutic agents raises for researchers 
the problem of simultaneous imaging of several surface 
markers (see Section 1).

the fundamental possibility of using QDs for simul-
taneous multiplex detection was demonstrated on five 

tumor markers in a human breast tumor cell culture. 
the simultaneous detection of the receptors er, Pr, 
eGFr, mtOP, and Her2/neu using QDs fluorescing in 
different spectrum regions correlates positively with 
the results of conventional methods; including immu-
nohistochemistry, western blotting, and fluorescence in 
situ hybridization, while it considerably increases the 
rate of analysis and reduces cost [61]. 

Simultaneous imaging of two hypothesized cancer 
markers - integrin αv

ß
3 

and nucleolin-using QDs con-
jugated to the rGD peptide and aptamer AS1411, re-
spectively, enables to compare the localization of these 
markers in the cell [36]. Internalization of nucleolin and 
the surface distribution of integrin were confirmed us-
ing confocal microscopy, which will probably allow to 
better understand how they participate in the proc-
esses occurring in tumor cells.

the results of these studies demonstrate that QDs 
conjugated to targeting molecules have a powerful po-
tential as components of novel systems for assessing tu-
mor types, their progression stage, and the metastatic 
potential on the basis of multiplex imaging. 

Fundamental studies of oncological processes, in ad-
dition to the detection of the markers that are overex-
pressed in cancer cells, require that a number of oth-
er proteins, frequently characterized by a low-copy 
number, be revealed. the golden standard today for 
identifying low-copy number proteins is enzyme-linked 
immunosorbent assay (eLISA); its sensitivity attains 
the picomolar value. this method has been widely used; 
however, it is quite labor-intensive, expensive, time-
consuming, and does not allow for multiplexing. the re-
placement of organic fluorophores and colorimetric rea-
gents in immune enzyme studies by QDs alone does not 
provide a significant advantage in terms of sensitivity 
(the sensitivity of the analysis with QDs is ~ 100 pmol) 
[70]. It is the application of QDs with different spectral 
characteristics which allows simultaneous detection 
of several proteins to be performed. thus, four toxins 
were simultaneously detected using four different QDs, 
which emitted between 510 and 610 nm, in a sandwich 
immunoassay configuration with a single extitation 
source [70]. unfortunately, these authors have not man-
aged to carry out the quantitative assessment at this 
stage; further investigations are required to design a 
good immunofluorescence test. Another study demon-
strated the simplicity and obviousness of the simultane-
ous detection of two proteins with two spectrally dif-
ferent QDs in a western blot assay [71]. unquestionably, 
simultaneous multicolor labeling using QDs is a novel 
and powerful method that will allow us to solve both 
conventional and fundamentally new problems that 
previously could not be solved or were extremely labor-
intensive when  conventional approaches were used.
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Simultaneous multiplex labeling using QDs with 
different spectral characteristics also provides indis-
putable advantages in studies requiring high-per-
formance screening of molecules. QDs are success-
fully used for the analysis of various components of 
cell systems using microarray technology and for the 
parallel analysis of the genome and proteome content 
of healthy and affected cells [72]. the brightness and 
stability of QDs significantly increase the sensitivity 
and the possibility of parallel detection of the com-
ponents of complex mixtures. the results obtained 
can help better understand the signal paths in cells, 
as well as be used in the design of new therapeutic 
approaches.

3.3 Immunohistochemical assay
Immunohistochemical assay (IHc) is the method for 
tumor diagnostics most widely used in clinical practice.  
this method of morphological study is based on imag-
ing and microscopic evaluation of the results of the an-
tigen–antibody reaction in biopsied tissue sections and 
allows not only to detect the presence and intensity of a 
signal, but also to evaluate signal distribution over the 
cell (staining of the membrane, cytoplasm, nucleus, and 
other structural elements). Immunochemical staining 
of formaldehyde-fixed and paraffin-embedded tissue 
sections of tumor biopsy samples is a complicated task 
because of high tissue autofluorescence and the reduc-

tion of the amount of antigen during the fixation and 
paraffin embedding.

QDs appeared very well-suited for the resolution of 
this problem. Images of fixed sections of human skin ba-
sal carcinoma [60], mouse breast tumor overexpressing 
the human receptor Her2/neu [16], and basal-squa-
mous cell carcinoma of human skin [73] were obtained 
using QDs. It was also demonstrated by the example of 
the human breast tumor that QD-based probes can be 
designed for quantitative and highly sensitive detection 
of the low expression of cancer surface markers, in par-
ticular, oncomarker Her2/neu [74]. researchers have 
also noted the excellent photostability of QD-stained 
samples: their fluorescence intensity remains intact for 
9–75 days [74] (Fig. 5).

the combination of conventional IHc procedures 
with QD-based fluorescent dyes allows one to consid-
erably improve the resolution and sensitivity of the 
method (see review [17]) and provides a possibility of si-
multaneous imaging of several markers [75]. Moreover, 
the application of QDs makes the IHc method much 
more illustrative (Fig. 5).

3.4 Real-time  detection of molecular processes and 
cells 
the high resistance of QDs to photobleaching and their 
high level of brightness enable us to use them for imag-
ing of the processes occurring in cells, including trac-

А

C D

B Fig. 5. Advantages of QDs for 
immunohistochemical assays. 
A – Specimens with different 
HER2 IHC scores detected by 
QD-IHC (A) and by conven-
tional IHC using peroxidase 
(B). Preservation of QD fluo-
rescence and photobleaching 
on day 2 (C) and day 75 (D). 
Scale bar 100 µm. Adapted 
by permission from Elsevier: 
[Biomaterials] (Chen C, Peng 
J, Xia H, Yang G, Wu Q, Chen 
L, Zeng L, Zhang Z, Pang D, Li 
Y. Biomaterials. 2009 30:2912-
2918), copyright (2009).
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ing the dynamics of individual molecules [41]. certain 
membrane proteins are of special interest; the inves-
tigation of their localization and dynamics is crucial in 
understanding such processes as chemotaxis and inter- 
and intracellular signal transduction. thus, QDs conju-
gated with the corresponding targeting ligands have 
been successfully used for imaging of the dynamics of 
the receptors of glycine [12] and γ-amino butyric acid 
[76] in a neuron cell culture.

Since a vast number of significant oncomarkers are 
represented by proteins which have regulatory func-
tions in normal cells and which participate in signal 
transduction, study of the functioning of these proteins 
is important for understanding the nature and mech-
anisms of the malignization process. QDs conjugated 
with an epidermal growth factor (eGF) were used to 
study the mechanisms of eGF internalization and sig-
nal transduction pathways with the participation of 
proteins from the erbB1/2/3 family of transmembrane 
tyrokinase receptors [11].

It was demonstrated that QDs can be used to study 
the motility of tumor cells with the purpose of determin-
ing their invasive potential [77]. use of QDs as markers 
for imaging of the trajectory of cell motion is less labori-
ous and allows to obtain more reliable data as compared 
with the conventional Boyden’s chamber assay.

these novel and extremely interesting directions of 
study have as yet not found application in clinical diag-

nostics; however, they will undoubtedly be developed 
as a domain of fundamental science and will help to ob-
tain new knowledge on tumor pathogenesis.

4 . In vivo ANIMAL IMAGING 
During the past five years, considerable progress has 
been made in the application of QDs as fluorophores in 
experiments on cells and fixed tissues. Meanwhile, the 
use of these nanoparticles for imaging in multicellular 
organisms, especially in such highly organized ones as 
mammals, is only in the early stages of development.

two major problems emerge during fluorescent la-
beling at the whole-body level: 1) signal attenuation 
due to the increased size of the organism and tissue 
thickness, and 2) the difficulty of delivering fluoro-
phores to the target cells and tissues.

A significant obstacle is the depth of fluorescence 
penetration, since biological tissues absorb most of the 
signals that are used for imaging; furthermore, they 
are characterized by a considerable autofluorescence 
in the green region of the spectrum. However, in the 
Ir region there exists the so-called “optical window” 
(650–1300 nm), in which light absorption by living tis-
sues is minimal. the existence of such a window results 
from the fact that the minimum level of absorption of 
the major chromophores in mammals (blood, flavins, 
vitamins, and nAD(P)H) lies in this region [78]. that is 
why for in vivo imaging, QDs fluorescing in the near-

Normal  
vascular wall Tumor  

vascular wall

Active targeting

Passive targeting

Targeted QD

Non-targeted QD

Endothelial cell

Tumor cell with specific  
surface receptors

Fig.6. Schematic il-
lustration of passive 
and active tumor-
targeting after sys-
tem administration 
of QD.
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Ir region (700–800 nm) are used, allowing to improve 
the brightness of the resulting signal and to reduce the 
background.

Fluorophore delivery to target cells in the organism 
of a mammal is complicated and consists of multiple 
stages, since the substances being delivered need to 
penetrate  through a number of structural and physi-
ological barriers, including the vascular endothelium, 
the immune barrier, and the metabolic degradation of 
the introduced substances. Moreover, after system ad-
ministration the fluorophore can be delivered via the 
blood stream into non-target organs and organism tis-
sues and  accumulate there, thus reducing the contrast 
and increasing the possibility of false-positive signals 
and the manifestation of a toxic effect. therefore, the 
excess fluorophore that has not bound to the target 
cells should be quickly and completely removed from 
the organism.

4.1 Tumor detection using QDs
In a living organism, accumulation of QDs injected in-
travenously in tumor tissue for its subsequent imag-
ing is possible through two mechanisms: 1) a passive 
mechanism, which is typical of particles of a certain 
size, and 2) an active mechanism, using the targeting 
agent [53] (Fig. 6).

In the case of the passive mechanism, nanometer-
sized particles accumulate preferentially at tumor 
site due to its structural features. Such particles can 
penetrate into a tumor with ease, due to the increased 
permeability of vascular walls, and remain there as a 
result of the impaired lymphatic drainage therein. It 
has been demonstrated that the capillary permeability 
of the endothelial barrier in newly vascularized tumors 
is considerably higher than that in normal tissues. nor-
mal blood vessels are lined with a unfenestrated en-
dothelium; hence, the penetration of macromolecules 
and nanoparticles into the tissue is impeded. Blood ves-
sels formed during the tumor-induced angiogenesis are 
characterized by a nontypical structure and wide en-
dothelial pores. these pores are so large that molecules 
up to 400 nm in size can leave the vessels and accumu-
late in tumor tissue [79]. Moreover, there is almost no 
lymphatic drainage in tumor tissue; therefore, macro-
molecules stay there for a considerable amount of time. 
the described enhanced permeability and retention 
effect (ePr) is used for the delivery of therapeutic and 
diagnostic agents based on latexes, liposomes, and oth-
er particles into tumors [80].  In the case of the passive 
delivery, nontargeted PeG-coated QDs that possess a 
minimal level of nonspecific binding with proteins and 
blood cells are used [53].

to provide active delivery of QDs to tumors, they 
are supplied with targeting molecules capable of bind-

ing to the specific receptors exposed on the tumor cell 
surface (see Section 2.1).

the possibility of intravital labeling of tumors with 
quantum dots was first demonstrated on mouse models. 
It was demonstrated that after intravenous adminis-
tration, QDs conjugated to peptides specific to various 
types of tumors and their vessels are selectively accu-
mulated in the tumor vasculature [31].

the first progress in the in vivo application of QDs 
has stimulated a large number of studies devoted to the 
intravital imaging of human model tumors in animal 
organisms using QDs targeted at different tumor mark-
ers. Full-size antibodies and their fragments, specific 
peptides, and natural ligands were used as targeting 
ligands with equal success (Table). the results of these 
studies demonstrate that the use of the mechanism of 
active targeting, as compared with that of passive tar-
geting, considerably enhances QD accumulation in the 
tumor regardless of the type of QDs employed and of 
the type of the targeting agent (Fig. 7). the use of tar-
geted QDs as fluorophores, in combination with modern 
optical imaging methods, allows to perform imaging of 
not only solid tumors, but also metastases in organs [65] 
and bone tissue [58] and to reveal micrometastases at 
the early stages of the disease [81]. It should be noted 
that in all cases, along with successful labeling of tu-
mors in vivo using both the active and passive mecha-
nisms, nonspecific accumulation of QDs in different or-
gans of model animals was observed, primarily, in the 
liver, spleen, and lymph nodes (Fig. 7).

In addition, locally introduced QDs can also be of 
great diagnostic significance. thus, it was demon-
strated that QDs of different colors injected into the 
peripheral areas of the body were located in different 
lymph nodes, giving different coloration to them [82]. 
In recent times, a significant number of studies have 
been devoted to the imaging of sentinel lymph nodes, 
along which the metastatic spread typically occurs [83, 
84]. Intraoperative imaging of the primary tumor, along 
with sentinel lymph nodes, provides the possibility of 
determining the size of the surgery field and the neces-
sity of lymphodissection [85].

the size of QDs and their ability to induce two-pho-
ton excitation have prompted researchers to investi-
gate the potential of these particles as promising con-
trast agents for angiography; possible alternatives to 
the fluorescent dextrane conventionally used for these 
purposes. Because of the large cross-section of two-
photon absorption (larger than that of conventional or-
ganic dyes by 2–3 orders of magnitude), QDs can be ex-
cited in the Ir range. this fact allows to attain a higher 
resolution at a great tissue depth (since long waves are 
less scattered than short waves) and reduce the level of 
phototoxicity (the exciting photons in the Ir region of 
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the spectrum possess a lower energy; therefore, they 
are less destructive for the tissue under investigation) 
[86]. Indeed, the use of two-photon excitation of QDs 
for contrasting the blood vessels of tumor cells consid-
erably enhances the imaging contrast, in comparison 
with conventional methods [87].

thus, the results of intravital imaging of tumors pre-
sented above demonstrate that, due to the high level of 
absorption by organs of the reticuloendothelial system 
(reS) and the absence of complete removal from the 
organism (see Section 5.2 of this review), the clinical 
application of QDs as contrast agents for in vivo imag-
ing is accompanied by certain difficulties. At the same 
time, the exceptional brightness, high quantum yield, 
and large cross section of two-photon absorption, which 
determines the fluorophore brightness in multiphoton 
microscopy, allow to successfully utilize QDs as imaging 
agents for the study of the anatomy and pathophysiol-

ogy of tumors on animal models. the use of QDs con-
siderably improves the existing methods of intravital 
microscopy of tumors and their microenvironment. the 
combination of the exceptional spectral properties of 
QDs and modern technologies that allow us to obtain in 
vivo images with high resolution may result in a con-
siderable breakthrough in the understanding of tumor 
biology.

4.2 QD biodistribution and pharmacokinetics 
the key success factor of in vivo diagnostics of tumors 
are: high fluorophore content in a tumor, in comparison 
with that found in normal tissues and blood, and the 
absence of false-positive signals. In addition, it is essen-
tial that diagnostic agents be capable of rapid excretion 
from the organism. 

It was demonstrated in vitro that the action and bio-
logical fate of QDs in the cell depends to a considerable 
extent on the size and chemical properties of the sur-
face of these particles [88, 89]. the same parameters 
were assumed to play a significant role in the distribu-
tion of QDs in the organism, as well.

 When studying the biodistribution of QDs in the 
organism of model animals, it turned out that all QDs 
were completely cleared from the bloodstream to accu-
mulate in organs and tissues [90], mostly in reS organs 
(liver, spleen and lymph nodes). Similar results were 
obtained in tumor imaging: along with label accumula-
tion in tumor, some QDs also remained in reS organs 
[25, 31, 32, 53, 65]. Almost in all cases, no QDs were de-
tected in the lung, heart, muscle, or brain tissues; in a 
number of studies, a small amount of QDs was found in 
the kidneys. contrary to expectations, such distribution 
was independent of surface properties and the type of 
targeting agent (or the absence of it) conjugated with 
QD, while the presence of PeG on the particle surface 
resulted in a slight increase in its blood half-life but did 
not completely prevent accumulation in these organs. 
the QD blood half-life varied from several minutes to 
several tens of hours and depended to a large extent on 
their hydrodynamic diameter [91], as well as the sur-
face charge and structure [92].

In this context, direct comparison of QDs and the 
standard organic dye Alexa Fluor 680, both conjugat-
ed with anti-IGF1r-antibodies in experiments in vivo 
on model animals, is of interest [55]. It was shown that 
both fluorophores can allow specific imaging of breast 
tumor; however, QDs are considerably poorer excreted 
from the organism, accumulating in reS organs.

the initial results of the investigation of the effect 
of the size and dimensions of the QD surface on their 
distribution in the organism after intravenous admin-
istration are quite controversial. It was shown in a se-
ries of studies that the surface coating [93, 93] and size 

Fig. 7. In vivo fluorescence imaging of U87MG tumor-
bearing mice (left shoulder, indicated by white arrows) 
injected with targeted (left) and nontargeted QD (right). 
The mice autofluorescence is color-coded green, while 
the unmixed QD signal is color-coded red. Prominent 
uptake in the liver, bone marrow, and lymph nodes was 
also visible. Reprinted by permission from the American 
Chemical Society: [Nano Letters] (Cai W, Shin D.W., 
Chen K, Gheysens O, Cao Q, Wang S.X., Gambhir S.S., 
Chen X. Nano Lett. 2006 6:669–676), copyright (2006).
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[94] have a significant effect on the pharmacokinetics 
and biodistribution of the particles. conversely, in the 
systematic study [95] performed in view of all factors 
that may have an effect on biodistribution, no signifi-
cant differences were observed for QDs of different 
sizes, different charges, and those with the presence 
or absence of different molecules (albumin, PeG) on 
the surface – all QDs mostly accumulated in the liver 
and spleen.

QDs can be excreted from the organism via two 
paths: via the kidneys and the liver [93, 96]. the ex-
cretion path to the largest extent depends on two pa-
rameters of the particle: their size and surface coating, 
which determines the tendency towards adsorption 
of the proteins of the blood serum [78]. the investiga-
tion of the excretion from the organism of specially de-
signed series of QDs of different sizes and with differ-
ent coatings [59] demonstrated that one of the required 
condition for the full excretion of nanoparticles from 
the organism via the kidneys is a value of the hydrody-
namic diameter of a QD less than 5.5 nm (i.e., below the 
renal filtration threshold). currently, all synthesized 
QDs with fluorescence in red and near-Ir ranges that 
are used for in vivo imaging possess a higher size value 
(approximately 10 nm) and cannot be removed from 
the organism via the kidneys. Moreover, these QDs are 
coated with a polymer to improve stability and contain 
charged functional groups and PeG on their surface, 
which further increases their size. thus, the hydrody-
namic diameter of popular commercial QDs (Invitro-
gen) is 15–19 nm [82]. there is only a single excretion 
path for such non-biodegradable QDs: via the liver, 
with bile. this process is very slow and inefficient; and 
the long-term stay of nanoparticles in reS organs in-
creases the possibility of QD shell degradation and the 
rise of a toxic effect. thus, although QDs are ideally 
suitable for in vivo imaging of tumors in terms of their 
parameters, with the exception of their hydrodynamic 
diameter, their accumulation in the liver, spleen, and 
other reS organs is inevitable. Interestingly, a number 
of authors mention the renal accumulation of QDs with 
a hydrodynamic diameter significantly higher than the 
renal filtration threshold [95, 97]. In the absence of ad-
ditional studies, it is difficult to say whether these data 
are an artifact or attest to some other unstudied mech-
anisms of interaction between nanoparticles and the 
living organism. either way, the complicated excretion 
from the organism remains one of the major impedi-
ments to the use of QDs in the human organism.

5 . RISKS IN uSING QDS IN BIOLOGICAL 
AND MEDICAL STuDIES
the unique physicochemical properties of QDs make 
them extremely attractive fluorophores for the in vivo 

imaging of living objects. the pioneering studies in this 
field began quite recently (less than 10 years ago); in 
fact the search for a design of QD optimal for these 
purposes is ongoing.  In this regard, QDs that are used 
by different laboratories strongly differ in such param-
eters as their size, shape, charge, concentration, oxida-
tion-reduction properties, surface coating, and physical 
stability. A wide range of these parameters, in combi-
nation with various experimental conditions (treatment 
time, selection of the model cell lines and media, using 
the same concentration units, the presence or absence 
of a targeting agent) make it considerably more dif-
ficult to compare the published data on QD biosafety 
and to get a broad outline.  Despite this fact, in a field 
of extremely diverse and controversial information, a 
number of regularities have been revealed [90, 98].

5.1 QD citotoxicity
the cytotoxic effect of QDs is largely determined by 
four main factors: the presence of heavy metal ions in 
their composition, the ability to generate reactive oxy-
gen species (rOS), colloidal instability, and nonspecific 
interaction with biological molecules [90, 98].

First-generation QDs, consisting only of the fluores-
cent core (cdte or cdSe) and stabilized by thiol ligands 
(e.g., cysteine or MAA), can easily be subjected to oxi-
dation and degradation to release toxic cadmium ions 
[99] and are capable of inducing rOS formation [100]. 
Such particles are extremely toxic for culture cells even 
in small concentration; hence, they are not suitable for 
investigations on living objects. Second-generation QDs 
are coated with a shell made of an inert zinc sulfide 
in order to prevent non-radiative energy dissipation. 
Moreover, it was found that such a shell actually im-
pedes oxidation and degradation of the fluorescent core 
and hinders the release of cadmium ions, considerably 
reducing cytotoxicity. Meanwhile, insufficient colloidal 
stability is typical of QDs stabilized by an inexpensive 
and simple method using small thiol ligands [99]. the 
deposition of such QD aggregates on the cell surface, 
even without penetration of the cell, may lead to physi-
cal damage, functional abnormalities, and as a result, 
cell death [89]. In principle, second-generation QDs can 
be used for short-term investigations on cell cultures; 
however, a significant risk exists when they are used 
in organisms.

today, third-generation QDs are used in most bio-
logical studies; they are represented by cdSe/ZnS par-
ticles coated by a polymeric or silicon shell. these QDs 
possess a much higher colloidal, chemical, and optical 
stability as compared with their analogues coated with 
small ligands. the third-generation QDs manifest some 
toxicity in cell cultures only under extreme conditions 
or when used at concentrations that exceed the con-
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centration required for staining and imaging of cell tar-
gets by an order of magnitude [89, 101]. these QDs are 
the most promising for use in the organism. However, 
it should be taken into consideration when designing 
them that QDs are not molecules but nanoparticles, 
and that the physicochemical properties of their sur-
face, rather than their composition, are more important 
factors in toxicity manifestation (the same is true for 
other nanoparticles). Some bioinert nanoparticles (gold, 
carbon) have the same toxic effect on cells as QDs. For 
example, gold nanoparticles and QDs coated with an 
amphiphilic polymer shell caused the same physical 
damages to a mammary cell culture and induced de-
tachment from the substrat [89]. thus, although the 
additional, secondary stable shell prevents oxidation 
and degradation of a QD, it may itself contribute to the 
overall toxicity of the particles [102].

 In summary, it should be noted that since the ap-
pearance of the first colloidal QDs for biological appli-
cations, significant work has been carried out to reduce 
their toxicity, mainly by using various shells, and the 
groundwork has been laid for their in vivo application.

5.2 In vivo toxicity 
In vitro investigation of cytotoxicity is an important 
and necessary stage in the design of QD-based agents 
for diagnostics and therapy, since it allows accelerat-
ing and standartizing the process of selection of par-
ticles for in vivo application . However, these studies 
are usually insufficient for QD use in clinical practice. 
When using QDs for whole-body imaging, it is neces-
sary to take into account not only the colloidal nature 
and physicochemical properties of the surface of these 
particles, but also their interaction with the immune 
system and the possibility of physicochemical damage 
occurring under aggressive conditions in the organism, 
with the release of toxic elements from their fluores-
cent core.

to this point, data on the interaction between the 
immune system and certain types of nanoparticles (li-
posome, carbon, gold, magnetic) have been obtained 
[103]. After intravenous administration, nanoparticles 
were shown to become rapidly subjected to opsoniza-
tion and subsequent phagocytosis by the cells of the im-
mune system. Moreover, their injection into the blood 
may result in thrombocyte aggregation, activation of 
the complement system, and stimulation or suppres-
sion of the immune system [103]. With regard to QDs, 
there has been very little experimental data collected 
on this topic. It could be assumed that the interaction 
between QDs and the immune system cells is similar 
to the interaction that is typical of other nanoparticles. 
Indeed, it was shown by Japanese researchers [104] 
that QDs both in vitro and in vivo do not induce an in-

crease in cytokine production by cD4+ Т lymphocytes, 
but that they stimulate cell proliferation in the immune 
system.

the data obtained in the first systematic study of 
the toxicity and biodistribution of QDs in the organism 
were published quite recently [95]. Short-term (up to 7 
days) and long-term (more than 80 days) biological ef-
fects of QDs with different polymeric shells were stud-
ied in rat models. the standard clinical biochemical and 
hematological tests were carried out, as well as histo-
logical studies of organs. contrary to expectations, after 
intravenous administration of QDs containing carboxyl 
groups, PeG, or bovine serum albumin on their surface 
(at a total dosage of 60 nmol/animal introduced within 
a period of four weeks), no pronounced toxicity was ob-
served for either particle variant.

the researchers studying QD biodistribution in the 
organism and the possibility of tumor imaging in vivo 
have also repeatedly observed the absence of indicators 
of acute toxicity in animals, the absence of necroses, 
and the retention of tissue morphology during experi-
ments [86, 93, 96]. However, the possibility of QD ac-
cumulation and degradation in the organism does not 
exclude their latent toxicity and delayed effect.

QD stability inside reS tissues and organs is the 
subject of intense debate. Some authors have dem-
onstrated that polymer-coated QDs retain their mor-
phology and fluorescent properties in tissues over a 
long period of time (up to 4 months) without degra-
dation and following the release of potentially toxic 
constituent elements of QDs [96, 97]. At the same time, 
the degradation of such particles in the organism, 
which results in fluorescence variation, was observed 
in some cases [53]. this process appears quite real, 
since it was shown in experiments in vitro that some 
rOS sources, such as oxygen peroxide and hypochlo-
rous acid, always present in the cell in small quanti-
ties, can pass through the polymeric shell and cause 
a degradation of the fluorescent core [105]. It is also 
possible that only a part of QDs is subjected to degra-
dation in the organism, while the other part remains 
intact; the ratio between these parts is just a matter of 
time (months or even years) [95].

thus, no apparent toxicity of QDs in model organ-
isms has been shown. However, the existence of nu-
merous risk factors, insufficiency of data, and the ab-
sence of long-term studies prevents us from drawing a 
final conclusion on whether it is safe to use QDs in the 
organism. the separate, fragmentary and controversial 
data on QD toxicity found in studies devoted to the bio-
distribution of these particles emphasize the necessity 
of wide investigations that would deal with different 
systems of organs for an adequate assessment of the 
risks in the use of QDs in vivo.
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CONCLuSIONS: PROBLEMS AND POTENTIALS
Quantum dots are a relatively new class of compounds 
with seemingly immense potential for use in various 
types of tumor diagnostics, from the microplate assay 
for oncomarker detection to noninvasive in vivo im-
aging of tumors. the unique physicochemical proper-
ties of QDs, easily tunable fluorescence spectra, a high 
quantum yield (particularly, in the Ir region), the pos-
sibility of excitation over a wide range of wavelengths 
and narrow emission fluorescence peaks, large section 
of two-photon absorption, and resistance to photob-
leaching, make possible a considerable broadening of 
the capabilities of  modern methods of fluorescence 
imaging and optical diagnostics. these fluorophores al-
low one to solve problems that are difficult to overcome 
using conventional dyes; e.g., simultaneous detection 
of several markers, long-term real-time observation 
of molecular processes, and taking images of tumors 
deep in tissues. However, when performing a number 
of routine tasks, the problems associated with the col-
loidal nature of QDs outweigh the advantages provided 
by their optical properties.

the relatively large surface area of QDs that is ac-
cessible for chemical modifications, coupled with the 
possibility of binding to other molecules and particles, 
allows to prepare various QD-based multimodule con-
structions that contain particles of different nature 
(gold,  magnet, diamond, liposome, etc.) in addition to 
the QDs (Fig. 3) [28, 106] and simultaneously possess 
targeting, diagnostic, and therapeutic properties [107]. 
these multifunctional nanodevices are intended for 
simultaneous delivery of an active agent to the tumor 
whilst monitoring this process [35, 62]. the further 
optimization of biocompatible QDs will facilitate the 
development of such innovative approaches in oncol-
ogy as image-guided surgery, molecular profiling of 

tumors, as well as personalized diagnostics and ther-
apy [108].

 the success of the realization of the high potential 
of the QD method and its implementation in in vivo di-
agnostics depends on achieving solutions to the follow-
ing important problems. the first such problem is the 
necessity of long-term toxicological studies and careful 
investigation of the delayed effect of QD introduction. 
coatings based on polymeric materials have already 
been designed. they considerably enhance QD bioin-
ertness and appreciably reduced their toxicity. How-
ever, because QDs accumulate in reticuloendothelial 
system organs, their removal from the organism being 
very slow, how safe it is to use them in a living organ-
ism still requires further study.  In light of this, two 
other tasks can be formulated: firstly, the necessity to 
design a new generation of QDs that would be rapidly 
removed from the organism, and secondly the study of 
the effects of a possible introduction of QDs into the en-
vironment, whilst ensuring ecological safety upon wide 
application. Presumably, solving these tasks will lead to 
the development of new materials and technologies for 
constructing fluorescent nanoparticles. 
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ABSRACT Progressive loss of the telomeric ends of chromosomes caused by the semi-conservative mechanism of 
DNA replication is an important timing mechanism which controls the number of cells doubling. Telomerase is 
an enzyme which elongates one chain of the telomeric DNA and compensates for its shortening during replica-
tion. Therefore, telomerase activity serves as a proliferation marker. Telomerase activity is not detected in most 
somatic cells, with the exception of embryonic tissues, stem cells, and reproductive organs. In most tumor cells 
(80–90%), telomerase is activated and plays the role of the main instrument that supports the telomere length, 
which can be used for the diagnostics of neoplastic transformation. This is the primary reason why assays re-
garding the development of telomerase activity have attracted the attention of researchers. Telomerase activity 
testing may be useful in the search for telomerase inhibitors, which have the potential to be anti-cancer drugs. 
Moreover, telomerase activation may play a positive role in tissue regeneration; e.g., after partial removal of the 
liver or cardiac infarction. 
All telomerase activity detection assays can be divided into two large groups: those based on direct detection of 
telomerase products, and those based on different systems of amplification of the signals from DNA that yield 
from telomerase. The methods discussed in this review are suitable for testing telomerase activity in different 
samples: in protozoa and mammalian cells, mixed cellular populations, and tissues. 
KEYWORDS telomerase, telomerase activity assay, tumor diagnostics, physicochemical methods, polymerase ac-
tivity assay, DNA determination.

WHAT IS TELOMERASE AND WHY DO WE 
NEED TO DETERMINE ITS ACTIVITY? 
In 1961, Hayflick and Moorhead demonstrated that a 
somatic cell culture has a limited life period (the Hay-
flick limit) [1]. In 1973, Olovnikov postulated that the 
number of cell divisions can be determined by the 
shortening of the telomeric ends of chromosomes [2], 
which play the role of a timing mechanism in cells. te-
lomeres protect the cell genome against degradation 
and participate in the meiotic pairing of chromosomes 
and the regulation of the transcription of the genes lo-
cated in the pretelomeric region [3, 4]. Present in im-
mortalized cells (with the ability of infinite division) is a 
mechanism that compensates for telomere shortening. 
In 1985, Blackburn and Greider discovered telomerase, 
an enzyme that elongates one of the telomere chains 
[5].

telomerase is an rnA–protein complex; its main 
components are an rnA-matrix for telomere synthesis 
(terc), which also has a structural function, and re-
verse transcriptase (tert) [6]. the telomerase complex 
(telomerase) binds with a telomere or an oligonucle-
otide, the sequence of which may differ from the tel-
omere sequence (telomere-imitating oligonucleotide), 
and synthesizes a short DnA fragment (in mammals, 

GttAGG). next, telomerase moves to the telomeric 
end (translocation) and again synthesizes a DnA frag-
ment (Fig. 1). telomerase activity is proportional to 
the total amount of DnA that it synthesizes, while the 
processivity is in proportion to the length of the frag-
ments synthesized.

telomerase activity is a marker of the proliferative 
activity of cells. telomerase components may perform 
functions that are independent of the arrangement 
of the active complex. For example, htert (human 
tert), regardless of the presence of hterc (human 
terc), may function as an rnA-dependent rnA-poli-
merase [7]. An enhancement of hterc expression does 
not necessarily coincide with the emergence of telom-
erase activity [8]. hterc inhibits protein kinase Atr, 
the targets of which are the known tumor growth sup-
pressor p53 and cHK1 protein kinase at a checkpoint 
control, which is part of the system of signal transmis-
sion from the damaged DnA. A decrease in the hterc 
level leads to stoppage of the cell cycle at G1 and G2 
phases as a result of the activation of the p53 protein 
and cHK1 protein kinase. However, the mechanism of 
this activity has yet to be revealed [9].

telomerase activity has not been detected in the vast 
majority of normal human cells; however, it manifests 
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itself in reproductive organs and embryonal tissues. 
thus, the enzyme is active in stem cells and some rap-
idly regenerating tissues, such as the intestinal epitheli-
um; however, in this case telomerase activity is usually 
lower than it is in tumor cells (Fig. 2). telomerase activ-
ity is more typical of malignant tumors, its activity and 
detection frequency being noticeably lower in benign 
tumors [10]. Detection of telomerase activity is used for 
both tumor diagnostics and in the search for potential 
anti-tumor drugs that would act as telomerase inhibi-
tors. Furthermore, telomerase participates in tissue 

regeneration after the partial removal of the liver or 
cardiac infarction. In addition, the role of telomerase in 
the ageing process, in connection with the telomere’s 
function as a cell-timing mechanism, attracts a signifi-
cant degree of interest.

METHODS COMPRISING THE AMPLIFICATION 
OF TELOMERASE-SYNTHESIZED DNA (TRAP)
the most common methods for detecting telomerase 
activity are trAPs (telomeric repeat amplification pro-
tocols) [11], which allow one to perform semi-quanti-
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Fig. 1. General func-
tional scheme of the 
telomerase complex.
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tative and quantitative analyses, using some of their 
modifications. Such modifications include: increase of 
the analysis rate, replacement of the radioactive label 
by nonlabeled compounds, the reduction of the amount 
of side products, etc. Among these methods are the 
scintillation proximity assay, hybridization protection 
assay, transcription amplification assay, and the mag-
netic bead-based extraction assay [12]. Some modifica-
tions even enable to detect telomerase activity within a 
single cell [13]. 

the telomeric repeat amplification protocol can be 
subdivided into three main stages: primer elongation, 
amplification of telomerase-synthesized DnA, and 
thirdly, its detection. At the elongation stage, telom-

eric repeats are added to the telomere-imitating oligo-
nucleotide (tS, Table 1) by telomerase present in the 
cell extract. then, Pcr-amplification of telomerase-
synthesized DnA is carried out with the use of specific 
primers (telomere-imitating and reverse primers). At 
this stage, different labels can be incorporated into the 
telomerase-synthesized DnA, such as radioactive, fluo-
rescent, or affine labels. this stage is then followed by 
detection (in the original method, it comprises electro-
phoretic separation of Pcr products and photograph-
ing) (Fig. 3).

the original trAP method has several drawbacks. 
Initially, the cX oligonucleotide, which complemen-
tarily overlaps with tS for several bp, is used in the 
amplification of Pcr products. It results in the dimeri-
zation of primers and products that emerge due to the 
interaction between primers. even when using the op-
timal AcX primer with the noncomplementary tS end, 
a background signal may emerge during the analysis 
of concentrated extracts from tumor tissues [14]. An 
additional problem is encountered when using reverse 
primers which completely correspond to telomeric re-
peats. the primers are not annealed at the matrix edges 
during Pcr (as a result of periodicity in telomeres), and 
hence false signals emerge. this problem is typically 
solved by adding regions that are noncomplementary to 
telomeres (Table 1) with a 5’-end nontelomeric “appen-
dix” made of 6 bp to the primer ends. In order to reduce 

Table 1. Some oligonucleotides that are used in different 
TRAP modifications

Oligo-
nucleo tide 

name
Oligonucleotide sequence

tS 5’-AAtccGtcGAGcAGAGtt-3’

cX 5’-(cccttA)
3
ccctAA-3’

AcX 5’-GcGcGG(cttAcc)
3
ctAAcc-3’

rP 5’-tAGAGcAcAGcctGtccGtG-3’
rPc3 5’-tAGAGcAcAGcctGtccGtG(ctAAcc)

3
-3’

tSG4 5’-GGGAttGGGAttGGGAttGGGtt-3’

1. Elongation of the telomere-imitating 
primer by telomerase

2. Amplification  
of telomerase products

3. Separation of the products in polyacrylamide gel and detection

TS

TS +6, +12, +18 ...  5’

5’

5’

5’

5’

5’

3’

3’

3’

3’

3’

ACX

Fig. 3. Telomeric 
repeat amplifica-
tion protocol 
(TRAP).
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nonspecific signals, it is possible to use a combination of 
several primers that are used as reversed ones (more 
information on the two-primer system is given below, 
primers rP and rPc3 are given in Table 1). Oligonu-
cleotide tSG4 (Table 1) can also be added to the trAP 
mixture in order to assess the effect of duplex-stabi-
lizing inhibitors; this oligonucleotide does not require 
the synthesis of several repeats by telomerase before 
the inhibitor begins its action [15]. the advantages and 
drawbacks of the various nucleotides used in trAP 
were discussed more thoroughly in [12]. Moreover, in 
the case when Pcr is used for signal amplification, the 
Pcr inhibitors contained in the specimen can impact  
the results of telomerase activity detection.

Originally, in the trAP method, Pcr products 
were detected in polyacrylamide gel (PAAG) on ac-
count of the radioactive label, which was introduced 
using a radioactively labeled primer or incorporated 
into the DnA during the reaction. the method allows 
to perform a qualitative assessment of the activity and 
processivity of telomerase in cell and tissue extracts; 
however, as previously stated this requires radioactive 
specimens.

Pcr at the second stage of trAP allows to obtain an 
amount of DnA sufficient for gel staining, e.g., using 
ethidium bromide [16] (an appreciably strong mutagen 
with a low sensitivity), silver nitrite [17] (its sensitiv-
ity is equal to that when using the radioactive label; 
however, the method is more laborious and relatively 
expensive), and Sybr Green [18] and its analogs (its sen-
sitivity is equal to that when using the radioactive label 
[19], while mutagenicity is considerably higher than 
that in ethidium bromide, although it is an intercalating 
dye, as well).  Fluorescent labeling of the nucleotides 
employed in trAP can also be used [20].

Purification of telomerase-synthesized DNA and 
TRAP efficiency
It is appreciably simple to obtain extracts of tumor cells 
or cell lines and detect telomerase activity in them, 
even though the tissues are composed of several cell 
types and may contain compounds that have an effect 
on the quantitative and even qualitative assessment of 
telomerase activity. therefore, false-positive or false-
negative results can be obtained, and they may affect 
the validity of the diagnosis and prognosis of a dis-
ease. the features of biopsic specimens, such as large 
volumes of fluid (blood, etc.) or presence of numerous 
normal cells, may complicate the detection of telom-
erase activity, as well. In these cases, the extraction of 
telomerase-synthesized DnA can be carried out using 
modified magnetic beads. During this procedure, Pcr 
inhibitors are removed or strongly diluted. the trAP 
method involving this extraction consists of three main 

stages: the elongation of the substrate-imitating oligo-
nucleotide by telomerase, the extraction of telomerase-
synthesized DnA using modified magnetic beads, and 
amplification. 

During the extraction stage, telomerase-synthesized 
DnA is hybridized with the c-rich biotin-conjugat-
ed primer (ccctAA)2

 and isolated from the extrac-
tion mixture using the magnetic beads coated with 
streptavidin-coated magnetic beads. then, the telom-
erase-synthesized DnA is released from the complex 
by heating, and Pcr is carried out. the sensitivity of 
this modification towards Pcr inhibitors is lower by 
an order of magnitude as compared with the standard 
trAP method; its efficiency is slightly higher during 
the analysis of tissue and other complex specimens 
[21]. Phenol-chloroform extraction can be used instead 
of the biotin-conjugated primer and magnetic beads 
[16], although in this case it becomes more difficult to 
remove the impurities that are more soluble in water 
than in organic solvents.

Internal standards for TRAP
Internal standards (amplified with the same primers as 
telomerase-synthesized DnA) allow for the presence of 
taq polymerase inhibitors (e.g., gem-containing com-
pounds) in the specimens to be taken into consideration, 
and for the performing of the total control of Pcr. they 
can also be used for the standardization of the amount 
of telomerase-synthesized DnA. there are two most 
common standards, with the length of 36 and 150 bp. 
the 36 bp standard is excessively amplified if the spec-
imens have a low telomerase activity, competes with 
the telomerase-synthesized DnA, and provides a false-
negative signal [18]. the 150 bp standard is more sen-
sitive towards the taq polymerase inhibitors present 
in the reaction mixture. the standards can be used in 
trAP with real-time Pcr and primers in which the 
fluorescent label differs from that in primers for the 
amplification of telomerase-synthesized DnA [22].

TRAP with an additional specific reverse primer 
(“two-primer” TRAP)
two-primer trAP is a modification of the standard 
trAP which is used to reduce false signals (Fig. 4). 

In this trAP version, no electrophoretic analysis of 
Pcr products is carried out. Instead, the total radioac-
tivity is assessed as a criterion of telomerase activity. 
the telomerase-synthesized DnA is amplified using 
two reverse primers with lengths of 20 (rP) and 38 
(rPc3) nucleotides (Table 1), in the presence of [3H]ttP 
or [α-32P]dСtP; the amount of the longer primer added 
is 50 times lower than that of the shorter primer. After 
the Pcr, the two-chain DnA is isolated by deposition 
and filtration. the advantage of this method is that, 
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due to the low concentration of the rPc3 primer, the 
amount of products of interaction between the primers 
is reduced, while the presence of standard amounts of 
the rP primer ensures a significant degree of amplifi-
cation of the telomerase-synthesized DnA [23, 24]. this 
method makes it possible to qualitatively determine te-
lomerase activity in extracts of tissues and cell lines. 
the sensitivity threshold of this method is the 10-cell 
extract of the telomerase-positive cell line.

TRAP with fluorescence resonance energy transfer 
(FRET)
One of the alternatives to DnA staining in the trAP 
method is to use primers with energy transfer (amplif-
luors). Amplifluors are characterized by their unique 
hairpin structure, which contains a donor (fluorescein) 
and acceptor (4’-dimethylaminophenyl-azobenzoic 
acid). Fluorescence manifests itself only in the case 
when a primer incorporates into Pcr products; i.e., the 
necessity for using radioisotopes disappears, and the 
volume of post-Pcr analysis considerably decreases. 
the replacement of the telomerase substrate and re-
verse primer by amplifluors allows to achieve an in-
creasingly high intensity of the fluorescent signal. the 
primers that are used for amplification of the internal 
standards need to have a donor-acceptor pair with a 
fluorescence wavelength that differs from that of the 

primers used for amplification of telomerase-synthe-
sized DnA [22].

the method involving the use of the time-resolution 
fluorescence resonance energy transfer (HtrF) com-
bines the standard Fret technique and a long-lived flu-
orescent donor. the method is based on the use of euro-
pium or terbium cryptate complexes. these lanthanides 
are characterized by a long fluorescence decay period, 
whereas the complexation of macrocyclic compounds 
yielding cryptate complexes additionally enhances their 
stability [25]. A deoxyuridin triphosphate labeled with 
europium cryptate was used to assess the amount of 
DnA in trAP with biotin-conjugated oligonucleotide 
tS. After the allophycocyanin–streptavidin, a conjugate 
was added and the Fret signal of DnA in trAP was 
observed [26] (Fig. 5). this method allows a semi-quan-
titative detection of telomerase activity in tissue and cell 
line extracts. the sensitivity threshold of this method is 
the 10-cell extract of the telomerase-positive cell line.

TRAP with detection using the scintillation proximity 
assay
Another means for the detection of the DnA amplified 
in trAP without PAAG is the scintillation proximity 
assay. When used in combination with the traditional 

MTS primer

MTS primer

1. Elongation of MTS primer by telomerase

2. Binding of reverse RPC3 primer in the first two 
cycles

RPC3 primer

RPC3 primer

3. DNA synthesis in the first two cycles

4. Binding of RP primer in cycles 3–29

RP primer

5. DNA synthesis in cycles 3–29

Fig. 4. “Two-primer” TRAP scheme [23, 24].
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phore, a – avidin, b –biotin, and K – analog of deoxyurid-
intriphosphate labeled with europium kryptate.
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trAP, it helps increase the rate of detection of telom-
erase activity. 5’-Biotin-conjugated oligonucleotides act 
as substrates in this method; the amplification takes 
place in the presence of [3H]ttP. Biotin-conjugated 3H-
labeled DnA binds with streptavidin-coated fluoromi-
crospheres, which contain a scintillator that emits in the 
presence of tritium (Fig. 6). thus, instead of separating 
DnA in a gel followed by photo-detection, the yield 
of Pcr products is assessed on a scintillation counter, 
which allows to reduce the assay time after the Pcr 
to 1 h and semi-quantitatively determine telomerase 
activity in large series of tissue and cell line extracts. 
the sensitivity threshold of this method is the 10-cell 
extract of the telomerase-positive cell line. the major 
drawback of this method is the use of tritium. Further-
more, like most methods for detecting trAP products 
without PAAG, it is sensitive to Pcr artifacts [27].

TRAP with detection using the hybridization protec-
tion assay
trAP modification in which the hybridization pro-
tection assay (Hybridization protection assay-trAP) 
is used is a safer modification. Probes labeled with 
covalently bound acridine [28] are used in this meth-
od for detecting DnA after the amplification (Fig. 7). 
the same detection scheme is used in the transcrip-
tion scheme of telomerase repeat amplification. this 
method allows for semi-quantitative determination of 
telomerase activity in tissue and cell line extracts. the 
sensitivity threshold of this method is the 10-cell ex-
tract of the telomerase-positive cell line.

TRAP combined with enzyme-linked immunosorbent 
assay (ELISA)
In the trAP-eLISA method, DnA after the amplifi-
cation is determined colorimetrically, facilitating the 

qualitative and semi-quantitative assessment of tel-
omerase activity. Biotin-conjugation of the tS primer 
allows for the binding of the amplified DnA to strepta-
vidin-coated microplates (Fig. 8). the amplified DnA 
denatures and is hybridized with digoxigenin (DIG)-
labeled probes, which demonstrate specificity towards 
telomeric repeats, and binds to the microplates due to 
the streptavidin–biotin interaction. this complex can 
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conjugated telomerase 
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3H

Streptavidin-coated 
fluoromicrospheres that 
contain a scintillator emit-
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Fig. 6. Scheme for TRAP with scintillation proximity assay.
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Fig. 7. Scheme for TRAP with hybridization protection 
assay.
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Fig. 8. Scheme for ELISA detection of PCR products in 
TRAP-ELISA (or detection of telomerase reaction prod-
ucts in direct ELISA).
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be detected using polyclonal sheep antibodies to DIG 
conjugated to horseradish peroxidase; the activity of 
the latter is determined colorimetrically [29, 30]. this 
method differs from the hybridization version by the 
emergence of a second step of signal amplification due 
to the enzymatic reaction.

One of the drawbacks of the trAP-eLISA method 
is the complexity in separating the telomerase-positive 
and telomerase-negative controls, which may result 
from the absence of internal controls and two steps of 
signal amplification. nevertheless, the trAP-eLISA 
method is faster as compared with trAP, which is 
based on the separation of the amplified DnA in gel. 
this fact makes it possible to use the trAP-eLISA 
method in screening studies. the method is suitable for 
semi-quantitative determination of telomerase activity 
in tissue and cell line extracts. the sensitivity threshold 
of this method is the 10-cell extract of the telomerase-
positive cell line.

 
TRAP with electrochemical detection
After the Pcr, the nonreacted nucleotide triphos-
phates can be separated, followed by treatment of the 
remaining products with 3 M Hcl. In the method under 
consideration, dGMP, one of the products of the com-
plete hydrolysis of the amplified DnA, is determined 
electro-chemically [31]. the method makes it possible 
to semi-quantitatively determine telomerase activity 
in tissue and cell line extracts. the sensitivity threshold 
of this method is the 10-cell extract of the telomerase-
positive cell line. the method has no special advantages 
over other methods in which no gel-electrophoresis or 
radioactive labeling are used. However, the method is 
more laborious.

TRAP with real-time PCR
real-time Pcr is used for simultaneous DnA am-
plification and measurement of the amount of prod-
ucts obtained after each amplification cycle. Standard 
trAP, combined with real-time Pcr, allows to obtain 
quantitative results [32, 33]. this method is suitable 
for studying telomerase inhibitors and analyzing large 
specimen series [12]. When comparing it with the con-
ventional trAP, it can be noted that over-estimation 
of telomerase activity and leveling of small differences 
in the activity is possible without the assessment of the 
amount of real-time Pcr products, due to saturation 
of the Pcr reaction in the final stages. Moreover, the 
possibility of dimerization of primers resulting in the 
emergence of a false-positive signal causes an addi-
tional problem. this problem can be made more acute 
when using the reverse anchor-primer, which will im-
pede dimerization, reduce the number of primers and 
number of cycles, resulting in dimerization of primers 

to occur mostly at late stages of the program (35–39 cy-
cles); in the meantime, the number of cycles is 28 in the 
standard trAP. this problem is also mitigated when 
measuring fluorescence in the early exponential phase 
of Pcr [32]. the method makes it possible to quantita-
tively determine telomerase activity in tissue and cell 
line extracts. the sensitivity threshold of this method 
is 10 to 50 cell extracts of the telomerase-positive cell 
line.

Similar to the standard trAP with gel-electrophore-
sis, trAP with real-time Pcr has several variants of 
detection, e.g., using the probes which are specific to 
the telomerase-synthesized DnA amplified in the Pcr 
and fluoresce only as a component of a duplex. Other-
wise, these probes will form the nonfluorescent hairpin 
structure [34]. the advantages of this method include a 
high rate of detection of telomerase-synthesized DnA 
upon flow analysis and enhanced specificity due to the 
use of corresponding probes [35]. the method allows 
semi-quantitative determination of telomerase activity 
in tissue and cell line extracts. the sensitivity threshold 
of this method is the 10-cell extract of the telomerase-
positive cell line.

TRAP on microchips
trAP on microchips is the combination of the two-
primer trAP and binding of Pcr products on chips, 
followed by probe hybridization and detection. Various 
fluorescent labels are used to determine telomerase-
synthesized DnA and the internal standard; e.g., cy3 
for the telomerase-synthesized DnA being amplified 
and cy5, for the standard.

In situ TRAP
telomerase activity is typically analyzed in a cell ex-
tract. If cell lines are homogeneous, the result repre-
sents the telomerase activity in cells. When the extracts 
of tumor tissue specimens are investigated, it is rea-
sonable to consider only the mere fact of the presence 
or absence of telomerase activity, since the content of 
tumor cells in such specimens varies from 3 to 90% and 
more. In this case, the results obtained reveal nothing 
about the level of telomerase activity in various types 
of cells constituting the tissue or on the differences be-
tween tumor and normal cells within the same tissue 
(e.g., an increase in telomerase activity in blood is as-
sociated with the emergence of activated leukocytes 
or degeneration of certain blood cells). In order to over-
come this drawback, the in situ trAP method was de-
signed, in which FItc-labeled direct and reverse prim-
ers are used [36]. In this method, the cell suspension 
specimens are immobilized onto silane-coated glasses 
and dried with cold air. the reaction mixture for trAP 
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is then applied onto each specimen, followed by incuba-
tion. telomerase is inactivated via heating, the reverse 
primer with polymerase is added, and in situ Pcr is 
performed. upon completion of the reaction, the glasses 
are analyzed on a fluorescence microscope; cell types 
are identified by the staining procedure. the fluores-
cence intensity and its localization (nucleus/cytoplasm) 
are used to determine telomerase activity in separate 
cell types within the mixture. High telomerase activ-
ity in urogenital and bronchial lavages manifests itself 
through bright fluorescence of the nuclei of malignant 
(but not benign) cells [37, 38]. A comparison with the 
conventionally stained specimens points to association 
between the fluorescence in the nucleus with malignant 
cells, whereas the signal from cytoplasm is detected in 
granulocytes and macrophages [39]. A similar correla-
tion was found during the analysis of pleural effusion 
[40]. Moreover, in situ trAP has been successfully used 
not only for the cell suspension specimens, but also on 
tissue sections (in particular, for diagnostics of liver 

cancer) [41]. the method allows for a semi-quantitative 
determination of telomerase activity and its localization 
in isolated cells of tissues and cell suspensions.

Transcription amplification of telomerase-synthesized 
DNA
In order to increase the amount of telomerase-syn-
thesized DnA, Pcr is replaced by transcription am-
plification. combined with “hybridization protection,” 
this method allows to determine the telomerase activ-
ity as quickly as after 4 hours. the primer, which acts 
as a substrate for telomerase, contains the site of t7-
rnA-polymerase binding, along with the telomere-
imitating sequence. the telomerase-synthesized DnA 
acts as a substrate for hybridization of the reverse 
primer, which contains an additional sequence that is 
noncomplementary to the telomeric repeats. Due to 
this sequence, the reverse primer binds with the end 
of the telomerase-synthesized DnA, and the comple-
tion of the double-chain DnA takes place at the next 
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stage. t7-rnA-polymerase uses this DnA as a matrix 
to synthesize rnA. this rnA is used by the reverse 
transcriptase to synthesize a new DnA chain. rnA is 
then removed by rnase; the second DnA chain of the 
single-chain DnA is completed with the aid of the di-
rect primer (Fig. 9).

using this scheme, telomerase-synthesized DnA can 
be amplified at 40oС for 75 min in amounts comparable 
with Pcr. the subsequent reactions may be carried out 
in the same tube as those in which amplification takes 
place. the method’s sensitivity allows to detect telom-
erase activity in specimens consisting of 1–1,000 cells. 
the method is sensitive towards the presence of rnas-
es [12, 42]. the major advantage of this method over 
trAP with Pcr amplification is that no heating of a 
specimen is required upon amplification and that the 
specific taq polymerase inhibitors are neglected. this 
method makes it possible to semi-quantitatively de-
termine the telomerase activity in tissue and cell line 
extracts. the sensitivity threshold of this method is the 
10-cell extract of a telomerase-positive cell line.

DIRECT DETECTION OF TELOMERASE-SYNTHESIZED DNA

Detection of telomerase activity using direct incorpo-
ration of a radioactively labeled substrate
the method is based on the ability of telomerase to 
elongate oligonucleotides in the presence of dntP. If an 
oligonucleotide or one of the dntP (typically, dGtPl, 
since telomerase-synthesized telomeres are enriched 
in guanine residues) contains a radioactive label, tel-
omerase activity can be electrophoretically assessed by 
its incorporation into DnA [43]. the major drawbacks 
of this method include the use of large amounts of ra-
dioactive isotopes and insufficient sensitivity (in many 
cases), which is conditioned by a low telomerase con-
tent in cells and tissues.

the first method used for telomerase activity detec-
tion was a method in which radioactive labeling was 
used without any additional amplification. this method 
is still employed today for the thorough investigation of 
telomerase-synthesized DnA and quantitative meas-
urements. the method allows for qualitative determi-
nation of the activity and processivity of telomerase 
in cell line extracts; however, it is characterized by 
low sensitivity (10,000 cells of telomerase-positive cell 
line).

Determination of telomerase-synthesized DNA by 
changes in surface plasmon resonance
Surface plasmon resonance (SPr) manifests on a met-
al’s surface under conditions of total internal reflection 
and is characterized by a nonspecific angle of reflec-
tion and, therefore, the refraction index. As this effect 

manifests itself on the surface of a metal film, it propa-
gates deep into the solution with exponential damping 
as a distance function. the interactions between the 
molecules change the damped wave, which has an ef-
fect on the characteristics of the surface plasmon and 
manifests itself in the variation of the resonance angle 
and the refraction index in the near-surface layer. the 
interaction between bio-molecules is judged by the al-
teration of the refraction index (Fig. 10A).

SPr can be used to determine telomerase activity as 
the corresponding elongation of a telomere-imitating 
oligonucleotide, using a biosensor.

5’-Biotin-conjugated oligonucleotides, which con-
tain telomeric repeats, are in situ immobilized on the 
surface of a dextrane sensor pretreated with streptavi-
din on a BIAcOre instrument. they are then treated 
with a cell extract. If the extract contains telomerase, 
binding of telomerase takes place and the oligonucle-
otide is elongated, which is determined by SPr after 
proteins are removed with a sodium dodecyl sulfate 
solution (Fig. 10B). the degree of oligonucleotide elon-
gation depends on specimen concentration and reac-
tion time. the results of the analysis of tumor and cell 
line extracts using this method, as well as the results of 
testing telomerase inhibitors, correlate with the data 
obtained by the trAP method [44]. the signal intensity 
can be increased by treating the sensor with telomer-
ase-synthesized DnA with antisense oligonucleotides 
with respect to the telomeres that are covalently bound 
with streptavidin and gold nanoparticles [45].

this method allows to quantitatively determine tel-
omerase activity in tissue and cell line extracts and col-
lect data on the kinetics of the reaction, demonstrat-
ing the binding and dissociation of telomerase from the 
substrate. the sensitivity threshold of this method is 
the 50-cell extract of the telomerase-positive cell line.

Determination of telomerase activity using oligo-
modified magnetic particles and NMR
this method is based on the use of magnetic particles 
of an iron oxide which are modified with oligonucle-
otides that are complementary to telomeric repeats. 
these particles bind to the telomerase-synthesized re-
peats due to complementary interactions and form ex-
tended linear structures (MrS complexes) (Fig. 11A). 
the effect of this hybridization is determined by the 
spin-spin relaxation time. During the formation of an 
organized nanoparticle ensemble, there is a noticeable 
change in the magnetic relaxation time of the sur-
rounding water molecules, which can be measured 
in a relaxometer (the relaxometer measures both the 
spin-spin relaxation times of the nuclear magnetiza-
tion of proton-bearing liquids in multi-component 
systems and the content of components with different 
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relaxation times). the magnetic switching occurs rap-
idly, attaining half of the maximum change after 30s 
and reaching a plateau after 40–60 min (Fig. 11B). the 
magnetic switching has been confirmed by magnetic 
force microscopy and by correlation of the magnetic 
switching and the size of the nanoensembles being 
formed. the local distortion of the magnetic field in-
creases on nanoparticles in ordered ensembles, where-
as the nonordered nanoparticles provide a consider-
ably lower magnetic effect [46].

the relaxation time was measured in a volume of 
200–500 µl in an nMr spectrometer at a magnetic in-
duction of 0.47 t. For the magnetic resonance scanning 
of 384 well plates with 50 µl of the mixture at 1.5 t, the 
spin-spin relaxation (t2) and spin-lattice relaxation (t1) 
times were assessed. the adaptation to the flow treat-
ment using magnetic resonance scanning made it possi-
ble to analyze several hundred specimens as quickly as 
in several tens of minutes with high sensitivity [46]. the 
method allows for the quantitative determination of 

telomerase activity in tissue and cell line extracts using 
the high-performance microplate format. In addition to 
the common instruments and reagents, these analyses 
require a plate nMr-spectrometer and a specimen of 
oligonucleotide-modified nanoparticles. the sensitiv-
ity threshold of this method is the 10-cell extract of the 
telomerase-positive cell line. 

Determination of telomerase activity using the quartz 
crystal microbalance technique
An Au-quartz resonator can be used for a microgravi-
tometrical analysis of telomerase activity, according 
to the quartz crystal microbalance technique. Quartz 
crystals possess a piezoelectric effect. Alternation of the 
current imposition results in the emergence of oscilla-
tions in a quartz crystal; in specially curved crystals, 
a current of a certain frequency may lead to the for-
mation of a stationary wave. Its resonance frequency 
can be quite accurately determined. the wave changes 
upon ligand binding on the crystal’s surface. the quartz 
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crystal microbalance technique in liquids is utilized to 
determine the affine binding of molecules (in particu-
lar, proteins) on surfaces that contain the correspond-
ing recognition sites.

In this method, the telomere-imitating oligonucle-
otide is bound to the sensor’s surface, elongated by te-
lomerase. next, the synthesized DnA chain is hybrid-
ized with a biotin-conjugated oligonucleotide (Fig. 12A). 
An alternative variant includes the elongation of the 
telomere-imitating oligonucleotide that is bound to 
the sensor in the presence of a biotin-labeled ntP 
(Fig. 12B). next, the sensor’s surface is treated with an 
avidin–alkaline phosphatase conjugate and a solution 
of alkaline phosphatase substrate – 5-bromo-4-chloro-
3-indolylphosphate, which upon hydrolysis yields an 

insoluble product on the sensor’s surface. When deter-
mining telomerase activity through a decrease in the 
resonance frequency of the crystal, it is possible to ob-
serve the steps of oligonucleotide elongation, binding 
with the telomerase-synthesized DnA of the avidin–
alkaline phosphatase conjugate, and the deposition of 
products of the reaction catalyzed by the alkaline phos-
phatase on the crystal’s surface [47]. the method allows 
for the quantitative determination of the telomerase 
activity in tissue and cell line extracts. the sensitivity 
threshold of this method is the 3,300-cell extracts of the 
telomerase-positive cell line at a high rate. A frequency 
analyzer and an Au-quartz crystal are needed in this 
method. Moreover, the identification of artifact signals 
is complicated.
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Electrochemical detection of telomerase activity with 
ferrocenyl naphthalene diimide
this method is based on the ability of telomeric repeats 
to form G-quadruplexes. telomerase elongates an oli-
gonucleotide that is immobilized on an electrode. the 
synthesized telomeric then repeats when there is a high 
concentration of potassium ions, forming quadruplexes; 
while ferrocenyl naphthalene diimide can stoichiomet-
rically bind with DnA quadruplexes under these con-
ditions and stabilize their structure (Fig. 13). In turn, 
the bound ferrocenyl naphthalene diimide can be de-
tected using electrochemical methods. In this method, 
the quantities of DnA fragments that are folded into a 
quadruplex are assessed. this number depends not only 
on the total number of repeats, but also, to an unpre-
dictable degree, on the length and position of individual 
DnA fragments, which can be considered a drawback. 
the sensitivity of the method is sufficient to detect 
the telomerase-synthesized DnA without amplifica-
tion [48] (100–1,000 cells of the telomerase-positive cell 
line); however, this method has not as yet been tested 
on a tumor tissue extract.

Biobarcode assay for telomerase activity detection
today, the most sensitive method for direct detection 
of telomerase activity without amplification of the 
telomerase-synthesized DnA is based on the biobar-
code system. In the original biobarcode system, mag-
netic particles bind to a target, which in turn binds 
to nanoparticles covalently modified with an oligonu-
cleotide due to antigen-antibody interactions. these 
nanoparticles serve as a biological barcode. the result-
ing “sandwich” is isolated from the reaction mixture 
in the magnetic field and denatured; the result is de-

termined by the released DnA fragments. In the sys-
tem of telomerase activity detection, the telomerase-
synthesized DnA is recognized using complementary 
DnA fragments. DnA nanoparticles consist of gold 
nanoparticles and oligonucleotides of two types; one 
of these can form a duplex with the telomerase-syn-
thesized DnA, whereas the second cannot. Because 
of this, the probability of binding another DnA-tar-
get to the same nanoparticle is reduced (Fig. 14). the 
electroactive complex [ru(nH3

)
6
]3+, which is capable 

of binding to negatively charged DnA chains due to 
electrostatic interactions, is used for detection [49]. 
the method allows to quantitatively detect telomer-
ase activity in cell line extracts; however, it has not 
been tested on tumor tissue extracts yet. the sensitiv-
ity threshold of this method is the 10-cell extract of 
the telomerase-positive cell line.

Telomerase activity detection using optical biosen-
sors
the principle of this method is to a certain extent simi-
lar to that of SPr. the method is based on the fact that 
upon binding of a target, the refraction index on the 
sensor’s surface changes in proportion to the amount 
of bound targets. A cassette consisting of three oligo-
nucleotides helps to avoid steric impediments. Phos-
phate groups covalently interact with the surface via 
the 5’-end of an oligonucleotide. then, an oligonucle-
otide containing a short noncomplementary region on 
its 3’-end complementarily binds to the immobilized 
DnA. the prominent 3’-end of the DnA is modified 
with phosphorothioate, which enhances the affinity of 
telomerase-primer binding by a factor of 10 [50]. After 
treatment with a telomerase-containing extract, the 

Ferrocenylnaphthalene diimide

К+ Fe

Fe
AUCCCAAUC
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Fig. 13. Assembly on 
the electrochemically 
detectable complex 
upon telomerase ac-
tivity detection with 
ferrocenylnaphtha-
lene diimide [48].
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enzyme is removed from the sensor’s surface by protei-
nase K in the presence of dntP (Fig. 15A).

telomerase activity was assessed in this case by the 
sensogram of the surface charge (ng/mm2, determined 
by the change in the refraction index) (Fig. 15B). the 
method allows to quantitatively detect the telomerase 
activity in cell line extracts; however, it cannot be used 
for tumor tissue extracts, since its sensitivity thresh-
old is the 105-cell extract of the telomerase-positive 
cell line. In addition, phosphorothioate-modified oli-
gonucleotides and a special optosensor are used in this 
method.

The system of telomerase activity detection based on 
quantum dots
A quantum dot is a conductor or semiconductor frag-
ment that is limited along all three spacial dimensions 
and contains conductivity electrons. the dot has to be 
quite small in order to produce considerable quantum 
effects. this can be achieved if the kinetic energy of an 
electron E = ћ2/md (d is the characteristic dimension 
of a dot, m is the effective mass of an electron on the 
dot) conditioned by the uncertainty of its momentum is 
considerably higher than that of all other energy scales, 
primarily, higher than the temperature expressed in 
energy units. Any appreciably small piece of the metal 
or semiconductor can serve as a quantum dot. In this 
microcrystal, an electron feels as if in a three-dimen-
sional potential well; it has many bound energy levels 
with a characteristic distance between them (the ac-
curate expression for the energy levels depends on the 
shape of a dot). Like upon transition between the en-

ergy levels of an atom, a photon can be emitted upon 
transition between the energy levels of a quantum dot. 
unlike in atoms, the transition frequencies can be eas-
ily controlled by varying the crystal’s dimensions.

A telomere-imitating oligonucleotide modified at its 
end with the thio group is attached to a nanoparticle 
(quantum dot). this quantum dot is capable of fluoresc-
ing by absorbing a quantum with a wavelength of λ1 
(400 nm) and emitting a quantum with a wavelength of 
λ1’ (560 nm). If a modified fluorescent oligonucleotide 
tr-dutP (dutP labeled with texas red) is incorpo-
rated into DnA upon telomerase-elongation of an oligo-
nucleotide attached to a quantum dot, a fluorescence en-
ergy transfer occurs (Fig. 16A), which is accompanied by 
a decrease in emission with a wavelength of λ1’ and the 
beginning of emission with a wavelength of λ2 (610 nm) 
(Fig. 16B). the method allows for a quantitative assess-
ment of the telomerase activity. the sensitivity thresh-
old is approximately 10,000 HeLa cells [51], which is not 
enough for an analysis of clinical materials.

Instead of incorporating tr-dutP, it is possible 
to use the ability of telomeric repeats to fold into G-
quadruplexes and bind hemin. In this case, an energy 
transfer takes place between a quantum dot and the 
G-quadruplex–hemin complex with corresponding 
fluorescence quenching. the sensitivity of this method 
is 270 t293 cells [52].

Telomerase activity detection using an on-chip na-
nowire sensor
A sensor chip is a transistor comprising antibody-coat-
ed silicon nanowires with aldehydes groups on their 
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surface, to which monoclonal antibodies can be linked. 
the conductivity of the antibody-coated nanowire var-
ies depending upon the binding of antigens, which is 
detected.

When using a sensor chip to determine telomerase 
activity, the transistor nanowire is modified by tel-
omere-imitating oligonucleotides instead of antibod-
ies. After the introduction of telomerase and dntP, the 
oligonucleotides bound on the surface elongate, which 
results in change in the conductivity of the transistor to 
which the oligonucleotides are bound [53]. the sensitiv-
ity of this method is 100 HeLa cells.

A similar method is based on using an ion-selective 
field-effect transistor. In the presence of certain chemi-
cal agents, a potential emerges on the shutter of these 
transistors. It opens the conductivity channel of the 
transistor; i.e., current starts flowing through it. the 
current’s intensity is proportional to the concentration 
of the desired component. the Al

2
O

3
-shutter of the 

transistor is modified with a telomerase substrate. As a 
primer is elongated by telomerase, the potential on the 
shutter also changes. the method allows to determine 
telomerase activity in cell line extracts (this method has 
not been tested on clinical materials). Its sensitivity is 65 
t293 cells [54]. the major advantage of the method is 
that a large number of different analyses of one speci-
men can be carried out on a single chip, which can be a 
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set of sensors with respect to various markers. Moreo-
ver, the stages of telomerase binding and dissociation 
can be observed.

Bioluminescence method to determine telomerase ac-
tivity 
Determination of telomerase activity using the biolu-
minescence method is based on the fact that the telom-
erase-catalyzed elongation of the telomere-imitating 
oligonucleotide is accompanied by the cleavage of py-
rophosphate; its amount is determined luminometri-
cally. In the presence of adenosine-5’-phosphosulfate, 
AtP-sulfurylase converts pyrophosphate into AtP; 
its content is determined using the luciferin/luciferase 
method. According to [55], the sensitivity and specifi-
city of the method is comparable with the sensitivity 
of trAP-eLISA. this method allows quantitative de-
termination of the telomerase activity in cell line and 
tissue extracts (having been tested on lung tumors). 
the advantage of the method is the linear dependence 
of the signal on the amount of telomerase-synthesized 
DnA, combined with high efficiency.

Electrochemiluminescence method to determine tel-
omerase activity
telomerase activity can also be determined by elec-
trochemiluminescence (luminescence upon electroly-
sis). In this method, the 5’-biotin-conjugated primer is 

elongated by telomerase followed by incubation with 
a suspension of magnetic beads modified with avidin. 
the DnA immobilized on magnetic beads is hybridized 
with an electrochemiluminescence sample (modified 
with a ruthenium-bis(2,2’-bipyridine)(2,2’-bipyridine-
4,4’-bicarbonate)-n-hydroxysuccinimide ester oligonu-
cleotide that is covalently bound to a gold nanoparticle). 
these ternary complexes (magnetic bead–telomeric 
sample–electroluminescence sample) are washed and 
injected into a reaction cuvette in which they are mag-
netized to the working electrode and begin to lumi-
nesce under voltage (Fig. 17). this method allows for 
the quantitative determination of telomerase activity 
in samples that contain at least 500 HeLa cells [56]. It 
provides an appreciably high signal/noise ratio due to 
the stage of magnetic bead extraction; however, it has 
not been tested on clinical materials.

Telomerase activity detection by FRET and total inter-
nal reflection fluorescence microscopy
the Fret-based method is intended to distinguish the 
single-letter synthesis (a nonprocessive method of syn-
thesis) and the beginning of synthesis of the second DnA 
repeat (a conditionally processive method of synthesis) 
by individual complexes of Tetrahymena thermophila 
telomerase. Fret was determined using the total inter-
nal reflection fluorescence microscopy that is based on 
the phenomenon of reflection of electromagnetic waves 
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from the interface of two transparent media. the trans-
parent media emerge under the condition that a wave 
comes from the medium with a higher refraction index, 
at an angle that exceeds the angle of total reflection. the 
intensity of the radiation penetrating into the second 
medium decreases in accordance with the exponential 
law, which allows to reveal the fluorescent objects that 
are excited by this radiation within an ~100-nm thick 
boundary layer with a resolution of up to 10 nm.

Biotin-conjugated primers (tG)
8
t

2
G

4
t

2 
were bound 

on streptavidin-coated quartz slides and treated with a 
telomerase-containing extract in the presence of dGtP 
and ddttP; the latter ceasing the synthesis at the sec-
ond repeat. As a result, detectable products of two types 
were formed. the slides with the reaction products were 
treated with a cy3-labeled oligonucleotide (cy3-(cA)

8
) 

in order to stain each primer bound to the slide with cy3 
because of complementary interaction with a nontelom-
eric region of the oligonucleotide (tG)

8
. then, the system 

was treated with a cy5-labeled detecting oligonucleotide 
(cy5-c

2
A

2
c

3
), which was complementary to the telom-

eric sequence. this nucleotide can be more effectively 
bound with the longer telomerase product. the Fret 
signal is recorded between cy3 and cy5 [57] (Fig. 18). 
the method allows to identify individual signals from 
the elongation of the primer by telomerase.

In order to verify and normalize the system, primers 
of three types labeled with Alexa Fluor-488 were used: 
those corresponding to the sites without synthesis; to 
single-letter synthesis; and to the synthesis of the second 
repeat ((tG)

8
t

2
G

4
t

2
, (tG)

8
t

2
G

4
t

2
G, (tG)

8
t

2
G

4
t

2
G

4
t) 

with 5’-end biotin, which were bound with streptavidin-
coated quartz slides. Fluorophore Alexa Fluor-488 makes 
it possible to determine the density and localization of 
the primers bound to the slide [57].

the determination of telomerase activity using Fret 
and total internal reflection fluorescence microscopy 
allows to detect the elongation of individual primers 
by telomerase and can be combined with Fret-based 
methods of investigation of the telomerase structure. 
this method can be used to determine only the first 1.5 
telomerase-synthesized repeats; i.e., it does not reveal 
total telomerase activity. the method has been tested 
only on T. thermophila telomerase and has been aimed 
only at solving research problems so far.

DETERMINATION OF TELOMERASE ACTIVITY 
BY ELISA SIGNAL AMPLIFICATION

Determination of telomerase activity using digoxigenin-
labeled oligonucleotides complementary to telomeres
the determination of telomerase-synthesized DnA by 
eLISA is appealing, since it is an isotope-free method. 
this method is based on hybridization of telomerase-

synthesized DnA with a digoxigenin-labeled oligonu-
cleotide and determination of the resulting complex 
by eLISA, using a dioxigenin antibody–alkaline phos-
phatase conjugate (Fig. 8). the sensitivity threshold of 
the method is 10 amol of the product, which is typi-
cal for digoxigenin systems. When using t293 cell ex-
tracts, the sensitivity level was 37,500 cells [58], which 
is insufficient for the analysis of clinical materials. the 
method for determining telomerase-synthesized DnA 
by eLISA is far from being the most sensitive; how-
ever, it has been completely automated and optimized 
for the search for telomerase inhibitors.

Electrochemical determination of telomerase activity 
using avidin –alkaline phosphatase conjugates
this method is based on eLISA signal amplification 
with electrochemical detection. A thiolized oligonu-
cleotide substrate, which is covalently attached to a 
gold electrode, is elongated by telomerase in the pres-
ence of ntP. eLISA is then carried out (similar to the 
method in which a quartz crystal microbalance is ap-
plied), yielding an insoluble product on the electrode’s 
surface, which is detected electrochemically (Fig. 12). 
chronopotentiometry (the method based on measuring 
the variation of the electrode potential Е in time under 
a controlled (constant) value of the electrolysis cur-
rent) is used for the detection. the larger the deposit 
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Fig. 18. Telomerase activity detection using FRET and total 
internal reflection fluorescence [57].
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on the electrode’s surface, the stronger the variation of 
the potential. this method allows for the quantitative 
determination of telomerase activity in tissue and cell 
line extracts at a high rate [47]. the sensitivity of this 
method is sufficient for determining telomerase activ-
ity in an extract corresponding to 1,000 HeLa cells.

Determination of telomerase activity using a fluori-
metric optosensor
this optical sensor is based on fluorimetry (in fact, it is 
a fluorimeter with an optical fiber used in the excitation 
and detection systems). the oligonucleotide, the telomer-
ase substrate, is modified at the 3’-end by phosphotioate 
in order to enhance the affinity of the telomere-oligo-
nucleotide binding region of htert and, therefore, the 
rate of the telomerase reaction. this primer covalently 
binds to the surface of an optical biosensor; its elonga-
tion by telomerase is traced in real time by incorpora-
tion of dutP labeled with a isothiocyanate fluorescein 
derivative (FItc), or the elongated chain is determined 
by hybridization of the FItc-labeled complementary 
DnA sample ((ccAAtc)

4
-FItc) (Fig. 19). no Pcr am-

plification or additional purification stages are required 
in this method [59]. Furthermore, the efficiency of the 
telomerase function was compared in the presence 
of regular dntP and in the presence of FItc-labeled 
dutP. In order to achieve this, telomerase-synthesized 
DnA, in the presence of FItc-labeled dutP, was la-
beled with a FItc-labeled complementary DnA sample. 
It turned out that telomerase was less efficient in the 
presence of FItc-labeled dutP [59]. this method al-
lows for the quantitative determination of telomerase 
activity; however, its sensitivity does not exceed 106–107, 
which is insufficient for analyzing clinical materials. In 
addition, this method uses the custom-built system of 
fluorescence detection.

Determination of telomerase activity using 
DNAzymes
DnAzymes are DnA fragments with enzymatic activ-
ity.

there are several ways in which DnAzymes can be 
used when analyzing telomerase. First, a telomerase 
substrate may have a hairpin at its 5’-end, which re-
folds as the substrate elongates, thus forming a cata-
lytic structure (Fig. 20A). In doing so, one chain of the 
original hairpin forms a duplex with the de novo syn-
thesized telomeric repeats, while the second hairpin 
in the presence of a hemin molecule forms a quadru-
plex with an incorporated hemin molecule with per-
oxidase activity. this complex catalyzes the oxidation 
of 2,2’-azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid 
(ABtS) in the presence of H

2
O

2
, which results in the ac-

cumulation of a colored product (Fig. 20). the sensitiv-
ity of this method is approximately 10,000 HeLa cells, 
with a duration of the analysis of approximately 8 min 
[60]. the slow change in coloration of the extract from 
the control cells after the thermal treatment should be 
noted. these authors believe that this is associated with 
the nonspecific hemin sorption on the reaction mixture 
components. this method represents the number of 
elongated substrate molecules; however, it does not 
take into account the length of the chain synthesized 
by telomerase. 

Similarly, a DnAzyme that is covalently linked with 
the antisense oligonucleotide can be used for the tel-
omerase-synthesized DnA [61] (Fig. 20B). It is virtually 
similar to eLISA in which an enzyme has already been 
covalently linked to the probe. the sensitivity of this 
modification is approximately 1,000 HeLa cells upon a 
lower background. the drawbacks of the method in-
clude low sensitivity and specificity, as well as the pres-
ence of a background signal.

CONCLuSIONS
At the time of publication of this article, there were a 
number of methods for the determination of telomerase 
activity in various specimens: extracts of cells, tissues, 
and mixed cell populations. All the aforementioned 
methods can be divided into two groups: those with 
direct detection of telomerase-synthesized DnA and 
those with various amplification schemes; each method 

Primer
+FITC-dUTP

Detection
AUCCCAAUC

Fig. 19. Scheme 
of formation of 
fluorescence-
labeled telomer-
ase-synthesized 
DNA detection 
by a fluorimetric 
optical sensor 
[59].
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+dNTP

Primer

telomerase

+ABTS
+H
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2

hν

AUCCCAAUC

AUCCCAAUC

Fig. 20. (A, B) 
Two schemes for 
telomerase activ-
ity detection with 
DNAenzymes 
[60, 61].

has its advantages and drawbacks. A comparison of all 
these methods is provided in Table 2.

After the consideration of all the methods, a number 
of new systems can be singled out which are compa-
rable in terms of sensitivity with the trAP method, 
the most commonly used method at the moment. they 
do not have artifacts associated with amplification; the 
analysis is carried out at a high rate with high sensitiv-
ity. Meanwhile, they have a number of drawbacks, in-
cluding high requirements to the specific supplies and 
equipment. therefore, the selection of a technique in 
each particular case can be determined by the avail-
ability of the equipment and reagents. In a number of 
methods, it is difficult to distinguish between the spe-
cific and nonspecific signals. Most methods assess only 
telomerase activity, but not its processivity. they fre-
quently provide no information on the length distribu-
tion of the telomerase-synthesized DnA. Some methods 
are highly specialized; e.g., the method in which telom-

erase-synthesized DnA is determined using dioxigen-
in-labeled oligonucleotides that are complementary to 
telomeres (eLISA) without Pcr is far from being the 
most sensitive method; however, it has been completely 
automated and optimized for the search for telomerase 
inhibitors. the determination of telomerase activity by 
Fret and total internal reflection fluorescence micro-
scopy makes it possible to detect the elongation of indi-
vidual primers by telomerase, which can be combined 
with Fret-based methods for investigating the telom-
erase structure; however, it allows detection of only the 
first 1.5 telomerase-synthesized repeats and is intended 
for research purposes.  
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ABSTRACT  Alzheimer’s disease affects people all over the world, regardless of nationality, gender or social sta-
tus. An adequate study of the disease requires essential understanding of the molecular fundamentals of the 
pathogenesis. The amyloid β-peptide, which forms amyloid plaques in the brain of people with Alzheimer’s dis-
ease, is the product of sequential cleavage of a single-span membrane amyloid precursor protein (APP). More 
than half of the APP mutations found to be associated with familial forms of Alzheimer’s disease are located 
in its transmembrane domain. The pathogenic mutations presumably affect the structural-dynamic properties 
of the APP transmembrane domain by changing its conformational stability and/or lateral dimerization. In 
the present study, the structure and dynamics of the recombinant peptide corresponding to the APP fragment, 
Gln686-Lys726, which comprises the APP transmembrane domain with an adjacent N-terminal juxtamem-
brane sequence, were determined in the membrane mimetic environment composed of detergent micelles using 
NMR spectroscopy. The structure obtained in dodecylphosphocholine micelles consists of two α-helices: a short 
surface-associated juxtamembrane helix (Lys687-Asp694) and a long transmembrane helix (Gly700-Leu723), 
both connected via a mobile loop region. A minor bend of the transmembrane α-helix is observed near the paired 
residues Gly708-Gly709. A cholesterol-binding hydrophobic cavity is apparently formed under the loop region, 
where the juxtamembrane α-helix comes into contact with the membrane surface near the N-terminus of the 
transmembrane α-helix.
KEYWORDS: Alzheimer’s disease, amyloid precursor protein, transmembrane domain, NMR spectroscopy, spatial 
structure, dynamics.
ABBREVIATIONS: APP – amyloid precursor protein; Aβ –amyloid β-peptide; TM – transmembrane; JM – juxtamem-
brane, APPjmtm – APP686-726 fragment; DPC – dodecylphosphocholine; DSA – doxyl stearic acid; NOE – nuclear 
Overhauser effect; NOESY – NOE spectroscopy; HSQC – heteronuclear single-quantum correlation.

INTRODuCTION
Over a century ago, the German physician A. Alzhe-
imer described the degenerative brain disease that 
manifests itself in selective neural degeneration in the 
regions of the brain cortex responsible for cognitive 
perception and memory [1]. this disease can be inher-
ited or appear sporadically; the inherited form (the so-
called familial forms of Alzheimer’s disease) appears 
earlier in the life of a subject. Despite the considerable 
progress achieved in the study of the molecular fun-
damentals of the pathogenesis of Alzheimer’s disease 
[2], currently available therapy can only slow down the 
development of the disease, not cure it. During the pro-
gressive stages of the disease, the amyloid β-peptide 
(Aβ) accumulates at neuron contact sites outside nerve 
cells and aggregates into ordered bundles or fibrils, 
forming the so-called amyloid plaques [1]. the pres-
ence of hydrophobic protein aggregates leads to failure 
of nerve impulse transmission [1, 3, 4]. Aβ is a product 

of the sequential cleavage of the membrane glycopro-
tein, which is an amyloid precursor protein (APP), by 
β- and γ-secretases [1, 5]. Aβ was recently shown to 
possess powerful antimicrobial activity and, possibly, 
to be a component of innate immunity in the human 
nervous system [6]. Aβ is naturally produced in small 
amounts with a length of 38 to 43 amino acids; indeed, 
the most widespread isoforms have a length of 40 and 
42 amino acids [1, 3, 4]. normally, the ratio Aβ1–42

/Aβ
1–40 

of peptides is low and amounts to 1/9, but with Alzhe-
imer’s disease it increases significantly, leading to the 
formation of amyloid plaques; the structural changes 
in Aβ underlie their formation process [1, 3, 4]. At the 
same time, some experimental data show that oligo-
meric forms of Аβ (including intracellular) display a 
potential neurotoxic effect even before the formation 
of fibrils and plaques [1, 3, 4].

While it dimerizes in plasmolemma, APP has the 
multidomain structure of an bitopicmembrane pro-
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tein [7]. More than half of all familiar APP mutations 
of Alzheimer’s disease fall on its transmembtrane (tM) 
domain and juxtamembrane regions [8, 9]. It is cur-
rently believed that these pathogenic mutations affect 
the lateral dimerization of the APP in the membrane, 
changing the conformation of the dimer and/or its sta-
bility. this is considered to be a possible cause behind 
the alternative APP cleavage by γ-secretase in the 
membrane and the domination of the pathogenic Aβ

1–42 

form over Aβ
1–40 

[9–11]. Meanwhile, it has been dem-
onstrated that the APP-tM domain and its juxtam-
embrane regions specifically interact with the mem-
brane environment, particularly with cholesterol and  
cu2+ and Zn2+ cations, which may have an effect on the 
structural-dynamic properties and APP dimerization 
[12–15]. thus, to understand better the molecular fun-
damentals of the pathogenesis of Alzheimer’s disease, it 
is necessary not only to determine the spatial structure 
of Aβ peptides and their aggregates, but also of the 
APP protein and its tM domain. Despite some progress 
in structural-dynamic studies of Aβ amyloid peptides, 
only theoretical spatial models of the APP-tM domain 
and its mutant pathogenic forms exist to date. In the 
present study, the spatial structure is solved by het-
eronuclear nMr spectroscopy in a membrane mimetic 
environmet, and the dynamics of the APP-tM domain 
with a juxtamembrane (JM) region, which was incor-
porated as a monomer into detergent micelles, is de-
scribed. 

EXPERIMENTAL

Preparation of NMR samples of the APP-TM domain 
in a membrane mimetic environmet
the necessary for nMr amount of 15n and 13С labeled  
sample of the recombinant peptide APPjmtm, which 
corresponded to the APP fragment Gln686–Lys726 
with the additional n-terminal residues Gly–Ser that 
remained after the hybrid protein had been cleaved by 
thrombin, were prepared according to the procedure 
described in [16]. the sample’s purity was checked us-
ing the 1H/15n-HSQc spectra of the isotope-labeled 
APPjmtm dissolved in 500 µl of a 5 : 5 : 1 chloroform–
methanol–water mixture with a peptide concentration 
of 0.3 mM. Based on a screening of the composition of 
the membrane mimetic environment, detergent do-
decylphosphocholine (DPc) micelles were selected for 
the subsequent structural nMr studies of APPjmtm 
[16]. Dry APPjmtm and DPc samples were dissolved in 
a 1 : 1 trifluoroethanol–water mixture, kept for several 
minutes in an ultrasound bath, lyophilized, and dis-
solved in a 20 mM acetate buffer (pH 5.0, 5% D

2
O). In or-

der to prevent bacterial contamination, 0.05 mM nan
3
 

was added to the samples; 1 mM eDtA was also added 

for phospholipase inhibition. to attain a higher uni-
formity of the micelle size, several freeze–thaw cycles 
(heating to 40–45oС) were carried out, followed by stor-
age in an ultrasound bath in order to achieve complete 
transparency of the solution. All samples were pre-
pared on the basis of 0.3–1 mM of APPjmtm in 400 µl 
of the micelle solution with a peptide–detergent molar 
ratio of 1 : 70, which ensured that the peptide content  
was one per micelle. Accordingly, the DPc concentra-
tion was higher than the critical micelle concentra-
tion (~1 mM). the prepared samples were placed into 
Shigemi nMr ampoules by means of a glass plunger. 
the sample’s quality was assessed using the 2D nMr 
spectra 1H/15n-HSQc. the variation of pH and tem-
perature demonstrated that the best nMr spectra of 
APPjmtm solubilized in DPc micelles (in terms of sig-
nal resolution) are obtained at pH 4.3–5.3 and at a tem-
perature of 40–50°c.

NMR spectroscopy of the APP-TM domain in a mem-
brane-like milieu
the nMr spectra of APPjmtm solubilized in DPc 
micelles at pH 4.6 and a temperature of 45°С were 
obtained on AVAnce III spectrometers (Bruker 
BioSpin, rheinstetten, Germany) equipped with cryo-
probes, with proton operating frequencies of 600 and 
800 MHz. the spectra were processed with tOPSPIn 
3.0 software (Bruker BioSpin, rheinstetten, Germa-
ny). the nMr spectra were analyzed using cArA 
software [17]. to assign the 1H-, 13c-, and 15n-reso-
nances of the peptide and obtain the structural data 
(assignment and integration of cross peaks in nOe), 
we used an asset of two- and three-dimensional spec-
tra: 1H/15n-HSQc, 1H/13c-HSQc; 1H/13c/15n-HncA, 
1 H / 1 3 c / 1 5 n - H n ( c O ) c A ,  1 H / 1 5 n - H n H A , 
1H / 1 3c / 1 5n - H n c O ,  1H / 1 5n - n O e S Y - H S Q c , 
1H/13С-tOcSY-HSQc, and 1H/13c-nOeSY-HSQc [18]. 
the data on the intramolecular dynamics of the pep-
tide were obtained via an analysis of the 15n-relaxation 
data. For that purpose, the values of the heteronuclear 
15n{1H} nOe, longitudinal (Т

1
) and transverse (Т

2
) re-

laxation times, and the rotational correlation time (τ
r
) 

for the 15n-labeled APPjmtm sample were measured 
based on the procedure described in [19]. the values of 
the times of exchange of the amide protons of the back-
bone peptide chain for deuterium of the solvent were 
assessed according to the changes in the signal intensi-
ties in the set of 1H/15n-HSQc spectra, which had been 
sequentially accumulated after 1, 2, 4, 6, 8, 10, 14, 18, 
and 24 h for the pre-lyophilized APPjmtm sample that 
was dissolved in D

2
O and incorporated into the micelles. 

the degree of spatial remoteness of an amino acid resi-
due from the micelle surface and center were deter-
mined based on the broadening of the signals from the 
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amide groups of APPjmtm in 1H/15n-HSQc spectra, 
after 5- and 16-doxyl stearine acids (5- and 16-DSAs) 
were sequentially added as paramagnetic spin labels in 
ratios of 0.5, 1, and 2 labels per DPc micelle, respective-
ly. the APPjmtm residues, which take part in choles-
terol binding, were identified by analyzing the changes 
in the generalized chemical shifts Δδ

[Hn] 
(which were 

calculated as a square root of the sum of the squared 
changes in the chemical shifts of the signals 1H (Δδ

1H
) 

and 15n (Δδ
15n

/5) [13]) of the cross peaks belonging to 
the amide groups in 1H/15n-HSQc spectra; these peaks 
being induced by the introduction of cholesteryl hemi-
succinate (cholesterol analog) on the basis of one hemi-
succinate molecule per DPc micelle.

Calculation of the spatial structure of the APP-TM 
domain
the APPjmtm spatial structure was obtained using the 
standard procedure [18]. the calculation of the spatial 
structure using nMr spectroscopy data was carried 
out with cYAnA 2.1 [20] software using the method 
of molecular dynamics in torsion-angle space and the 
simulated annealing algorithm. the restrictions im-
posed on the interproton distances that are used dur-
ing structure calculation were obtained from the vol-
umes of nOe crosspeaks in the 1H/15n-nOeSY-HSQc 
and 1H/13c-nOeSY-HSQc spectra accumulated with 
a mixing time t

m 
= 80 ms. the restrictions on the dihe-

dral angles were obtained from the values of the 1H, 
15n, and 13c chemical shifts of the nH-, cαH-, and cO-
groups of APPjmtm with tALOS software [21]. the 
restrictions on hydrogen bonds were added after pre-
liminary calculation of the structure, by analyzing the 
spatial proximity of the amide protons and oxygen 
atoms of the backbone chain of APPjmtm according 
to the angle criterion 140° < nHO < 180° and 130° < 
cOH < 170°, and the distance criterion 1.9 Å ≤ d(O, Hn) 
≤ 2.3 Å, 3.0 Å ≤ d(O, n) ≤ 3.4 Å, 3.2 Å ≤ d(c, Hn) ≤ 3.6 Å 
[22]. As a result, a set of 100 APPjmtm structures  were 
calculated based on the upper limits for the interpro-
ton distances, dihedral angles φ, ψ, and χ1, hydrogen 
bonds with consideration of the stereospecific assign-
ment of peptide groups; 20 structures with the minimal 
target function parameter value were selected as the 
representative ones. Analysis and visualization of the 
calculated APPjmtm structures were carried out using 
cYAnA and MOLMOL software [23].

RESuLTS AND DISCuSSION
the recombinant peptide APPjmtm containing the 
APP-tM domain with the adjacent n-terminal jux-
tamembrane sequence was studied by heteronuclear 
nMr spectroscopy in a membrane mimetic invironmet 
- in the form of an aqueous suspension of DPc micelles 

with a 1 : 70 peptide : detergent molar ratio (which cor-
responded approximately to one peptide per micelle) at 
pH 4.6 and a temperature of 45°С. It is of interest that 
APP undergoes cleavage in cell endosomes at a pH val-
ue of approximately 5 [13]. the samples of APPjmtm 
in DPc micelles remained stable at 45°С for a month, 
which is acceptable for nMr structural studies. the 
total amount of cross peaks from the amide groups in 
the 1H/15n-HSQc spectrum (Fig. 1) coincided with the 
one estimated based on the primary structure of AP-
Pjmtm. this fact points to the absence of a slow (at the 
nMr scale) conformational exchange, and the content 
of protein impurities is less than 5%. A standard set of 
two- and three-dimensional heteronuclear nMr spec-
tra was accumulated to sequentially identify the 1H-, 
13c-, and 15n-resonances of APPjmtm and obtain the 
structural-dynamic data (ref. the experimental sec-
tion).

It follows from an analysis of the combination of the 
nMr data obtained that the APPjmtm peptide contains 
two structured helix regions. the characteristic for 
the helices i- and i+3 nOe contacts (Fig. 2a), positive 
secondary chemical shifts of the 13cα signals (Fig. 2c), 
and small values of the temperature coefficients of 
the chemical shifts of 1Hn signals (Fig. 2b) are observed 
here. In the 1H/15n-nOeSY-HSQc and 1H/13c-nOeSY-
HSQc spectra, no nOe crosspeaks between the protons 
of amino acid residues from two helix regions were de-
tected, which likely attests to the absence of interhelix 

9.0 8.5 8.0 7.5 7.01H, ppm

15N 
ppm

110

115

120

Fig. 1. Heteronuclear NMR spectrum 1H/15N-HSQC of 
recombinant uniformly 13C/15N-labeled peptide APPjmtm 
solubilized in an aqueous suspension of DPC micelles with 
a peptide/detergent ratio of 1:70, рН 4.6, 45 °С. The 
1H-15N side chain and backbone resonance assignments 
are shown. 
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Fig. 2. Structural-dynamic NMR data for 
APPjmtm. а - Interproton NOE connec-
tivities observed in the 1H/15N-NOESY-
HSQC and 1H/13C-NOESY-HSQC spectra 
acquired with 80-ms mixing times. b - 
Water accessibility of the amide groups 
of APPjmtm solubilized in a DPC micelle 
aqueous suspension. Slowly hydrogen-
deuterium exchanging amide groups 
of APPjmtm are presented at the top 
according to estimated half-exchange 
times: t

1/2
>2 h (solid box); 1≤t

1/2
≤2 h 

(open box); for the other residues t
1/2

<1 
h. APPjmtm residues having a tempera-
ture dependence of the amide proton 
chemical shift of more than 3 pbm on 1 
°С are marked at the bottom by squares, 
indicating water accessibility to the 
amide groups. c - 13Cα and 1HN second-
ary chemical shifts shown at the top and 
bottom, respectively, for the APPjmtm 
residues are given by the difference be-
tween the actual chemical shift and typi-
cal random-coil chemical shift for a given 
residue. Pronounced positive or negative 
Δδ13Cα values indicate a helical structure 
or an extended conformation (including 
β-structure) of a protein [18]. The Δδ

HN
 

value aside from others strongly de-
pends on the length of a hydrogen bond 
in which the amide proton participates; 
thus, the local increase in Δδ

HN is specified 
in the shortening of the given hydrogen 
bond [24]. d - 15N-relaxation data for the 
APPjmtm amide groups are presented: 
at the top, steady-state 15N{1H} NOE; at 
the bottom, effective rotation correlation 
times τ

R
 of Brownian tumbling calculated 

from a ratio of 15N longitudinal T
1
 and 

transverse T
2
 relaxation times. e - Amide 

signal broadening in the 1H/15N-HSQC 
spectra of APPjmtm caused by the ad-
dition of 5- and 16-DSA (in a ratio of one 
spin-label on DPC micelle) tending mainly 
to be distributed near the surface and the 
micelle center, respectively. f - Variation 
of the generalized chemical shift Δδ

[HN]
 of 

amide crosspeaks in the 1H/15N-HSQC 
spectra of APPjmtm caused by the ad-
dition of one cholesteryl hemisuccinate 
molecule in the DPC micelle. g - Distribu-
tion of backbone and side chain torsion 
angles φ, ψ and χ1 in a representative set 
of 20 NMR structures of APPjmtm. APP 
α- and γ-cleavage sites and mutations as-
sociated with familial forms of Alzheimer’s 
disease [8, 10] are indicated by arrows 
at the bottom of the APPjmtm amino acid 
sequence.
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interactions. It was confirmed from a calculation of the 
spatial structure using the experimental data listed in 
Table that APPjmtm in DPc micelles consists of two 
α-helices: Lys687–Asp694 and Gly700–Leu723 (Fig. 3), 
which are connected via a mobile loop region, Val695-
Lys699. the relative orientation of the two helices in 
the resulting set of APPjmtm structures has not been 
determined (Fig. 3а). the structure of each α-helix was 
calculated with a high level of accuracy (Table, Figs. 2g, 
3a,b). Let us note that the conformation of the backbone 
and side chains was determined more accurately for 
the α-helix of Gly700-Leu723.

In order to determine the topology of the α-helices of 
APPjmtm in a DPc micelle, we analyzed the broaden-
ing of the signals from the backbone amide protons of 
a peptide, which was conditioned by their spatial prox-
imity to the paramagnetic spin labels of 5- and 16-DSA, 
which were mainly distributed near the micelle surface 
and center, respectively. Based on the pattern of in-
tensity variation in the crosspeaks in the 1H/15n-HSQc 
spectrum after the spin labels were added (Fig. 2e) and 
on data on the slow exchange of the protons of amide 
groups for the deuterium of the solvent (Fig. 2b), we 
concluded that the α-helix of Lys687–Asp694 (here-
inafter JM-helix) lies in the region of hydrated polar 
DPc groups, whereas the α-helix of Gly700–Leu723 
(hereinafter ТМ-helix) transpierces the hydrophobic 
part of the micelle. the amphiphility of the short JM-
helix also indicates that it is located along the micelle 
surface, approximately perpendicular to the tM-helix, 
as shown in Fig. 3d. the sequence of weakly polar and 
hydrophobic amino acid residues at the Gly700–Leu723 
region forms an extensive ~40 Å tM-segment. the pos-
itively charged amino acids of the side chains Lys699 
and Lys724, which flank the tM-helix, presumably in-
teract with the negatively charged phosphate groups 
of detergent heads. the observed (i+4) periodicity of 
the secondary chemical shift of the signals from 1Hn 

protons (Fig. 2c) points to the periodic variation of the 
lengths of the hydrogen bonds Hn···Oc along the tM-
helix [24]. the amide groups of the residues Leu705, 
Gly709, Ala713, and Val715 located on one side of the 
tM-helix (Fig. 3c) form shorter hydrogen bonds Hn···Oc 

as compared with the residues on the opposite side of 
the helix. thus, the tM-helix has a small concavity 
with a weakly polar surface near the paired residues 
Gly708–Gly709.

the existence of two independent helix regions in the 
APPjmtm structure is also confirmed by 15n-relaxation 
data. the JM- and ТМ-helices of APPjmtm have dif-
ferent characteristic values of the effective correlation 
time of the rotational correlation time τ

r
 (~6 and ~9 ns, 

respectively), which are calculated from the Т
1
/Т

2
 ra-

tio (Fig. 2d). the mass of the supramolecular complex 
estimated from the value <τ

r
> ≈8 ns averaged over 

the helix regions, according to empirical dependence 
[25], is estimated at 27 kDa; this value corresponds to 
the APPjmtm monomer surrounded by approximate-
ly 57 detergent molecules (the typical composition of 
a DPc micelle [26]). A significant difference (~3 ns) in 
<τ

r
> values for residues of the JM- and tM-helices is 

partially accounted for by the APPjmtm topology with 
a perpendicular relative arrangement of α-helices in an 
anisotropically rotating micelle. In addition, APPjmtm 
rotation inside the micelle and an enhanced lateral 
mobility of the JM-helix (as compared with the tM-

Structural characteristics for a representative set of 20 
NMR structures of APPjmtm incorporated into DPC mi-
celles 

nMr data for structural calculation Statistics

the total amount of nOe restrictions 318
Intraresidual 111
Interresidual 207

sequential (|i–j|=1) 132
medium range (1<|i–j|<4) 75

long range (|i-j|>4) 0
restrictions on hydrogen bonds (upper/lower) 

between the atoms of the backbone chain 
(24 bonds)

between the atoms of the backbone and side 
chains (0 chains)

72/72 

0/0

restrictions on dihedral angles 74
Angle φ of the backbone chain 30
Angle ψ of the backbone chain 30

Angle χ1 of the side chain 14
Quality of calculation and structural statistics

target function of cYAnA software (Å2) 0.38 ± 0.03
Violations of restrictions

on distances (>0.2 Å) 1
on dihedral angles (>50) 0

Pairwise root-mean-square deviation between 
the structures (Å)

Juxtamembrane α-helix, Lys687–Asp694 
residues

on atoms of the backbone chain 0.23 ± 0.09
on all heavy atoms 1.59 ± 0.28

ТМ α-helix, Gly700–Leu723 residues
on atoms of the backbone chain 0.14±0.05

on all heavy atoms 0.55±0.10
Analysis of the ramachandran map (% residues)

in favorable regions 84.6
in additional, allowed regions 13.5*

in fundamentally allowed regions 1.5*
in forbidden regions 0.4*

* residues from mobile and nonstructured APPjmtm 
regions.
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segment) due to the mobile-connecting loop Val695–
Lys699 is also possible. A local decrease in the effec-
tive correlation time of the rotational correlation time 
τ

r 
for Ser697 attests to the mobility of the loop region 

as compared with α-helices. In turn, it follows from the 
distribution of the values of heteronuclear 15n{1H} nOe 
(Fig. 2d) that the n-terminus half of the JM-helix and 
the connecting loop in Val695–Lys699 are mobile in the 
pico-nanosecond range (0.6≤15n{1H} nOe ≤ 0.8), unlike 
the rigid tM-helix (15n{1H} nOe ≥ 0.8). the increased 
mobility is responsible for the fact that the conforma-
tion of the JM-helix was confirmed less accurately (Ta-

ble, Figs. 2g and 3b) and that the structure of the loop 
region was not determined at all.

the structural-dynamic data obtained in this work 
corresponds to the results of recent nMr studies [13] 
of the secondary structure and dynamics of the longer 
APP fragment – Asp672–Asn770, the so-called c99 
peptide, which represents the c-terminus part of APP 
after it is hydrolyzed by β-secretase. the boundaries 
of the helix regions of Val689–Asp694 and Asn698–
Lys724 and the c99 peptide were determined; they 
correspond to the α-helices – the short juxtamembrane 
and long transmembrane ones being connected by a 

а) b)

c)
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F691 A692V695
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E693 D694
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N698
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M706 V707
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K725
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ТM
-h

e
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Fig. 3. APPjmtm spatial structure. a - Set 
of 20 NMR-derived structures of AP-
Pjmtm after superposition of the backbone 
atoms of the α-helix Gly700-Leu723. Only 
backbone bonds are shown. b - Set of 
20 NMR-derived structures of APPjmtm 
superposed separately on the backbone 
atoms of α-helices Gly700-Leu723 (JM-
helix) and Gly700-Leu723 (TM-helix). 
Because of uncertainty in the mutual ar-
rangement of the α-helices, the calculated 
APPjmtm structures are presented with a 
gap between residues Gly696 and Ser697 
from the flexible interhelical loop region. 
Only heavy atom bonds are shown. с - 
APPjmtm representative spatial structure 
with APP residue numbering. Heavy atom 
bonds of helical and unfolded regions 
are shown in green and violet, respec-
tively. Amide groups are highlighted in 
red for the residues showing maximum 
local values of the 1HN secondary chemical 
shift (Δδ

HN≈0) along the TM-helix (Fig. 2, 
c). Amide groups displaying a significant 
variation of the [1H15N] generalized chemi-
cal shift (Δδ

[HN]
>0.04) upon addition of 

the cholesterol analogue to the micelles 
with embedded APPjmtm (Fig. 2, f) are 
highlighted in blue. Other amide bonds 
are shown in yellow. d - Schematic rep-
resentation of the supramolecular system 
of the APPjmtm monomer associating with 
DPC micelle. The JM- and TM-helices of 
APPjmtm are colored in blue and red, 
respectively. Presumable rarefaction of 
detergent polar heads under the JM-helix 
are shown with the embedded spin-labels 
5- and 16-DSA, the paramagnetic groups 
of which are depicted by asterisks situated 
near the surface and centre of the micelle, 
respectively. The APP cholesterol-binding 
site apparently formed under the interheli-
cal loop near the N-terminus of the TM-
helix is schematically indicated.



reSeArcH ArtIcLeS

 VOL. 3  № 5 (8)  2011  | ActA nAturAe | 75

mobile loop. However, the spatial structure of the c99 
peptide has not been calculated. Based on the titration 
data of the c99 peptide in LMPG micelles with a water-
soluble cholesterol analog, β-cHOLBIMALt, the ability 
of APP to function as a cholesterol sensor in the neural 
membrane was assumed. Indeed, APP is known to ac-
cumulate in the human organism in cholesterol-rich 
microdomains, the so-called lipid rafts [27, 28]. Besides, 
enzymatic hydrolysis by β-secretase, which results in 
the formation of β-amyloid, takes place primarily in 
lipid rafts [28]. It has been also confirmed that non-
amyloidogenic hydrolysis by α-secretase occurs outside 
cholesterol-rich clusters; the enzyme being inactivat-
ed as a substrate binds with the lipid rafts [28]. In this 
work, we studied the binding between APP and a cho-
lesterol analog, cholesteryl hemisuccinate, which incor-
porates into the micelle. the most significant changes 
in the generalized chemical shift Δδ

[Hn]
 observed near 

the residues Gly695, Ser696, Gly700, Ile701, Ile703, 
and thr713 (Fig. 2е) point to the site of incorporation of 
cholesteryl hemisuccinate into the interhelix loop re-
gion (Figs. 3c,d), which agrees closely with earlier ob-
tained data on the specific interaction between the c99 
peptide and another cholesterol analog [13].

the data on APPjmtm titration in micelles with 
paramagnetic spin labels (Fig. 2e) provides indirect 
evidence pointing to the fact that there is a hydropho-
bic cavity near the JM-helix and n-terminus of the 
tM-helix, which is intended for APP interaction with 
cholesterol. If the distribution of the 5- or 16-DSA spin 
labels was uniform, there would have been an equal 
broadenings of the signals located at the same dis-
tance from the DPc micelle center. However, different 
broadening of the signals of the residues located at dif-
ferent ends of the transmembrane α-helix are recorded 
in both cases (Fig. 2e). there are several reasons which 
could account for this phenomenon. First, the distri-
bution of spin labels over a micelle can be nonuniform 
due to the specific structure and properties of the APP-
jmtm incorporated into it. Secondly, the length and size 
of the side chains in contact with the labels of amino 
acid residues have an impact on the degree of screening 
of amide protons (in all likelihood, it is pronounced to 

the largest extent at G700–Leu705 and Ile718–Leu723 
regions). Meanwhile, the considerable broadening of 
signals at the Leu688–Ala692 region during the titra-
tion with the 16-DSA spin label directly points to a local 
change in the micelle structure under the near-surface 
juxtamembrane α–helix, which presumably “pushes 
away” the polar DPc heads (of the lipids), resulting in 
the formation of a “hydrophobic pocket.” the two spin 
labels that have small polar groups are incorporated 
into this “pocket” with some selectivity (Fig. 3d).

Modification of the ambient conditions and sur-
roundings of APP in the cell membrane may impact the 
changes in the conformation of the interhelix loop re-
gion. this should result in a variation of the mutual ori-
entation of JM- and tM-helices, with a changing size of 
the cholesterol-binding “hydrophobic” pocket. In turn, 
it can play a role in simulation of the APP function. the 
Gly708–Gly709 tandem in the center of the APP–tM 
helix can, to some extent, compensate for the thick-
ness of the lipid bilayer, which varies depending on the 
composition of the cell membrane, among other factors; 
due to cholesterol in the composition of lipid rafts. It 
is important to note that familial mutations associated 
with the early progression of Alzheimer’s disease are 
concentrated not only near the tM-sites of the APP 
cleavage by γ-secretase, but also at the c-terminus 
of the JM-helix, where ionogenic Asp693 and Glu694 
residues are located (Fig. 2, bottom). therefore, the de-
termination of the spatial structure of the APP-tM do-
main with a cholesterol-binding juxtamembrane region 
in a membrane mimetic environment by heteronuclear 
nMr spectroscopy is a necessary step in uncovering the 
molecular mechanism of the alternative APP cleavage, 
which is associated with the pathogenesis of Alzheim-
er’s disease. 
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ABSTRACT  Pattern-recognition receptors (PRR) play a crucial role in the induction of the defense reactions of 
the immune system against pathogenic bacterial and viral infections. The activation of PRR by specific, highly 
conserved pathogen-associated molecular patterns (PAMPs) induces numerous immune reactions related both 
to innate and adaptive immunity. In addition to the well-studied Toll-like receptors, pathogens can be recog-
nized by the receptors belonging to the other PRR families; including NOD-like receptors (NLR). Stimulation of 
members of NOD-like receptors (NOD1, 2) and Toll-like receptors results in the activation of the transcriptional 
factor NF-kB  regulating gene expression in numerous molecules implicated in the development of proinflam-
matory reactions. As opposed to Toll-like receptors, the NF-kB-activating ability of NLRs has not been fully 
studied. In this work, we examine the ability of one member of the NLR family – NOD1 – to activate the main 
proinflammatory transcriptional factor NF-kB. We also compare the NF-kB-activating ability of NOD1 ligands 
of a different structure with TLR4,5 ligands in vitro and in vivo.
KEYWORDS pattern-recognition receptors, Toll-like receptors, NOD1-receptor, transcriptional factor NF-kB, 
peptidoglycan of gram-negative bacteria.
ABBREVIATIONS NF-kB – nuclear factor kappa-light-chain-enhancer of activated B cells); AP-1 – activator pro-
tein 1; TLR – Toll-like receptor; PAMPs pathogen-associated molecular patterns; DAMPs – damage-associated 
molecular patterns; PRR – pattern recognition receptor; TNF-α – tumor necrosis factor alpha; RT-PCR – reverse 
transcription polymerase chain reaction; IRF – interferon regulatory factor; NRL – NOD-like-receptor; RLR – 
RIG-like receptors; LPS – lipopolysaccharide.

INTRODuCTION
until recently, both the mechanisms of recognition of 
infectious agents by macro-organism cells, as well as 
the molecular mechanisms of innate and adaptive im-
munity as a response to the developing infection, had 
not been subjected to adequate study.

An important step in the understanding of these 
mechanisms occurred twenty years ago, with the dis-
covery of the first representatives of the pattern recog-
nition receptors (Prr) of innate immunity:  tOLL-like 
receptors (tLr). today, seven Prr families are known: 
toll-like receptors, nOD (nucleotide-oligomerization 
domain)-like receptors (nLr), rIG-like receptors 
(rLr), lectin-like receptors, etc. [2]. representatives of 
these families can recognize a set of highly conservative 
fragments of exogenous pathogen-associated molecular 
pattern (PAMP) molecules, as well as some endogenous 

damage-associated molecular pattern (DAMP) mole-
cules; each receptor having its specific set. the binding 
of intrinsic ligands with pattern-recognition receptors 
triggers intracellular signaling cascades,  resulting in 
the  activation of a number of transcriptional factors 
(AP-1, nF-kB, IrF 1, 3, 5, 7, etc.) which regulate the 
development of  particular immune responses.

nF-kB is the primary pro-inflammatory factor that 
regulates  the expression in a number of molecules 
which can participate in the development of reactions 
of both innate and adaptive immunity, such as the se-
cretion of pro-inflammatory cytokines and chemok-
ines, synthesis of antimicrobial peptides, induction of 
phagocytic activity of the microphages, dendritic cell 
maturation, etc. [3].

toll-like receptors and the representatives of the 
fairly recently discovered subfamily of nOD-like re-
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ceptors, nOD1,2, belong to pattern-recognition recep-
tors, the activation of which results in an nF-kB induc-
tion.

toll-like receptors are transmembrane proteins that 
are localized on the surface of the plasma membrane 
of cells and within intracellular compartments (endo-
somes). Such molecules of a different chemical nature, 
such as lipopolysaccharides (LPS), flagellin, bacterial 
lipopeptides, bacterial and viral DnA, etc., may serve 
as ligands of toll-like receptors. Abundant data char-
acterizing the ability of tLr ligands to activate nF-kB 
both in vitro and in vivo has been collected [4]. the me-
diated nF-kB ability of tLr ligands to initiate different 
reactions of the immune system allows to use ligands as 
immediate protection agents against pathogens, mo-
lecular adjuvants, etc. [5–7].

Members of another Prr family – nOD receptors 
– are located directly in the cell cytoplasm and can rec-
ognize various molecules, which are fragments of pep-
tidoglycan of gram-positive and gram-negative bacte-
ria. It has been shown that nOD receptors participate 
in the recognition of bacteria capable of escaping the 
endosomal space and penetrating the cell cytoplasm 
and which can trigger specific immune responses [8]. In 
contrast to tLr ligands, the properties of nOD recep-
tor ligands, including their ability to activate nF-kB, 
have been studied considerably less.

this work focused on a comparative in vitro and in 
vivo analysis of the nF-kB-activating ability of ligands 
of one representative of nOD receptors, nOD1, as well 
as tLr 4 and 5 ligands. 

EXPERIMENTAL

Cell lines
the nF-kB-activating ability of ligands of the nOD1 
and toll-like receptor 5 in vitro was studied using 
HeK293 cell lines (human embryonic kidney epithe-
lial cells) and Hct116 (human colon carcinoma cells) 
expressing nOD1 in humans. the cells were cultivated 
in a DMeM medium with 10 vol % of fetal bovine se-
rum (ref. number SV30160.03, Hyclone,united States); 
1 mg/ml glutamine (ref. number F032, Paneco, rus-
sia); 50 u/ml penicillin; and 50 µg/ml streptomycin (ref. 
number A065, Paneco, russia) was added at 37°С, in an 
atmosphere containing 5% cO2

. the cells were seeded 
at a ratio of 1 : 6  on day 2, after the monolayer had 
been obtained.

Ligands of NOD1 and Toll-like receptors
the chemically synthesized nOD1 ligands, repre-
sented by samples of dipeptide D-Glu-mDAP (ie-
DAP), tripeptide L-Ala-D-Glu-L-mDAP (tri-DAP), 
the tripeptide covalently bound to a monosaccharide 

MurnAc-L-Ala-D-Glu-L-mDAP (M-tri-DAP), and 
the molecule that contained the lauric acid fragment, 
Lauroyl-γ-D-Glu-D-mDAP (ie-DAP-c12), in addition 
to the minimal recognition sequence, were purchased 
from Invivogen, united States (ref. numbers: tlrl-dap, 
tlrl-tdap, tlrl-c12dap). Ligand ТLr4 – LPS  – was pur-
chased from Sigma-Aldrich, united States (ref. number 
L3024). Ligand tLr5 –flagellin was prepared according 
to the procedure described in [9].

Extraction and Purification of Molecule GlcnAc-
MurnAc-L-Ala-D-Glu-L-mDAP – the fragment of 
peptridoglycane of Neisseria meningitidis serogroup 
В – NOD1 receptor ligand
Primary cultivation of N. meningitidis (wild-type strain 
591 belonging to serogroup B was isolated from the cer-
ebrospinal fluid of a meningitis patient in Moscow in 
1985. Phenotype: B : nt : P1.1,2) was carried out at a 
temperature of 37°c in the presence of 5% cO

2 
in the 

thayer Martin medium (ref. number M413, Himedia, 
India). In order to add selective properties to the me-
dium, a set of antibiotics V.c.n.t. Supplement (ref. 
number FD024, Himedia, India) was introduced. the 
preparative growth of the bacterium was carried out 
in a Brain Heart Infusion broth (ref. number 211059, 
Difco, united States) with 10 vol % of equine serum at 
37°c added upon rocking (160 oscillations/min). the lig-
and of a nOD1 receptor was extracted and chromato-
graphically purified according to the earlier published 
procedure [10], which include the preliminary thermal 
inactivation of bacteria at 65°c for 1 h and phenol-
chloroform extraction upon heating and mixing of the 
phenol–water mixture at 70°c for 30 min. the aque-
ous phase containing peptidoglycan fragments was 
subjected to tangential-flow ultra filtration (Millipore, 
united Stated) through a filter with a pore diameter of 
30 kDa. the filtrate was purified via three sequential 
methods of reversed-phase high-performance liquid 
chromatography (HPLc) on a Bio-alliance 2796 chro-
matograph (Waters, united States). the first two stag-
es of the purification procedure were carried out using 
a Symmetry С18 column with a particle diameter of 
5 µm, 4.6 × 75 mm (Waters, united States).  During the 
final stage of purification, a Synergi Hygro-rP 80 Å 
column (particle diameter of 4 µm, 250 × 3 mm (Phe-
nomenex, united States)) was used.

chromatographic separation of the compounds was 
performed on a spectrophotometric detector 2487 
(Waters, united States, λ 205, 260, and 280 nm). A 
Q-StAr elite mass spectrometer with turbo Spray 
and nano Spray ion spray ionization sources (Applied 
Biosystems/MDS ScIeX, united States) was used as 
a detector at the final (third) stage of purification. the 
resulting sample containing a mass spectrometrically 
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pure substance underwent mass spectrometric analy-
sis in order to determine the primary structure of the 
molecule under study. At the first stage of analysis, 
the accurate molecular mass of the substance, equal to 
850.353 Da, was determined.  the molecules of the sub-
stance subjected to study were then fragmented in an 
ion spray ionization source for further determination of 
the sequence of amino acids comprising the molecule, 
using Protein Pilot software (Applied Biosystems, unit-
ed States). the non-protein part of the molecule was 
identified by pseudo-MS3 (studying the products of 
the secondary fragmentation of ions obtained by pre-
decomposition of an analyzed molecule in the ionization 
source). the final brutto formula of the analyzed mol-
ecule was determined by a study of the decomposition 
paths of the decomposition of its ion.

the comparative analysis of the fragmentation 
spectra of different control substances (including n-
acetylglucosamine) and the analyzed compound under 
identical conditions made it possible to identify the pri-
mary structure of the molecule: GlcnAc-MurnAc-L-
Ala-D-Glu-L-mDAP.

 the same experiment was performed on the sam-
ples of the bacterial culture medium (negative control) 
in order to verify the results obtained.  Furthermore, 
the biological activity of the sample containing the sub-
stance under study, i.e., its ability to activate nF-kB in 
cells via the toll-independent mechanism, was meas-
ured following each chromatographic stage of purifi-
cation.

Measurement of β-galactosidase activity
twenty-four hours after the study samples were 
added to the cells, the culture medium was removed 
and the cell lysis buffer with β-galactosidase substrate 
(1 mM Mgcl2

; 0.25 M tris-Hcl, pH 7.4; 0.02% nP40; 2 g/l 
o-nitrophenyl-β-D-galactopyranoside (ref. number 
102473, MP Biomedicals, united States)) was added. 
the level of activity of β-galactosidase was determined 
spectrophotometrically (414 nm) on the basis of sub-
strate (o-nitrophenyl-β-D-galactopyranoside) conver-
sion into the colored product o-nitrophenol.

Determination of bioluminescence intensity in 
HCT116 and HEK293 line cells containing the luci-
ferase reporter gene under expression control of the 
NF-kB-dependent element
At the preliminary stage, Hct116 and HeK293 line 
cells were infected with a lentiviral vector containing 
the luciferase reporter gene under expression control 
of the nF-kB-dependent promoter. A day before the 
bioluminescence was to be determined, the cells were 
seeded into a 96-well plate with a confluence of 2 × 104 

per well.  the following day, the samples of Prr lig-

ands were added to the cells, and after 8 more h, the 
lysis buffer containing luciferin Bright-Glo™ Luciferase 
Assay System (ref. number e2620, Promega, united 
States) was also added. the buffer volume (100 µl) was 
equal to the volume of the culture medium. the level of 
activity of luciferase was determined on the basis of the 
fluorescence intensity by means of a Wallac 1420 plate 
reader (Perkin elmer, united States).

Determination of bioluminescence intensity in the 
samples of organ homogenates of BalB/C transgenic 
mice
Prr ligands (LPS or ie-DAP-c12) were intramus-
cularly introduced into BalB/c transgenic mice con-
taining the luciferase gene, under control of the nF-
kB-dependent promoter, after which the organs were 
collected at intervals of 1, 3, and 5 h. the organs were 
homogenized in a reporter Lysis 5x Buffer (ref. number 
e3971, Promega, united States) with inhibitors of cell 
proteases added. the level of activity of the transcrip-
tional factor nF-kB in the samples of mouse organ ho-
mogenates  was determined by the bioluminescence 
intensity in the samples, normalized with respect to 
protein content (10 mg) using a Wallac 1420 plate read-
er (Perkin elmer, united States).

Determination of expression of NOD1 receptor by RT-
PCR
the total rnA from Hct116 and HeK293 cells was 
isolated using a trizol reagent (ref. number 15596026, 
Invitrogen, united States), in accordance with the 
manufacturer’s procedure. A Superscript III kit (ref. 
number 18080200, Invivogen united States) was used 
for cDnA synthesis. the amount of cDnA encoding 
the nOD1 receptor was normalized with respect to the 
amount of GAPDH cDnA. thirty-five Pcr cycles were 
performed with the use of primers specific to the nu-
cleotide sequence of the cDnA sequence that encodes 
human nOD1 – nOD1-forw: ctt-ctg-gtc-act-cac-atc-
cgc-a, nOD1-rev: tgg-gca-tag-cac-agc-acg-aac. the 
primer annealing temperature was measured at 62оС.

Real-time measurement of bioluminescence intensity 
in the organism of BalB/С transgenic mice
the activity of the nF-kB factor in the organism of 
BalB/С transgenic mice containing the luciferase re-
porter gene in their genome, under expression control 
of the nF-kB-dependent promoter, was measured in 
real time on the basis of the bioluminescence intensity 
at intervals of 1, 3, and 5 h after Prr ligands (LPS or 
ie-DAP-c12) were introduced. Five minutes prior to 
obtaining the images, 1.5 mg of D-luciferin (caliper 
Life Sciences) was injected into the mice. the biolu-
minescence intensity was determined on an IVIS Im-
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aging System 100 instrument (Xenogen corp., united 
States).

Laboratory animals
Female transgenic mice of the BALB/c-tg(nFkB-
re-luc[Oslo])-Xen line (caliper Life Sciences, united 
States) with a weight range of 18–20 g containing the 
reporter gene of firefly luciferase in their genome (from 
pGL3-Basic Vector, Promega, united States), under 
expression control of the nF-kB-dependent promoter 
consisting of three nF-kB-binding regions in the pro-
moter of the Igκ light chain gene, were used for the 
purposes of this experiment.

the mice were given free access to water and food. 
LPS (5 µg/mouse) and ie-DAP-c12 (200 µg/mouse) 
solutions were injected intramuscularly into the mice. 

RESuLTS AND DISCuSSION

Comparison of the NF-kB-activating ability of NOD1 
receptor ligands under in vitro conditions
Dipeptide D-Glu-mDAP is known as the key sequence 
necessary and sufficient to inactivate the nOD1 recep-
tor upon the decomposition of gram-negative bacte-
ria and penetration of peptidoglycan fragments inside 
eukaryotic cells [10]. the participation of other amino 
acids and monosaccharides, the components of the 
structural molecules of peptidoglycan of gram-negative 
bacteria, in the recognition by the nOD1 receptor has 
yet to be described thoroughly (Fig. 1).

It thus follows that the study of the dependence of 
nOD1-mediated nF-kB-activating ability of various 

peptidoglycan fragments on their structure seems of 
importance.

In this context, we carried out a screening experi-
ment at a preliminary stage to select the cell model in 
which the expression of the nOD1 receptor by differ-
ent cell lines was determined. According to the rt-Pcr 
data, expression of the nOD1 receptor was detected in 
both the HeK293 cell line (human embryonic kidney 
epithelial cells) and the Hct116 cell line (human colon 
carcinoma cells). tLr5 was also expressed in this cell 
line [11], whereas in Н1299 and A549 cell lines the ex-
pression of the nOD1 receptor could not be detected 
under the selected rt-Pcr conditions (Fig. 2).

considering that HeK293 line cells do not express 
tLr (their presence may result in the additional ac-
tivation of nF-kB when using nOD1 receptor ligands 
containing the impurities of tLr ligand molecules), this 
cell line served as a model for studying the ability of 
nOD1 receptor ligands possessing different structures 
to activate nF-kB.

using the lentiviral vector, the gene of the 
β-galactosidase reporter protein under the transcrip-
tional control of the nF-kB-dependent promoter and 
the marker of resistance to blasticidin S were intro-
duced into the genome of HeK293 cells. the principle 
of use of the resulting cell line is based on the ability of 
the nOD1 receptor after its interaction with specific 
ligands to activate the kinase cascade (rIP2, IKKα,β), 
which results  in the activation of the nF-kB factor, 
followed by its translocation into the nucleus, where 
this factor binds with the intrinsic regulatory element 
which controls the galactosidase gene. Hence, the activ-

Gram-negative  
bacterium

Cell wall of  
a gram-negative 

bacterium

Structure of the peptidoglycan 
of gram-negative bacterium

GlcNAc – MurNAc – GlcNAc – MurNAc

MurNAc – GlcNAc – MurNAc – GlcNAc

L-Ala

L-Ala

D-Glu

D-Glu
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mDAPD-Ala
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3
Fig. 1. NOD1 ligands in the 
peptidoglycan structure of Gram-
negative bacteria. 1 – D-Glu-
mDaP (iE-DAP), 2 – L-ala-
D-Glu-L-mDaP (Tri-DAP), 3 
– Murnac-L-ala-D-Glu-L-mDaP 
(M-Tri-DAP), and 4 – Glcnac-Murnac-
L-ala-D-Glu-L-mDaP (GM-Tri-DAP). 
Glcnac – N-acetylglucosamine, 
Murnac – N-Acetylmuramic acid, 
L-ala – L-alanin, D-Glu – D-Glutamic 
acid, L-mDaP – L-meso-Diaminopimelic 
acid.
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ity of nF-kB in cells can be quantitatively determined 
on the basis of the staining reaction for galactosidase by 
registering the interaction between the nOD1 receptor 
and the intrinsic ligands.

In order to measure the nF-kB activity, nOD1 re-
ceptor ligands with a different structure were added to 
HeK293 line cells: dipeptide D-Glu-mDAP (ie-DAP), 
tripeptide L-Ala-D-Glu-L-mDAP (tri-DAP), and 
tripeptide MurnAc-L-Ala-D-Glu-L-mDAP (M-tri-
DAP) covalently bound with a monosaccharide. Fur-
thermore, in our work we used the covalently bound 
with disaccharide tripeptide GlcnAc-MurnAc-L-
Ala-D-Glu-L-mDAP (GM-tri-DAP), prepared from 
N. meningitidis serogroup B and purified to mass spec-
trometrical purity using the earlier described method 
[10]. We additionally used a chemically synthesized 
molecule which contained the lauric acid fragment 
Lauroyl-γ-D-Glu-D-mDAP (ie-DAP-c12) capable of 
changing the physicochemical properties of this mol-

ecule, in addition to the minimal recognition sequence.
As can be seen in Fig. 3, a reliable increase in the nF-

kB-dependent activation of the β-galactosidase gene 
expression was attained only at maximum concentra-
tions (1–10 µg/ml) of the D-Glu-mDAP dipeptide add-
ed, whereas derivatives of this dipeptide with a higher 
molecular weight (tri-DAP, M-tri-DAP, and GM-
tri-DAP) than those that can be found as components 
of peptidoglycan of gram-negative bacteria induced a 
reliable increase in nF-kB-dependent β-galactosidase 
gene expression at lower concentrations (from 
0.5 µg/ml). the maximum nOD1-mediated ability of 
nF-kD activation was shown by the chemically synthe-
sized molecule ie-DAP-c12. the minimum concentra-
tion of this molecule, which was capable of inducing the 
nF-kB-dependent activation of β-galactosidase gene 
expression, is equal to 20 ng/ml. Such a significant in-
crease in the nF-KB-activating ability (by a factor of 
approximately 1,000 as compared with D-Glu-mDAP) 
can be explained by the presence of the hydrophobic 
component of lauric acid, which is likely to facilitate 
the penetration of ie-DAP-c12 molecule through the 
plasma membrane and binding to the nOD1 receptor 
located in the cell cytoplasm.

 this experiment thus demonstrated that an in-
crease in the amino acid sequence in the structure of 
the nOD1 receptor ligand results in  a reliable increase 
in the nF-kB-activating ability of the molecule as com-
pared with the nF-kB-activating minimal sequence D-
Glu-mDAP, whereas the presence of monosaccharide 
residues within the ligand molecule does not further 
increase the activity.

 this phenomenon can be explained as follows. For 
an optimally efficient recognition by the nOD1 recep-

1 2 3 4

Fig.2. Expression levels of NOD1 receptor detected by 
RT-PCR with specific primers in 1 – human colon carcinoma 
cells HCT116, 2 – human embryonic kidney cells HEK293, 
3 – non-small cell lung carcinoma cells H1299, and 4 – hu-
man lung carcinoma cells A549.
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tor (in order to penetrate into the “pocket” of its ligand-
recognizing domain), a ligand molecule has to contain 
at least three covalently bound amino acids, whereas 
the additionally introduced saccharide molecules do 
not participate in the direct formation of the ligand-
receptor complex. Moreover, the nF-kB-activating 
ability of the nOD1 receptor ligand can be significantly 
increased (by a factor of approximately 1,000) by the 
enhanced hydrophobicity of the molecule, as a result of 
binding with a fatty acid residue.  In all likelihood, such 
a modification allows to speed up the process, ensuring 
the necessary ligand concentration near the receptor in 
the cytoplasm, because its penetration through the cell 
plasma membrane is made easier.

the ie-DAP-c12 ligand of the nOD1 receptor, 
which exhibited the highest activity, was selected for 
further studies.

Comparison of the NF-kB-activating ability of NOD1 
and TLR5 ligands in human colon carcinoma cells 
HCT116
In order to compare the nF-kB-activating ability of 
nOD1 and tLr5 ligands under in vitro conditions, the 
Hct116 cell line was selected as a model. this cell line 
expresses both the nOD1 receptor and tLr5, in which 
the bacterial flagellar protein flagellin serves as a lig-
and.

the nF-kB activity was measured on the basis of 
the expression of the luciferase gene, which was intro-
duced into the cell genome under the transcriptional 
control of the nF-kB-dependent element.

tnF-α was used as positive control of nF-kB activa-
tion. this cytokine stimulates nF-kB activation and in-
duces the expression of proinflammatory factors after 
its interaction with the intrinsic receptor.

the experimental results demonstrate (Fig. 4) that 
the most active nOD1 receptor–ligandie-DAP-c12-

–has an effect on nF-kB that can be compared with 
that of flagellin, but in concentrations that are higher 
by a factor of 10–100 than those of flagellin. In light 
of the results of this experiment, a conclusion can be 
drawn that nOD1 receptor ligands activate nF-kB to a 
lesser degree than tLr5 ligand; at least for the delivery 
path that was used. this phenomenon can be explained 
by a number of reasons: the fact that the nOD1 recep-
tor ligands need to overcome additional barriers, such 
as the plasma membrane and the cytoplasmic space; 
a different affinity of tLr and nOD receptors to the 
intrinsic ligands; and the differences in the lower-lying 
signaling cascades, resulting in the activation of the 
transcriptional factor nF-kB.

the ability of nOD1 receptor ligands to induce spe-
cific immune responses upon a weaker nF-kB activa-
tion in eukaryotic cells as compared with tLr could 
be an indication that the level of nF-kB activity may 
determine the development of particular specific im-
mune responses and control their intensity.

the established ratio between the concentrations of 
nOD1 and tLr ligands which activate nF-kB was tak-
en into consideration to the same extent when carrying 
out the subsequent studies in in vivo conditions.

Studying the NF-kB-activating ability of the NOD1 
receptor ligand under in vivo conditions
It has been shown that the level of nF-kB activation 
may differ in different organs of laboratory animals 
into which tLr ligands has been injected [12, 13]. How-
ever, to date there has been no data that clearly shows 
the ability of the ligands of other Prr–nOD receptors 
to induce nF-kB activation under in vivo conditions. 
We investigated this question by determining the ma-
jor activation parameters (the kinetics and intensity of 
activation in different organs) upon introduction of the 
nOD1 receptor ligand ie-DAP-c12, which exhibited 
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the highest activity in in vitro experiments. Further-
more, we compared the nF-kB-activating abilities of 
nOD ligands and those of tLr4, the thoroughly stud-
ied toll-like receptor, under in vivo conditions upon 
intramuscular injection.

to this end, we used BalB/c transgenic mice with 
the luciferase reporter gene incorporated into their ge-
nome, under the control of a nF-kB-depending pro-
moter. Such a system allows to measure the degree of 
nF-kB activation in different mouse organs, on the 
basis of luminescent glowing upon the introduction of 
Prr ligands [14].

In order to compare the parameters of the nF-kB 
activation that is observed upon the introduction of ie-
DAP-c12, we selected LPS, the ligand of the toll-like 
receptor that has been best studied under in vivo con-
ditions [13, 15, 16].

the amounts of nOD1 and tLr4 ligands were select-
ed based on the data on the nF-kB-activating ability of 
these ligands under in vitro conditions (200 µg/mouse 
and 5 µg/mouse, respectively).

It was demonstrated (Fig. 5) that upon the intra-
muscular introduction of ie-DAP-c12, the highest 
relative and absolute inductions of nF-kB activation 
(over 12 times) take place in the liver. Moreover, in 
the liver and the small intestine the highest degree of 
nF-kB activation is attained 5 h after the introduction 
of a ligand, whereas a decrease in the level of nF-kB 
activation was observed at that time in other organs. 
In three out of nine organs of laboratory animals (kid-
neys, heart, and small intestine), the introduction of 
the nOD1 ligand resulted in a minimum increase in the 
nF-kB activation, as compared with the level of nF-kB 
activation in the control group.

At the final stage, we compared the levels of nF-kB 

activation in different organs of mice which received 
intramuscularly ie-DAP-c12 and LPS 3 h after the in-
troduction of the ligands (maximum nF-kB activation 
point).

As can be seen in Figs. 6a and 6b, the introduction of 
LPS results in a stronger nF-kB activation in a number 
of organs (liver, spleen, uterus, and small intestine), 
when compared with ie-DAP-c12. In the large intes-
tine, lungs, and urinary bladder, the introduction of 
nOD1 and tLr4 ligands induced a comparable level of 
nF-kB activation. In other organs such as kidneys and 
the heart, no reliable increase in the level of nF-kB ac-
tivation was observed as a response to the introduction 
of both ie-DAP-c12 and LPS.

thus, according to the results of the study of the 
ability of nOD1 ligands to activate nF-kB under in 
vivo conditions, a conclusion can be drawn that the in-
tensity and kinetics of nF-kB activation in response 
to the introduction of these ligands differ in different 
mouse organs. Furthermore, differences in the inten-
sity of nF-kB activation in mouse organs after the in-
troduction of nOD1 and tLr4 ligands in the selected 
concentrations were detected.

 After summarizing the data obtained, a conclusion 
can be drawn that the nF-kB factor activation induced 
by the interaction between the nOD1 receptor with 
intrinsic ligands differs from that upon stimulation of 
tLr representatives (kinetics and intensity of activa-
tion) in the same organ, which could be essential for 
the development of the subsequent immune responses. 
Moreover, the demonstrated tissue- and organ-specif-
icity of nF-kB upon the introduction of toll- or nOD 
receptor ligands into the organism of an animal may 
lead to the development of different local immune re-
sponses in a particular organ or tissue (e.g., differences 
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in the spectra of secreted cytokines may be observed). 
the development of some immune responses can be ac-
counted for by the distinctions in differentiation and 
cell types representing a tissue in which the induction 
of nF-kB activation took place.

the ability of nOD1 receptor ligands to activate the 
nF-kB factor under in vivo conditions can be used for 
creating new molecular adjuvants which are charac-

terized by a lower reactogenecity in comparison with 
some tLr ligands (e.g., LPS). Such adjuvants could 
be used together with vaccine antigens for protection 
against different pathogens, including intracellular 
ones. In order to bolster this hypothesis further, a de-
tailed analysis of the individual immune responses 
that are initiated by the activation of nOD receptors 
is required.  
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ABSTRACT Multiple sclerosis (MS) is a chronic inflammatory autoimmune disease of the central nervous system 
(CNS). Proteins of the immune system, as well as proteins that are involved in the infiltration of activated im-
mune cells in the CNS, play an important role in the pathogenesis of MS. We investigated the association and 
linkage with MS of the following immune-system genes polymorphisms: HLA-DRB1, CTLA4, TGFB1, IL4, CCR5 
and RANTES, as well as of the matrix metalloproteinase 9 (MMP9) and tissue inhibitor of metalloproteinase  1 
(TIMP1) genes polymorphisms. For this purpose we used the transmission disequilibrium test (TDT). The group 
investigated was comprised of 100 nuclear families of Russian ethnicity, each consisting of an affected offspring 
and his nonaffected parents. It was found that HLA-DRB1*15 allele and MMP9*-1562C allele were transmitted 
from healthy heterozygous parents to affected children more frequently than alternative alleles (p  =  0.02 and 
p  =  0.04, respectively). Another family-based method, AFBAC (affected family-based control), showed MS as-
sociation with HLA-DRB1*15, but not with the MMP9*-1562C allele.
KEYWORDS functional genomics, human, multiple sclerosis, genotyping, CCR5 gene, CTLA4 gene, HLA-DRB1 
gene, IL4 gene, MMP9 gene, RANTES gene, TGFB1 gene, TIMP1 gene, allelic polymorphism, TDT, AFBAC.
ABBEVIATIONS MS – multiple sclerosis; PCR – polymerase chain reaction; CNS – central nervous system; AFBAC 
(affected family-based control) – the method of family analysis, in which the control group consists of the alleles, 
that were not transmitted from parents to affected children; CCR5 (CCR5) – CC chemokine receptor  5 (its gene); 
CTLA4 (CTLA4) – cytotoxic T lymphocyte antigen-4 (its gene); HLA-DRB (HLA-DRB1) – β chain of human 
HLA-DR antigen (its gene  1); IL-4 (IL4) – interleukin-4 (its gene); MMP (MMP) – matrix metalloproteinase (its 
gene); RANTES (RANTES) – chemokine regulated on activation, normal T  cell expressed and secreted (its gene); 
SNP – single-nucleotide polymorphism; TDT – transmission disequilibrium test; TGFβ1 (TGFB1) – transforming 
growth factor β1 (its gene); TIMP (TIMP) – tissue inhibitor of matrix metalloproteinases (its gene).

INTRODuCTION
Multiple sclerosis (MS) is a severe inflammatory dis-
ease of the central nervous system (cnS) which typi-
cally develops in the young adults and subsequently 
leads to disability. this disease has a complex etiology 
with both genetic and environmental factors [1]. the 
ways MS is inherited are typical for polygenic diseases; 
their development is conditioned by the joint contri-
bution of a number of polymorphic genes [2]. the elici-
tation of the genetic risk factors for MS may help shed 
light on the mechanisms underlying the pathogenesis 

of this disease and open new possibilities for its pre-
vention and treatment. In spite of the large number of 
studies that have investigated the genetics of MS, the 
search for MS-associated genes remains a challenge. 
this is due to the nature of the disease, for which ge-
netic heterogeneity is typical, particularly in different 
ethnic groups, as well as the absence of a main gene. 
On the other hand, the search for the risk factors for 
MS is made more difficult by the limitations of the 
major analysis approaches. the MS genome linkage 
analysis has yielded little information because of its 
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low sensitivity [3]. When analyzing genetic associa-
tions with MS using the case–control method, there is 
a low reproducibility of the results: a factor related to 
the ethnic heterogeneity of the healthy and affected 
groups under consideration and the influence of envi-
ronmental factors [4].

the methods that use a family analysis of associa-
tions allow to eliminate or to minimize the influence 
of the ethnic heterogeneity of groups of patients and 
unrelated healthy controls, as well as the effect of en-
vironmental factors [5]. One such method is the trans-
mission disequilibrium test, tDt [6], which is based on 
the analysis of marker allele or haplotype transmission 
from heterozygous parents to affected children. the 
tDt method has already been used to analyze the link-
age and association of the alleles of a number of candi-
date genes with MS among various ethnicities [7–10], 
including russians (our studies [11, 12]). this method is 
now being used not only to analyze the contribution of 
individual genes to the MS development, but also as a 
tool in a full genome search [13–15]. Family data have 
also been used to carry out the association analysis us-
ing the affected family-based control (AFBAc) method. 
According to this data, the control group is composed of 
a set of alleles from healthy parents which were not 
transmitted to affected children (one allele from each 
parent) [16]. this method was used to analyze MS sus-
ceptibility in Italy [17, 18], Great Britain [19], Belgium 
[20], and France [21]. each of these methods of family 
analysis has advantages and drawbacks. thus, AFBAc 
is a more powerful method as compared with tDt, 
while tDt makes it possible to completely eliminate 
the population stratification effects [22].

In this study, we analyzed MS linkage and asso-
ciation of HLA-DRB1, CTLA4, TGFB1, IL4, CCR5, 
RANTES, MMP9, and TIMP1 genes in ethnic russians 
on the basis of family data using the tDt and AFBAc 
methods.

numerous data suggest the involvment of these 
genes in the immunopathogenesis of MS as an autoim-
mune disease [2]. A repeatedly confirmed fact is that 
particular alleles (depending on the population ethnic-
ity) of the HLA-DRB1 gene class II are involved in the 
development of MS. this gene encodes the β-chain of 
the heterodimer, which presents the antigen to cD4+ 
t-lymphocytes. Our study also includes the CTLA4 
gene encoding the cytotoxic t-lymphocyte antigen  4 
(ctLA4 or cD152) – the t-lymphocytes costimulation 
receptor, which is an important negative regulator of 
the t cells activity and participates in the maintenance 
of the peripheral t  cell tolerance [23].

cytokines are believed to play the key role in the de-
velopment and regulation of the autoimmune inflam-
matory process that is typical of MS. In addition to the 

data obtained by the analysis of MS linkage and asso-
ciation with alleles of proinflammatory cytokine genes 
[12], the genes of anti-inflammatory cytokines  tGFβ1 
and IL-4 – were also considered in this study. cytokine 
tGFβ1 is secreted by numerous cell types, including 
regulatory t- lymphocytes, astrocytes, and endothelial 
cells; while cytokine IL-4 is secreted mainly by acti-
vated th2 -cells. these cytokines can be detected in  
the brain tissues at the remission stage; their level be-
ing reduced upon active progressive multiple sclerosis 
[24].

the key stage in the development of the immun-
opathological process upon MS is the disturbance of 
the hematoencephalic barrier and t and B cells pen-
etration into the cnS. the stimulation and direction 
of migration of different cell classes  is to a large ex-
tent determined by chemokines. Our study includes 
genes of rAnteS (regulated on Activation normal 
t cells expressed and Secreted) chemokine, which is 
an attractant for lymphocytes and monocytes, and of 
its receptor ccr5. the levels of rAnteS and  ccr5 
sharply increase on lymphocytes, macrophages, and 
microglias in the demyelination  lesions upon MS acute 
attack [25].

the penetration of immune cells into the cnS is ac-
companied by the type  IV collagen degradation, which 
is the extracellular matrix major constituent. the ma-
trix metalloproteinases (MMPs) play the key role in this 
barrier penetration. the MMPs are involved in vari-
ous stages of MS pathogenesis: they participate in the 
local damaging of the hematoencephalic barrier and 
perivascular lymphocytes infiltration, in the damaging 
of myelin sheath and in the formation of the demyeli-
nation lesions and axonal death [26]. One of the major 
metalloproteinases, MMP9, is expressed by perivas-
cular mononuclear cells of white matter and, together 
with other MMPs, is associated with monocytes and as-
trocytes in the demyelination lesions.

MMP activity is controlled by tissue inhibitors of ma-
trix metalloproteinases (tIMPs), while the tIMP1 level 
in the cerebrospinal fluid of MS patients was found to 
be decreased [26]. considering these data, the MMP9 
and  TIMP1 genes were included in our study.

the genomic typing of 18  allelic groups of the 
HLA-DRB1 gene and the following single-nucleotide 
polymorphisms (SnPs) 49A>G of the CTLA4 gene; 
–509c>t of the TGFB1 gene; –590c>t of IL4 gene; 
–403G>A of the RANTES gene; –1562c>t of the 
MMP9 gene; 372c>t of the TIMP1 gene; as well as 
of the deletion-insertion polymorphism CCR5 (w→d) 
(“wild type” → deletion of 32  bp), was carried out for 
russian MS patients and their healthy parents, fol-
lowed by the analysis of genetic predisposition to MS 
using the tDt and AFBAc methods. Selection of the 
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polymorphic regions for the analysis proceeded from 
the data on their influence on the level and/or activity 
of the encoded proteins thus, the functional roles of 
the  DRB1 gene alleles in antigen presentation and the 
consequences of deletion in the CCR5 gene resulting in 
the production of the ccr5 inactive protein are well 
known. With regard to the SnPs analysis, rare alle-
les of the TGFB1, IL4, RANTES, and MMP9 genes are 
associated with the enhanced production of the pro-
tein [27–30], whereas the expression of the encoded 
protein on the cell surface is increased in the carriers 
of the allele A of the CTLA4 gene [31]. SnP 372c>t 
of the TIMP1 gene is the only exception with no data 
available.

EXPERIMENTAL

The object of investigation
the study was performed using peripheral blood sam-
ples obtained from members of 104 nuclear families, 
each of them comprising MS patients and their healthy 
parents. the blood samples were collected at the re-
search center of children Health, russian Academy of 
Medical Sciences, and at the Multiple Sclerosis Moscow 
city center . the MS diagnosis was done according to 
McDonald’s criteria [32]. there were 46 male patients 
and 58 female ones; all patients experienced the onset 
of MS before the age of 35. the mean MS onset age was 
18  ±  8 years. the disease had a relapsing–remitting 
course in 102 patients and a primary progressive course 
in two patients. All patients and their healthy relatives 
were residents of the Moscow region and belonged to 
russian ethnicity. All families provided their informed 
consent for participation in the study.

DNA extraction and genotyping
Genomic DnA was extracted from mononuclear blood 
cells using a phenol–chloroform mixture according to 
the standard procedure [33].

Table  1 lists the polymorphic regions of the analyzed 
genes, Pcr-based genotyping methods, and the prim-
ers used. typing of the HLA-DRB1 gene was carried 
out by allele-specific Pcr, in accordance with the rec-
ommendations of the manufacturer of the kit (AO DnA 
technology, russia) used to identify the allele groups 
corresponding to serological specificities from Dr1 to 
Dr18.

 
Statistical analysis
Linkage and association of the genes with MS was 
studied using tDt [6] with χ2 criterion. Haploview  3.32 
free software was used for analysis of bi-allelic poly-
morphism, and FBAt [35] was used for analysis of 
multi-allelic polymorphism of the HLA-DRB1 gene 

and polymorphism of the TIMP1 gene located on the 
X-chromosome. We analyzed the transmission of gene 
alleles from parents to affected children in families 
with at least one heterozygous parent. the difference 
between the frequencies of transmitted and non-trans-
mitted alleles was considered significant at χ2  >  3.8 
(p  < 0.05). In order to analyze MS association with alle-
les of the studied genes using the AFBAc method, the 
control group was made up of the alleles of both par-
ents which were not transmitted to the affected chil-
dren. the probability value (p) was assessed with the 
two-sided Fischer’s exact test using GraphPAD InStat 
1.12a software.

the discrepancy in the observed distribution of gen-
otype frequencies in the groups of patients and their 
healthy parents from the Hardy–Weinberg equilib-
rium was analyzed by the expectation maximization 
algorithm, using Haploview  3.32.

RESuLTS AND DISCuSSION
All the members of the 104  nuclear families were gen-
otyped for the polymorphisms shown in Table  1. Four 
families, for which the paternity was not confirmed by 
the results of genotyping, were excluded from further 
analysis. using Haploview  3.32, we showed that the 
genotype frequency distributions in MS patients and 
their parents were in Hardy–Weinberg equilibrium 
(р < 0.05).

tDt was used to obtain the χ2 values characterizing 
the difference between the observed frequencies of in-
heritance of alleles of the HLA-DRB1, CTLA4, TGFB1, 
IL4, CCR5, RANTES, MMP9, and  TIMP1 genes by 
affected children from 100  nuclear families from the 
frequencies expected in the absence of association 
between the allele and the disease. the χ2 value was 
used to calculate the p value (Table  2). We detected a 
significant linkage/association between MS and the 
HLA-DRB1*15 (χ2  =  5.7, p  =  0.02) and MMP9*(–1562)
С (χ2  =  4.1, p  =  0.04) alleles. For the remaining poly-
morphic regions, no significant results were obtained 
(χ2  <  3.8, p  >  0.05). tDt did not detect the linkage/
association of any studied polymorphism with MS in 
male and female groups separately.

Table  3 lists the results of the AFBAc analysis of 
MS association with the examined polymofphic alle-
les. By comparing the allele frequency in affected chil-
dren with that in the control group consisting of the 
alleles belonging to their mothers and fathers and not 
transmitted to their children, we detected a signifi-
cant MS association only with the HLA-DRB1*15 allele 
(p = 0.02), but not with the alleles of other genes. 

Despite the fact that the family-based association 
analysis has a number of advantages over the popula-
tion-based analysis, such investigations remain rela-



88 | ActA nAturAe |  VOL. 3  № 5 (8)  2011

reSeArcH ArtIcLeS

tively rare around the world. this is particularly true 
for russia due to the complexity of collecting nuclear 
family data. Along with the issue of incomplete fami-
lies, cases of false paternity are of considerable quan-
tity. thus, we had to exclude four families out of the 
initial 104  families in the study.

the genes whose participation in the development 
of MS was studied in this work can be divided into two 
groups, with respect to the extent they were previous-
ly investigated in russians. the HLA-DRB1, CTLA4, 
TGFB1, and CCR5 genes can be referred to the first 
group; we had previously analyzed MS association with 
the polymorphism of the above genes using the case–
control method with unrelated individuals as controls. 
the second group included the IL4, RANTES, MMP9, 
and  TIMP1 genes, which had not previously been stud-
ied in details.

the replication (validation) of the data on the as-
sociation of a particular gene with the disease on in-
dependent samples is now considered as a necessary 
condition for the results to be accepted by the scientific 
community. this requirement was thoroughly satisfied 

in our study for the genes from the first group. the MS 
association with DRB1*15 HLA class  II allele in rus-
sians, which was revealed by tDt and  AFBAc, had 
been shown earlier in population-based studies [36, 
37]. On the other hand, we observed no MS association 
with alleles of the CTLA4, TGFB1, and  CCR5 genes 
neither while carrying out the family-based analysis 
in this study nor while carrying out the case-control 
analysis on independent groups of unrelated individu-
als [37–39].

We had previously used the tDt method to show 
the MS linkage/association of DRB1*15 HLA class II al-
lele in children and adolescents (so-called juvenile MS, 
with onset below the age of 15) [11]. Since only DnA 
samples obtained from 39  nuclear families were avail-
able, we simulated the analysis of the bi-allelic locus 
and compared the carriers of the DRB1*15 allele with 
allele non-carriers: i.e., the carriers of all other alleles 
of the DRB1 gene. In the present study, we first ana-
lyzed the MS linkage and association with all the alleles 
of multi-allele polymorphism of the HLA-DRB1 gene 
in russians and confirmed MS association and linkage 

Table 1. Polymorphisms of the analyzed genes, genotyping methods, and primers used

Gene Polymorphism SnP ID Analysis method 
(reference) Pcr primers (restrictase used)

HLA-DRB1
Allele 01–18 groups, cor-
responding to Dr1–Dr18 

specificities
– SSP-Pcr From the kit for amplification of HLA-DRB1  

(AO DnA technology, russia)

CTLA4 SnP 49A>G
(17thr → Ala) rs231775 Pcr rFLP 

[34]**
5’-AAGGctcAGctGAAcctGGt and  

5’-ctGctGAAAcAAAtGAAAccc[BsteII]

TGFB1 SnP -509c>t rs1800469 SSP-Pcr

5’-GGGcAAcAGGAcAcctGAA-3’(SSP t),5’-
GGGcAAcAGGAcAcctGAG-3’ (SSP c), and 

5’-AAGGcAtGGcAccGcttctG-3’
(common forward primer)

IL4 SnP -590c>t rs2243250 SSP-Pcr

5’-ctAAActtGGGAGAAcAttGtc-3’ (SSP c),  
5’-ctAAActtGGGAGAAcAttGtt 3’ (SSP t),  

and 5’-AGtAcAGGtGGcAtcttGGAAA-3’ 
(common reverse primer)

CCR5 (w → d) (”wild type” → dele-
tion of 32 bp) – Pcr 5’-AGGtcttcAttAcAcctGcAGc-3’  

and 5’-cttctcAtttcGAcAccGAAGc-3’

RANTES SnP -403G>A rs2107538 SSP-Pcr

5’-ccAtGGAtGAGGGAAAGGAGG-3’ (SSP G), 
5’-ccAtGGAtGAGGGAAAGGAGA-3’ (SSP A), 

and 5’-AGGGAAGGGGtcctcctcAG-3’
(common reverse primer)

MMP9 SnP -1562c>t c rs3918242 Pcr rFLP 5’-GcctGGcAcAtAGtAGGccc-3’ and 
5’-cttcctAGccAGccGGcAtc-3’ [SphI]

TIMP1 SnP 372c>t rs4898 SSP-Pcr

5’-ctGttcAGGGAGccAcG-3’ (ASP SSP c), 
5’-ctGttcAGGGAGccAcA-3’ (SSP  t), and 

5’-AGcGAGGAGttctcAttGct-3’
(common forward primer)

* All SNP positions are presented relative to transcription start sites, with the exception of CTLA4 49A>G, where 49 is 
the position relative to the translation start site.
** The reference is given for the case when the technique described was used.
note. SSP–site-specific primer; RFLP–restriction fragment length polymorphism.
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Table  2. Transmission of polymorphous alleles of HLA-DrB1,CTLa4, TGFB1, IL4, CCr5, ranTES, MMP9, and TIMP1 
genes from healthy heterozygous parents to children with multiple sclerosis in100 nuclear families (analysis by TDT)*

Gene Allele
number of 

heterozygous 
parents

transmitted, 
cases

non-
transmitted, 

cases
χ2 p

DRB1

01 35 22 13 2.3 > 0.05
04 34 16 18 0.2 > 0.05
07 36 18 18 0.0 > 0.05
08 12 4 8 1.3 > 0.05
11 53 24 29 0.5 > 0.05
13 37 18 19 0.1 > 0.05
15 70 45 25 5.7 0.02
16 11 3 8 2.3 > 0.05
17 46 20 26 0.8 > 0.05

CTLA4
A

104
51 53

0.04 > 0.05
G 53 51

TGFB1
c

101
48 53

0.3 > 0.05
t 53 48

IL4
c

69
32 37

0.4 > 0.05
t 37 32

CCR5
w

39
20 19

0.03 > 0.05
d 19 20

RANTES
G

63
31 32

0.1 > 0.05
A 32 31

MMP9
c

48
31 17

4.1 0.04
t 17 31

TIMP1**
c

49
28 21

0.5 > 0.05
t 21 28

* Data for the DrB1*09, *10, *12, and *14  alleles, the number of carriers of which among healthy parents is ≤  5 (2.5%), 
are insignificant and are not listed in Tables  2  and  3.
** Since the TIMP1 gene is located on the X-chromosome, we considered the transmission of alleles to affected children 
only from heterozygous mothers.

with the DRB1*15 allele, regardless of the age of onset.
the data on MS association with polymorphism of 

CCR5 (w→d) [40–42] and  SnP 49A>G of CTLA4 in oth-
er caucasians are controversial [43–45], whereas no MS 
association with SnP –509c>t of TGFB1 has been ob-
served [46–48]. As for the DRB1 gene, it appears to be 
the major genetic risk factor for MS in all caucasians, 
although MS associations with other allelotypes, rather 
than DRB1*15, have been detected in some populations 
in the Mediterranean [2].

the absence of individual MS association with pol-
ymorphisms in the CTLA4, TGFB1, and  CCR5 genes 
does not exclude their possible role as genetic risk fac-
tors for the disease, in combination with several oth-
er alleles/genotypes. Indeed, the alleles CTLA4*49G, 
TGFB1*(–509)С, and  CCR5*d are the parts of MS-
predisposing bi- and tri-allelic combinations with al-
leles of other genes found using the APSampler algo-

rithm [37]. combinations of alleles including the CTLA4 
and  TGFB1 genes that are associated with MS were 
detected in other studies [2]. the question of whether 
the association of allelic combinations with polygenic 
diseases can be determined either by the additive con-
tribution of separate genes or by gene-gene interac-
tions remains open. 

Among the genes first time investigated using the 
tDt method in russian MS patients, nonrandom trans-
mission of the MMP9*(–1562)c allele from healthy par-
ents to the affected child was shown. the results ob-
tained for other Slavic populations (in Serbia [49] and 
the czech republic [50]) showed a significant decrease 
in t-allele frequency in MS patients as compared with 
healthy individuals and are in agreement with our data 
that allele c participates in the development of MS. 
However, these results were not confirmed with the 
AFBAc method in our study, whereas t  allele in Poles 
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[51] acts as a MS predisposing allele. thus, the issue of 
the participation of the MMP9 gene in the appearance 
of MS predisposition requires additional studies.

We did not reveal MS association with polymor-
phisms of the IL4, RANTES, and  TIMP1 genes with 
the two methods of family-based analysis. According to 
published data SnP –590c>t of the IL4 gene is associ-
ated with MS in Germans, particularly in females [52]. 
In Spaniards, SnP 33c>t of the IL4 gene is associated 
with MS, demonstrating a total linkage disequilibrium 
with SnP -590c>t of this gene [53]. the results of a 
study carried out in Iranians are in agreement with our 
data on the absence of MS linkage/association with 
the 33c>t region of the IL4 gene [54]. Association of 
RANTES SnP –403G>A with MS remains insufficient-
ly studied; however, association of this polymorphism 
with MS was observed in caucasians in the single study 
found, [55]. Data concerning the analysis of the 372c>t 
region of the TIMP1 gene has not been published.

CONCLuSIONS
In this study, we used the methods of family-based 
analysis of linkage and/or association, which allow to 
eliminate or minimize the effects of a possible ethnic 
heterogeneity of the studied sample in the obtained re-
sults. the role of the HLA-DRB1, CTLA4, TGFB1, IL4, 
CCR5, RANTES, MMP9, and TIMP1 genes polymor-
phisms in MS development in ethnic russians was ana-
lyzed. the data obtained by tDt are evidence of MS 
linkage/association with the DRB1*15 and  MMP9*(–
1562)С alleles; association of DRB1*15 with the disease 
was confirmed by the AFBAc method. the present 
study shows the efficiency of the family-based ap-
proach in the study of polygenic diseases. 

This work was supported by the Russian Foundation 
for Basic Research (grants № 05-04-48982 and  

08-04-01834).

Table  3. Family-based analysis of MS association with alleles of  HLA-DrB1, CTLa4, TGFB1, IL4, CCr5, ranTES, 
MMP9, and TIMP1 genes in  100 nuclear families carried out using the AFBAC method

Gene Allele number (%) of alleles in MS patients 
(n = 200)

number (%) of alleles that were not 
transmitted to affected children by 

parents (n = 200)
p

DRB1

01 25 (12.5) 6 (8) > 0.05
04 22 (11.0) 25 (12.5) > 0.05
07 22 (11.0) 22 (11.0) > 0.05
08 5 (2.5) 9 (4.5) > 0.05
11 25 (12.5) 30 (15) > 0.05
13 21 (10.5) 22 (11) > 0.05
15 50 (25) 30 (15) 0.02
16 3 (1.5) 8 (4) > 0.05
17 22 (11) 28 (14) > 0.05

CTLA4
A 113 (57) 103 (52)

> 0.05
G 87 (43) 97 (48)

TGFB1
c 132 (66) 137 (69)

> 0.05
t 68 (34) 63 (31)

IL4
c 158 (79) 165 (83)

> 0.05
t 42 (21) 35 (17)

CCR5
w 179 (90) 178 (89)

> 0.05
d 21 (10) 22 (11)

RANTES
G 163 (82) 164 (82)

> 0.05
A 37 (18) 36 (18)

MMP9
c 120 (60) 105 (53)

> 0.05
t 80 (40) 95 (47)

TIMP1
c 88 (56) 80 (55)

> 0.05
t 68 (44) 65 (45)
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ABSTRACT Comparative bioinformatic analysis is the cornerstone of the study of enzymes’ structure-function 
relationship. However, numerous enzymes that derive from a common ancestor and have undergone substan-
tial functional alterations during natural selection appear not to have a sequence similarity acceptable for a 
statistically reliable comparative analysis. At the same time, their active site structures, in general, can be con-
served, while other parts may largely differ. Therefore, it sounds both plausible and appealing to implement a 
comparative analysis of the most functionally important structural elements – the active site structures; that 
is, the amino acid residues involved in substrate binding and the catalytic mechanism. A computer algorithm 
has been developed to create a library of enzyme active site structures based on the use of the PDB database, 
together with programs of structural analysis and identification of functionally important amino acid residues 
and cavities in the enzyme structure. The proposed methodology has been used to compare some α,β-hydrolase 
superfamily enzymes. The insight has revealed a high structural similarity of catalytic site areas, including the 
conservative organization of a catalytic triad and oxyanion hole residues, despite the wide functional diversity 
among the remote homologues compared. The methodology can be used to compare the structural organization 
of the catalytic and substrate binding sites of various classes of enzymes, as well as study enzymes’ evolution and 
to create of a databank of enzyme active site structures.
KEYWORDS bioinformatics, comparative analysis, active site, structural alignment, α,β-hydrolases
ABBREVIATIONS PDB - Protein Data Bank; CSA - Catalytic Site Atlas

INTRODuCTION
comparative bioinformatic analysis is the cornerstone 
in the study of enzymes’ structure-function relation-
ship. Multiple sequence comparisons have become a 
common tool in such an analysis. While a statistically 
significant sequence or tertiary structure similarity be-
tween proteins is justified as evidence of homology [1], 
some enzymes lose sequence similarity during natu-
ral selection and specialization from a common ances-
tor. consequently, a bioinformatics analysis of remote 
homologues remains a bottleneck of existing methods 
for sequence comparison. 

the protein’s structure is better conserved through-
out evolution as compared to sequence [2, 3]. there are 
numerous examples of proteins that show sequence 
similarity close to random (roughly 8-15% identity con-
sidering gaps) but still adopt similar structures, contain 
identical or related amino acid residues in their active 
sites, and have similar catalytic mechanisms [4]. In con-
trast to commonly known sequence alignments [5-7], a 

three-dimensional alignment is based on the compari-
son of the geometric orientation of amino acid residues 
in tertiary structures, rather than on the biochemical 
properties of these residues at corresponding positions 
of primary structures [8]. currently, there are almost 
70,000 structures in the Protein Data Bank (PDB), 
and this number is constantly growing [9]. Accessibil-
ity of this information provides new opportunities for 
a comparative bioinformatic analysis. For example, 
the 3D-alignment of crystal structures has allowed to 
identify the relationship between distant members of 
ntn-hydrolases family enzymes with low sequence 
similarity [10, 11]. It is therefore hoped that studying 
the structure-function relationship in enzyme families 
consisting of evolutionarily remote homologues using 
three-dimensional alignment could provide more sig-
nificant clues as to a protein’s function, properties, and 
evolution than sequence alignment alone. 

the experience gained in a comparative analysis al-
lows to assume that the spatial organization of the ac-
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tive site area is the best conserved part of homologous 
enzymes, while the remaining structure may signifi-
cantly differ (Fig. 1) [12-15]. It is widely believed that 
packing of the polypeptide chain and side chain orien-
tation of the amino acid residues in the active site has a 
major impact on the ability of an enzyme to recognize, 
bind, and transform a substrate. Moreover, amino acid 
residues that impact substrate specificity and catalytic 
activity generally have been observed within 7-15Å 
from key catalytic residues [16]. thus, while study-
ing the relationship between remote homologues it is 
necessary to perform a bioinformatics analysis in three 
layers: on the amino acid sequences, three-dimension-
al structures, and structural organization of the active 
site areas. A comparative study of the most functionally 
significant parts of the enzyme structures - the active 
sites - is of particular interest. 

A computer algorithm has been developed to cre-
ate a library of enzyme active site structures based on 
the use of the PDB database, together with numerous 
programs of structural analysis and identification of 
functionally important amino acid residues and cavities 
in an enzyme’s structure. the proposed methodology 
was used for a comparative bioinformatic analysis of 
some α,β-hydrolase superfamily members.

METHODS

Gathering homologues
A structure-based similarity to lipase B from Candida 
antarctica search in the PDB databank was performed 

using the SSM program [8]. Hits were dismissed by the 
amount of successfully fitted secondary structure ele-
ments (at least 30% SSes should coincide in both the 
target structure and the query 1tcB). A sequence-
based similarity search was performed with the PSI-
BLASt program [7] via a nonredundant (nr) sequence 
dataset. Sequences were clustered at a 95% similarity 
threshold, and only one representative sequence from 
a cluster was retrieved.

Multiple alignment
Multiple sequence alignment of both the full-size struc-
tures and active site areas of enzymes was performed 
using the t-coffee [17] and Mustang [18] algorithms. 

Visualization 
the Pymol [19] program was used for structural analy-
sis. the Jalview program [20] was used for the repre-
sentation of primary structure alignments.

Multiple alignment statistical analysis
to assess the conservation score of a column I in a mul-
tiple alignment, the Valdar&thornton formulation was 
used:

where M is the amino acids substitution matrix; s
i
 and 

s
j
 – the amino acids in the sequences i and j of column 

I; and the coefficient γ is calculated as

the parameters w
i
 and w

j
 refer to the weights of the 

sequences i and j as in the Vingron&Argos formula-
tion[22]:

where d is the “genetic” distance between the sequenc-
es i and j calculated in terms of pairwise identities.

Finally, a Z-score of standard normal distribution 
was taken as a measure of a column’s conservation:

where С
I
rnd is the conservation score of a randomly as-

signed column.
A Bernoulli rank-order statistics (B-cutoff) was im-

Fig. 1. Structure alignment of lipase B from C. antarc-
tica (1TCB) and hydroxynitrile lyase from H. brasiliensis 
(1YB6). Conserved parts containing the active site resi-
dues of two enzymes are marked in different colors.
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plemented [23, 24] to estimate the statistical signifi-
cance of the acquired Z-scores. Previously obtained 
Z

i
 scores are ordered in decreasing order, and then a 

rank k is computed so that the first k scores comprise 
a set of hits that are the least probable to be observed 
by chance:

)

where n is the total number of computed Z-scores, C
n

i 

is the binomial coefficient, and 

RESuLTS AND DISCuSSION
A comparative analysis of the catalytic site organiza-
tion, as opposed to a full-size structural comparison, 
could become a source of new crucial information con-
cerning an enzyme’s structure-function relationship. 
Here, the term “active site” refers to the amino acid 
residues involved in the catalysis, together with those 
forming the active site cavity and thus indirectly in-
volved in the catalytic mechanism by interacting with 

the substrate or “catalytic” amino acid residues. to per-
form a comparison of enzymes’ active sites, a library 
of corresponding structures should first be created. A 
computer algorithm is being proposed to localize and 
isolate the structure of an enzyme’s active site (Fig. 2). 
It consists of three steps:

1. Identification of the active site residues involved 
in the catalytic mechanism. Amino acid residues are 
defined as catalytic if they meet any of the following 
criteria – direct involvement in the catalytic mecha-
nism (for example, as a nucleophile), alteration of the 
acid-base properties of an active site residue or water 
molecule directly involved in the catalytic mechanism, 
and stabilization of the transition state or intermedi-
ate of an enzymatic reaction. the catalytic Site Atlas 
database (cSA) [25] provides an annotation of the cata-
lytic residues of the enzymes present in the PDB data-
bank. cSA is available to the public at http://www.ebi.
ac.uk/thornton-srv/databases/cSA and contains two 
types of annotated sites: an original hand-annotated 
set based on information gathered from the literature 
and an additional homologous set with transferred an-
notations produced by the PSI-BLASt program [7]. If 
an enzyme is not listed in the cSA, then catalytically 
important residues should be gathered manually in the 
literature or identified using different bioinformatics 
approaches [26-28]. 

2. Identification of the amino acid residues respon-
sible for substrate delivery, binding and orientation in 
the active site. Substrate binding, as a rule, takes place 
in the so-called structural pockets and cavities on the 
protein’s surface. Various amino acid residues forming 
the active site area are not involved directly into the 
catalytic machinery but interact with the substrate’s 
functional groups, while diffusion and orientation en-
sure a productive binding and reactive conformation 
of the enzyme-substrate complex. the cAStp struc-
tural analysis algorithm [29] can be used to complete 
this step.

3. Finalizing enzyme active site structural data and 
the PDB coordinate file. catalytic residues (determined 
in step 1) and amino acid residues forming the substrate 
binding site (determined in step 2) are joined together 
with surrounding residues, forming secondary-struc-
ture elements and intermediate loops.

Finally, a substructure of an enzyme is created con-
taining the amino acid residues involved in substrate 
binding, together with the catalytic amino acid resi-
dues and some surrounding residues selected to benefit 
the integrity of the structural fragment. technically, it 
is dumped into the hard drive as a PDB coordinate file 
with the possibility of including additional information 
from other databases concerning enzyme structure, 
function or the peculiarities of its catalytic mechanism. 

Fig. 2. Active site area – a substructure of an enzyme 
consisting of the amino acid residues involved in substrate 
delivery, binding, and orientation (yellow), as well as the 
amino acid residues of the catalytic machinery (blue) and 
some surrounding residues selected to benefit the integ-
rity of the fragment (showed as dashes). 
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the suggested algorithm could be used to create a li-
brary of the active site structures of all enzymes in-
cluded in the PDB databank.

the proposed methodology has been used for a com-
parative bioinformatic analysis of some α,β-hydrolase 
superfamily enzymes – lipase B from Candida antarc-
tica (PDB code 1tcB) [12], serine carboxypeptidase 
from Triticum aestivum (1WHS) [30], and hydroxyni-
trile lyase from Hevea brasiliensis (1YB6) [13], as well 
as their homologues established via a combination of 
iterative sequence searches and structural comparisons 
(see Methods). the pairwise sequence identity between 
1tcB and 1WHS is 7.8%; 1tcB and 1YB6 – 12.4%; and 
1WHS and 1YB6 – 13.7%. Such a low sequence iden-
tity does not allow to compare distant homologues by 
sequence alignment. A 3D-comparison also failed to 
reveal a significant similarity in the spatial organization 
of enzyme structures. For example, only catalytic triad 
residues can be aligned using the SMM program [8], 
while oxyanion hole residues remain unattended. Op-
positely, the Mustang [18] program can align the oxy-
anion hole residues with catalytic serines but cannot 
fit other residues of the catalytic triad: histidines and 
aspartates. With this type of interposition, it remains 
hard to identify hidden and functionally important 

regions, while partial manual correction of the align-
ment does not seem to be a reliable means to improve 
its quality. the obvious discrepancies in the results ob-
tained using various programs of structural alignment 
are due to the major differences between the full-size 
structures of enzymes catalyzing different reactions – 
only 161 out of 408 amino acid residues of the 1WHS 
serine carboxypeptidase structure could potentially fit 
the structure of 1tcB lipase from Candida antarctica 
and 1YB6 hydroxynitrile lyase from Hevea brasiliensis. 
thus, the proposed procedure was used to prepare the 
corresponding active site structures for a comparative 
structural analysis of enzymes so distinct. the result-
ing files consisted of 170 amino acid residues for 1tcB 
(54% of the full-size structure), 287 for 1WHS (70%), 
and 159 for 1YB6 (62%). the analysis of the multiple 
structural alignment of enzyme active sites revealed 
a packing similarity between the polypeptide chains, 
while the organization of the catalytic triad residues 
was the best conserved – Ser105, His224 and Asp187 
(as in 1tcB, see Table). those positions not only con-
tain the same type of amino acid residues amongst 
homologues, but they also have similar orientation in 
the structure (Figs. 3, 4). Moreover, a geometric com-
parison of the active sites of the enzymes that catalyze 

Conserved amino acid residues in active site of lipase B from Candida antarctica, serine carboxypeptidase from Triticum 
aestivum, as well as hydroxynitrile lyase from Hevea brasiliensis and their homologues 

rank Z-score p-value Position Alignment column content

1 5.909034 1.496923e-07 224H HHHHH HHHHH ... HHHHH HH

2 5.909034 1.107511e-14 187D DDDDD DDDDD ... DDDDD DD

3 5.909034 5.399159e-22 105S S S S S S  S S S S S  . . .  S S S S S  S S

4 5.585937 4.061221e-26 39G GGGGG GGGGG ... GnttG GG

5 4.976042 1.329205e-25 108G GGGGG GGGGG ... AAAAA GG

6 3.643481 2.960176e-15 103t GGGGG GGttS ... S t t S S  AG

7 3.077561 7.318560e-12 107G AAAAA AAGGG ... GGGGG GG

8 2.282191 6.757472e-06 106Q YYYYY YYQLQ ... YFFYY FF

9 2.097392 2.845755e-05 190V ccccc ccccc ... VVVVL LL

10 1.970983 5.325320e-05 184S GGGGG GGGGG ... SnnSS nn

11 1.833495 1.540646e-04 80t AAAAA AAAAA ... GAAVA YY

12 1.525180 8.996767e-03 42t GGGGG GGGGG ... trVAG GG

13 1.238283 1.410807e-01 132A nnnnn nnnnn ... AAAAD DD

14 1.203052 1.191297e-01 133P GGGGG GGGGG ... P P P P P  PG

15 1.173696 9.573976e-02 82Y DDDDD nnDSn ... QeeQQ YY

note. Results of bioinformatic analysis are presented in decreasing order of their statistical significance (Z-score).  
The P-value for a position rank i refers to the probability of a result from 1 to i to occur in a random sample.  
Reference position numbering as in 1TCB lipase. Statistical significance threshold is shown in red.



reSeArcH ArtIcLeS

 VOL. 3  № 5 (8)  2011  | ActA nAturAe | 97

quite diverse chemical reactions revealed a similarity 
in the organization of the oxyanion hole residues and 
accompanying loops – part of the structure containing 
amino acid residue thr40 in lipase B fits Ile12 in hy-
droxynitrile lyase and Gly53 in carboxypeptidase. An-
other oxyanion hole residue – Gln106 in lipase B – that 
follows the catalytic Ser105 also fits into homologous 
positions in other enzymes: tyr147 in carboxypeptidase 
and cys81 in hydroxynitrile lyase. the variability of 
amino acid types in those positions could be justified 
by taking into account the fact that the nH-group of 
the main chain peptide bond formed by these residues 
is involved in the stabilization of the tetrahedral inter-
mediate [12, 13]. the observed structure conservation 
is especially interesting for hydroxynitrile lyases, since 
their catalytic mechanism does not involve the forma-
tion of a tetrahedral intermediate and its stabilization 
[31]. thus, a comparative analysis has helped outline 
the structural conservation of functionally important 
active site areas for the evolutionarily remote homo-
logues of α,β-hydrolase superfamily enzymes: lipase 
B from Candida antarctica, serine carboxypeptidase 
from Triticum aestivum, and hydroxynitrile lyase from 
Hevea brasiliensis. 

CONCLuSIONS
A computer algorithm has been developed to create a 
library of enzyme active site structures based on the 
use of the PDB database, in combination with numer-
ous programs for the structural analysis and identifi-

cation of functionally important amino acid residues 
and cavities. the proposed methodology has been used 
for a comparative bioinformatic analysis of some α,β-
hydrolase superfamily enzymes. the comparative anal-
ysis helped pinpoint a high similarity in the active site 
structures of evolutionarily remote homologues of α,β-
hydrolase superfamily members – lipase B from Can-
dida antarctica, serine carboxypeptidase from Triticum 
aestivum and hydroxynitrile lyase from Hevea brasil-
iensis – despite the low sequence and full-structure 
identity of these enzymes. A common structural or-
ganization of catalytic residues and oxyanion holes was 
observed between serine carboxypeptidase, lipase B, 
and hydroxynytrile lyase, despite a significant differ-
ence in their functional properties and ability to cata-
lyze diverse chemical transformations. these results 
demonstrate that a bioinformatic analysis of enzymes 
and the study of the general principles of biocatalysis 

Fig. 3. Structural alignment of the active sites of α,β-
hydrolase family enzymes: lipase B from Candida ant-
arctica, serine carboxypeptidase from Triticum aestivum 
and hydroxynitrile lyase from Hevea brasiliensis and their 
homologues. Conserved residues of the catalytic triad 
and surrounding loops are indicated with red arrows.

Fig. 4. Structural alignment (textual representation) of 
the active sites of α,β-hydrolase family enzymes: lipase B 
from Candida antarctica, serine carboxypeptidase from 
Triticum aestivum and hydroxynitrile lyase from Hevea 
brasiliensis and their homologues. The sequence is less 
conserved throughout evolution, compared to structures. 
Conserved residues of the catalytic triad are indicated 
with red dashes.
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should not be limited to sequence and full-structure 
alignments only. A comparative bioinformatic analy-
sis of the most functionally significant parts of enzyme 
structures – their active sites – can help uncover re-
semblances even among remote homologues. this 
methodology can be used to study the structural or-
ganization of the catalytic and substrate-binding sites 
of various enzymes, as well as to create a database of 

enzyme active site structures. In addition, the proposed 
algorithm can be applied when comparing unrelated 
enzymes with no sequential or structural similarity but 
with an analogous function developed independently in 
the course of convergent evolution. 

This work was supported by the Russian Ministry of 
Science and Innovation (contract № 02.740.11.0866)
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Multi-walled Сarbon Nanotubes Penetrate 
into Plant Cells and Affect the Growth  
of Onobrychis arenaria Seedlings
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ABSTRACT Engineered nanoparticles (ENPs) are now being used in many sectors of industry; however, the 
impact of ENPs on the environment still requires further study, since their use, recycling, and accidental spill 
can result in the accumulation of nanoparticles in the atmosphere, soil, and water. Plants are an integral part 
of ecosystems; hence their interaction with ENPs is inevitable. It is important to understand the consequences 
of this interaction and assess its potential effects. The present research is focused on studying the effects of the 
industrial material Taunit, containing multi-walled carbon nanotubes (MWNTs), on plants, and testing of its 
ability to penetrate into plant cells and tissues. Taunit has been found to stimulate the growth of roots and stems 
and cause an increase in peroxidase activity in Onobrychis arenaria seedlings. Peroxidase activity increases with 
decreasing concentration of Taunit from 1,000 to 100 mg/l. MWNTs from Taunit were detected in the cells and 
tissues of seedling roots and leaves, implying the ability of MWNTs to penetrate into roots and accumulate there, 
as well as their ability to be transported into seedling leaves. Thus, the changes in the physiological parameters 
of plants are associated not only with MWNT adsorption on the root surface, as previously believed, but also with 
their penetration, uptake and accumulation in the plant cells and tissues.
KEYWORDS multi-walled carbon nanotubes, light microscopy, electron microscopy, electron diffraction pattern, 
O. arenaria seedlings.
ABBREVIATIONS CNM – carbon nanomaterials; MWNT – multi-walled carbon nanotubes; SWNT – single-walled 
carbon nanotubes; TEM – transmission electron microscopy, SAED – selected area electron diffraction.

INTRODuCTION
the great benefits of using nanomaterials in modern 
technologies are no longer questioned. However, the 
potential negative effects associated with the propa-
gation and accumulation of nanomaterial components, 
such as nano-particles and nanofibers in the environ-
ment, require further study [1, 2]. Plants are the major 
components of ecosystems; subsequently, significant 
attention should be paid to the effects of various tech-
nogenical materials upon them [3–5]. carbon nanoma-
terials (cnM), such as fullerenes, multi-walled carbon 
nanotubes (MWnts), and single-walled carbon nano-
tubes (cWnts), are a matter of special interest, as their 
industrial production is rapidly developing. Since nano-
tubes have a fibrillar form, they are compared with as-
bestos [6]. In light of such an analogy, potential adverse 
effects on living organisms can be anticipated [7]. Pre-
liminary studies have provided evidence that MWnts 

and SWnts are pathogenic to animals [8], yet they 
have different effects on plants. MWnts were shown to 
considerably increase the growth rate of tomato seed-
lings [9], have no effect on the growth parameters of 
wheat [10], and inhibit the growth of rice seedlings [11]. 
SWnts have been shown to suppress the growth of to-
mato roots, but stimulate the root growth of onion and 
cucumber [12]. In contrast, MWnts have a toxic effect 
on Arabidopsis cultured cells. [13]. High adsorption of 
MWnt/SWnt on the roots of seedlings was observed 
in all the experiments conducted. However, the pen-
etration, uptake and accumulation of MWnts/SWnts 
in plant cells and tissues are not well documented . Fur-
thermore, the mechanism of the development of the 
physiological changes caused by the exposure of plants 
to nanotubes also remains unclear. the present work 
was aimed at studying the effect of the industrial na-
nomaterial taunit, containing MWnts, on O. arenaria 
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seedlings, and the ability of MWnts to penetrate and 
accumulate in plant cells and tissues.

EXPERIMENTAL PART

Object of the study
the object of the present study is industrial cnM 
taunit (nanotechcenter Ltd., tambov, russia). this 
material is a loose black powder, composed of grainy 
agglomerates with a size of several micrometers. Ag-
glomerates mostly consist of entangled MWnt bundles. 
MWnts have a hollow cylindrical structure; at least 2 
µm long, with an external diameter of 20–70 nm and 
an internal diameter of 5–10 nm. taunit is produced by 
chemical vapor deposition; its purity is above 98% [14].

Seed germination and morphometric assessment
the seeds of Onobrychis arenaria were germinated in 
a medium containing a colloidal aqueous solution of 
cnM taunit with a concentration of 100 or 1,000 mg/l. 
Prior to use, cnM was dispersed in distilled water 
by ultrasonic treatment . Distilled water was used 
to prepare the control medium. the seeds (50 seeds 
per dish) were grown for 10 days on filter paper in 
glass Petri dishes (diameter of 90 mm) with 5 ml of a 
cnM suspension added. 200 seeds were used in each 
experiment. the growth conditions followed the re-
quirements of the State Standard procedure GOSt 
12038-84 (Agricultural seeds. Methods for evalua-
tion of germination ). the effect of cnM on esparcet 
seedlings was estimated on the basis of the following 
parameters: the rate of seed germination (%), the en-
ergy of germination (%), and the length of the roots 
and stems . the energy of germination and the rate 
of germination were determined as the ratio between 
the number of germinated seeds and the number of 
plated seeds by day 5 and day 10, respectively (%, in 
accordance with the State Standard).

Extraction of soluble peroxidases and determination 
of their activity
the weighed samples (2 g) of O. arenaria seedlings tis-
sues were placed into 5 ml of a cold phosphate/citrate 
buffer (1 M solution of citric acid + 1 M naH2

PO
4
, two 

solutions combined to achieve pH 5.5) and ground in 
a porcelain mortar at 4°С [15]. the homogenate was 
centrifugated at 3,000 g for 15 min. the cleared super-
natant was used to determine the activity of soluble 
peroxidases on the basis of the change rate (time, s) of 
the optical density at a wavelength of 580 nm in the re-
action mixture containing 0.5 ml of 0.1 M solution of the 
phosphate/citrate buffer (pH 5.5), 0.5 ml of 0.3% Н

2
О

2
, 

0.5 ml of 0.05% guaiacol (Sigma, uSA), and 0.5 ml of the 
sample. Peroxidase activity was measured at 25оС im-

mediately after the enzymes were extracted from the 
samples. enzymatic activity was calculated by Boyar-
kin’s method [16] and expressed in arbitrary units of 
activity per gram of fresh tissue weight per second, ac-
cording to the following formula:

А = (ε × α × β × γ)/(d × t), 

where ε is the extinction coefficient,
α is the ratio between the amount of buffer taken for 
extract preparation (ml) to fresh tissue weight (g),
β is the degree of additional dilution of the extract in 
the reaction mixture,
γ is the degree of constant dilution of the extract in the 
reaction mixture,
d is the thickness of the absorbing layer (mm); and
t is the reaction time (s).

Light and electron microscopy
the bottom of a plastic box (approximate dimensions 
40 × 40 × 7 cm) was covered with four gauze layers 
moistened with a cnM solution or water (in the control 
sample). 100 O. arenaria seeds were placed on the gauze 
and exposed either to the cnM solution at the concen-
tration 300 mg/l or water without cnM.

After 5 and 10 days of exposure to cnM, the seed-
lings were fixed for light and electron microscopic 
studies . For light microscopy, the seedlings were fixed 
in a 3:1 mixture of 96% ethanol and acetic acid for 16 h. 
After fixation, the plant samples were put into 70% 
ethanol. the plant parts under study (roots, leaves, co-
leoptiles) were then placed onto a glass slide into a drop 
of 45% acetic acid. the preparations of whole mount 
plant parts were made according to the standard pro-
cedure [17]. the preparations were analyzed using a 
Leica DM1000 light microscope (objectives ×10, ×20, 
×40, and ×100). the images were recorded with a Leica 
DFc 295 digital camera (sensor size 3 × 106 pixels).

For transmission electron microscopy (teM), the 
seedlings were fixed with 2.5% glutaraldehyde on a 
0.1 M na-K-phosphate buffer (pH 7.2) supplemented 
with sucrose (15 mg/ml). the samples were then de-
hydrated in a series of solutions of increasing ethanol 
concentrations and embedded in epon 812, according 
to the standard procedure. For optimization of MWnts 
detection within plant tissues, we opted not to use ad-
ditional fixation with OsO

4
 and staining with uranyl ac-

etate and lead citrate.
the sample of pure cnM was prepared for teM 

as follows: 25 mg of taunit was placed onto the sur-
face of unpolymerized resin (epon 812), poured into 
a tube. then, the sample was centrifugated for 3 min 
at 6,000 g and polymerized, according to the standard 
procedure.
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ultrathin sections of the samples embedded into 
epon were investigated by teM and SAeD (selected 
area electron diffraction) using transmission electron 
microscopes JeM-1011 (JeOL) equipped with a GA-
tAn eS500W digital camera, and LeO 912АВ (carl 
Zeiss).

RESuLTS AND DISCuSSION

Effect of Taunit on the morphometric and biochemical 
characteristics of O. arenaria seedlings
In order to characterize the phytotoxicity of cnM, we 
used seed germination tests, in which the germination 
energy, germination rate, length of roots and stems, and 
peroxidase activity were estimated [18]. the germina-
tion of O. arenaria seeds in the presence of the colloidal 
solution of cnM taunit increased the germination en-
ergy by 14% as compared with the control sample. cnM 
with a concentration of 100 and 1,000 mg/l increased 
the seeds germination rate by 2 and 7%, respectively 
(Fig. 1a). taunit also stimulated the growth of roots and 
stems of seedlings . At cnM concentrations of 100 and 
1,000 mg/l, the root length increased by 55 and 73%, re-
spectively; the length of seedling stems increased by 84 
and 82%, as compared with the control sample (Fig. 1b). 
thus, cnM taunit slightly increased the germination 
rate and the germination energy of seeds and consider-
ably increased the length of roots and stems of seedlings 
. taunit at the concentrations of 100 and 1,000 mg/l also 
enhanced peroxidase activity in O. arenaria seedlings, 
respectively, to 0.31 ± 0.01 and 0.19 ± 0.02 au/g fresh 
weight, which is significantly higher than the control 
value (0.12 ± 0.01) (Fig. 1c). It is well-known that plants 
respond to mechanical stress and injury by changing 
their morphology or growth rate. this phenomenon has 
become known as thigmomorphogenesis. thigmomor-
phogenetic changes are regarded as the adaptation proc-
ess to stress in plants, and plant hormones play an im-
portant role in this process [19]. under mechanical stress 
or after injury, the activity of the plants stress hormone, 
jasmonic acid, increases, whereas the activity of auxin , 
which controls the processes of morphogenesis and plant 
growth, decreases. these changes of plant hormone lev-
els may be associated with the increase of peroxidase 
activity [20-22]. Peroxidases are involved in a number 
of biological processes, such as photosynthesis, respira-
tion, and protein metabolism. It is an antioxidant enzyme 
with high sensitivity towards external factors, and this 
allows using peroxidase activitiy assay for testing of the 
physiological state of plants. In most cases, a high lev-
el of peroxidase activity demonstrates the initiation of 
the mechanism of a nonspecific response of the plant to 
stress [23]. It can be assumed that increase in peroxidase 
activity is associated with the oxidative stress caused by 

cnM. It has been shown that MWnts, accumulated at 
the root surface, often pierce cell walls of epidermal cells 
[10]. Such interaction can be considered as a mechanical 
injury and thus elevate the level of peroxidase activity. 
Our results confirmed that the level of peroxidase ac-
tivity decreases with an increase in cnM concentration. 
this observation could be explained by the inactivation 
of peroxidase molecules by nanotubes due to sorption or 
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the viability, morphological and biochemical parameters of 
O. arenaria seedlings.
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other chemical interactions. Our studies demonstrated 
that, along with an increase in the level of peroxidase ac-
tivity, exposure to cnM stimulated the growth of roots 
and stems of plants . Further research is needed to ex-
plain the mechanisms of the enhanced growth of plants 
in the presence of cnM.

Analysis of CNM Taunit in O. arenaria seedlings using 
light and electron microscopy
upon germination of O. arenaria in the presence of 
cnM taunit, the roots, stems, and leaves of seedlings 
acquire a characteristic dark gray color. Analysis of 
whole mount preparations showed that dark gray and 

50 µm
a

b
20 µm

c
10 µm

Fig. 2. Not stained and not contrasted preparation of a 
squashed esparcet root. a – areas of CNM accumulation 
in the root are shown by rectangles. CNM decorates 
root cap, region of maturation and vascular tissues. Scale 
50 µm. b – inclusions of CNM located in the maturation 
region. Scale 20 µm. c – large accumulations of CNM in 
the apoplast (arrow) and in the cell (triangular arrow). 
Scale 10 µm.

a

b

c

50 µm

20 µm

10 µm

Fig. 3. Not stained and not contrasted preparation of 
a squashed esparcet leaf. a – CNM decorates vascular 
tissue (triangular arrow). Scale 50 µm. b – CNM stains 
vascular strands and localizes in stomata (arrows). Scale 
20 µm. c – CNM in stomata guard cells and epidermal cells 
(arrows). Scale 10 µm.
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black agglomerates are localized on the surface of seed-
ling roots and within particular tissues and cells of the 
roots, stems, and leaves (Figs. 2a-c, 3a-c). ultrathin sec-
tions prepared from the plant organs containing ag-
gregations of cnM were analyzed by teM. Prior to 
studies of plant material, we had analyzed a pure cnM 
sample. teM demonstrated that cnM taunit (Fig. 4a, 
b) contains mostly agglomerates of MWnts and some 
inclusions of a nanodispersed electron-dense material 
(presumably, graphitized carbon). the characteris-
tic features of MWnts are presented in Fig. 4b. the 
MWnts without a small amount of inclusions (Fig. 4c) 
were characterized by the SAeD method . As shown in 
Fig. 4d, due to the regular periodical packing of carbon 
atoms, MWnts have an electron diffraction pattern 
typical for polycrystalline structures. this diffraction 
pattern was used as a reference sample for the identi-
fication of MWnts in biological material.

the analysis of ultrathin sections of roots and leaves 
showed that cnM is present on the surface and inside 
the seedling organs. the adsorption of MWnts on the 

root surface (Fig. 5a) has also been reported by other 
researchers [3, 10, 11]. Furthermore, agglomerates 
and single MWnt of different lengths are detected 
in root (Figs. 5b,c) and leaf cells (Figs. 6a-c). thus the 
MWnts are unmistakably identified by teM. How-
ever, if MWnts are located transversely or at some 
angle to the section plane, it is difficult to distinguish 
the MWnt fragments from different electron-dense 
endogenous inclusions. the method SAeD can be used 
to identify MWnt in plant tissues (Figs. 5d, 6d). Su-
perposition of electron diffraction patterns of MWnts 
found in biological samples (Fig. 5e, 6e) with the refer-
ence electron diffraction pattern (Fig. 4d) confirms the 
presence of MWnts in plant cells. Additional diffrac-
tion spots on the electron diffraction pattern are ac-
counted for by the presence of endogenous crystalline 
inclusions in plant tissues.

the accumulation of MWnts on the root surface 
was reported by many authors [3, 9–11] and it has been 
suggested that interaction of MWnts with plant organs 
affects plant growth and development [13]. Adsorption 

a

b

c

d

1 µm

500 nm

200 nm

Fig. 4. TEM analy-
sis of CNM Taunin 
sample. a, b – 
ultrathin section 
of CNM sample; 
c – accumulation of 
SNM analyzed with 
SAED; d – the dif-
fraction pattern of 
CNM shown in c.
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of a large amount of MWnts on the root surface may 
suppress the water flux and uptake of nutrients, thus 
inhibiting plant growth [11]. conversely, the stimula-
tion of seed germination may be associated with the 
fact that nanotubes (SWnts) pierce the seed cover and 
increase water uptake, facilitating seed germination 
and plant growth [9]. However, SWnts not only pierce 
the cell wall , but also penetrate inside the cells; this 
phenomenon was demonstrated using FItc-labeled 
SWnts (SWnt/FItc) [24]. Insertion of MWnt into 
the wall of epidermal cells and root hairs up to 4 µm 

was observed in wheat seedlings using two-photon 
excitation microscopy; however, penetration of whole 
MWnts into the cytoplasm was not noted [10]. the au-
thors assumed that penetration, uptake and accumula-
tion of MWnts are less evident due to the larger nano-
tube diameter as compared with that of SWnt [10].

CONCLuSIONS
We demonstrated that MWnts penetrate cell walls, 
accumulate in the cells and tissues, and most likely are 
transported via a plant’s vascular system from roots to 

a

b

c

d

e

f

20 µm

1 µm

0.5 µm

200 nm

Fig. 5. O. arenaria 
seedling grown in the 
presence of CNM, 
ultrathin sections of 
root. a – accumula-
tion of CNM on the 
root surface is shown 
with arrow; b – accu-
mulations of CNM on 
the root surface and 
within the root cells; 
c – aggregates of 
CNM found in the cells 
containing nanotubes 
(thin arrow) and finely 
dispersed electron-
dense material (thick 
arrow); d – the area 
of the root with CNM 
selected for analysis 
with SAED; e – dif-
fraction pattern of the 
area shown in d; f – 
superimposed image 
of pure CNM diffrac-
tion pattern (Fig. 4d) 
and inverted image of 
the diffraction pattern 
of CNM found in the 
root cell (Fig. 5e). The 
overlapping diffraction 
spots are white; non-
overlapping – black.
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stems and the leaves of O. arenaria seedlings. We ar-
gue that the stimulation of O. arenaria roots and stems 
growth and the increase in peroxidase activity were in-
duced by the oxidative stress which develops due to the 
accumulation of MWnts in plant cells and tissues. 

The authors are grateful to S.S. Abramchuk 
(Belozersky Institute of Physico-chemical Biology) for 

assistance with this study.

а
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50 µm

2 µm
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200 nm

Fig. 6. O. arenaria seed-
ling grown in the presence 
of CNM, ultrathin sections 
of leaf. a – the leaf area 
containing two aggre-
gates of CNM. Framed 
area is magnified and 
shown in b and c; b,  
c – CNM contains nano-
tubes and finely dispersed 
electron dense inclusions; 
d – the area of the leaf 
with CNM selected for 
analysis with SAED; e – 
diffraction pattern of the 
area shown in d; f – super-
imposed image of the pure 
CNM diffraction pattern 
(Fig. 4d) and inverted 
image of the the diffraction 
pattern of CNM found in 
the leaf cell (Fig. 6e). The 
overlapping diffraction 
spots are white; nonover-
lapping – black.
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ABSTRACT Myocardial infarction is one of the most serious and widespread diseases in the world. In this work, 
a minimally invasive method for simulating myocardial infarction in mice is described in the Russian Federa-
tion for the very first time; the procedure is carried out by ligation of the coronary heart artery or by controlled 
electrocoagulation. As a part of the methodology, a series of anesthetic, microsurgical and revival protocols are 
designed, owing to which a decrease in the postoperational mortality from the initial 94.6 to 13.6% is achieved. 
ECG confirms the development of large-focal or surface myocardial infarction. Postmortal histological examina-
tion confirms the presence of necrosis foci in the heart muscles of 87.5% of animals. Altogether, the medical data 
allow us to conclude that an adequate mouse model for myocardial infarction was generated. A further study is 
focused on the standardization of the experimental procedure and the use of genetically modified mouse strains, 
with the purpose of finding the most efficient therapeutic approaches for this disease.
KEYWORDS myocardial infarction, coronary artery, ligation, controlled electrocoagulation, ECG (electrocardio-
gram).

INTRODuCTION
the simulation of myocardial infarction in animals is of 
great importance. First of all, there is a need to search 
for and develop optimal regimens for treating this dis-
ease using new approaches, including pharmacological 
and cell therapies.  As a result of the heterogeneity of 
the concept ‘myocardial infarction’ in humans and its 
various clinical manifestations (which may occur with 
another, already present pathology, i.e. diabetes mel-
litus or an increased concentration of cholesterol in the 
blood-stream), the question arises as to how to create 
an animal model which adequately reflects the com-
plex etiology of this disease. the general approach un-
derlying the selection of objects for biomodeling should 
satisfy the following criteria: 1) convenience in per-
forming  open-heart surgeries on animals; 2) the pos-
sibility  of using genetically modified or selectively bred 
animal strains with particular features of myocardial 
infarction simulated; and 3) the possibility of further 
standardization and certification  in compliance with  
international standards, for  both the technology and 
the laboratory in which the bio-model was obtained. 

It is reasonable to note that the first two conditions 
are in conflict with one another since the suitability of 
organisms for genetic studies is defined by their large 
population and small size (Drosophila melanogaster and 
Danio rerio are the classical genetic objects). this fact 
imposes an obvious restriction on carrying out surgical 
intervention. For to the third condition, it is necessary 
to obtain a quantity of model animals that will be suf-
ficient in terms of statistical reliability to successfully 
carry out the first stage of the preclinical testing of new 
pharmaceutical preparations, or for the performance of 
cell therapy.  From one perspective, the survival rate 
of animals is dependent upon the reliability of surgery 
and post-operation recovery protocols. In turn, this 
makes the process of bio-model development a larger 
scale one. On the other hand, the process depends on 
the availability of the certified facilities and hardware 
required for these procedures in the russian Federa-
tion. thus, a researcher has to compromise between 
the size of the animals and availability of their genetic 
strains, something that could affect the quality of pre-
clinical testing.
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In this work, laboratory mice were chosen for the 
simulation of myocardial infarction. Working with 
these animals is a well-established procedure at the 
internationally accredited research and Production 
Division nursery of Laboratory Animals branch of the 
Shemyakin and Ovchinnikov Institute of Bioorganic 
chemistry. thus, in the case of developing and certify-
ing the technology in accordance with the requirements 
of the International Organization for Standardization 
(ISO), there appears to be a possibility of not only us-
ing these bio-models in fundamental research, but also 
supplying russian and foreign pharmaceutical com-
panies with them. the latter is particularly important, 
since preclinical testing should be carried out only on 
standard-model animals with a special health status 
(specific pathogen-free animals), which is maintained 
in the nursery at the branch of the Shemyakin and 
Ovchinnikov Institute of Bioorganic chemistry. the 
main advantage provided by mice is that there is a de-
veloped network of their genetic resources, something 
that is in acute shortage in their relatives, rats.  the 
genetic diversity of inbred mouse strains allows us to 
select animals that are suitable for the study of car-
diovascular diseases. In particular, the A/J and c3H/
HeJ strains are resistant to atherosclerotic lesions of 
the aorta occurring when the animals are kept on an 
atherogenic diet (1.25% cholesterol, 0.5% cholic acid, 
and 15% fat), while the c57BL/6J mouse strains are 
extremely sensitive to the atherogenic diet, and the 
cBA/J strains are partially resistant [1–3]. there are 
also inbred rat strains which are potentially suitable 
for infarction simulation (in this context, spontaneously 
hypertensive rats (SHr) with an increased blood pres-
sure should be mentioned as a popular animal model) 
[4]. the main advantage of mouse models is the pos-
sibility of genetic manipulation of mouse embryonic 
stem cells, while this type of technology is still poorly 
developed for rat cells. transgenesis, knock-out, and 
knock-in technologies, which are both tissue-specific 
and inducible, make it possible to remove and insert 
genes and sometimes to introduce point mutations into 
the mouse’s genome.

A researcher can always select the desired genes, 
their diversity enabling the creation of any genetic 
anomalies. these anomalies can act as a background 
for the infarction model. thus, the microsurgical sim-
ulation of infarction can be applied to any available 
genetic model. For instance, if the infarction has to be 
simulated against a background of an increased cho-
lesterol level, mice carrying an apolipoprotein e4 gene 
(apoE4) should be chosen. Meanwhile, if the infarction 
has to be obtained against a background of cardiomy-
opathy, BALB/c or cD-1 mice should be used. the 
catalog of the Jackson Laboratory (uSA) offers 373 

strains for cardiovascular disease research; twenty of 
them are selectively bred inbred strains, while the rest 
of the strains were obtained by genetic manipulations 
involving more than 50 genes. Among genetic models 
of diseases to which the microsurgical simulation of 
infarction can be applied, the following models can be 
mentioned: hypo- and hypertension, atherosclerosis, 
cardiomyopathy, lesion of coronary vessels, various 
metabolic syndromes, ischemia, hypo- and hyperc-
holesterolemia, and hypo- and hypertriglyceridemia. 
the combination of infarction simulated by means of 
microsurgical techniques with genetic models creates 
the prerequisites for reproducing various human heart 
diseases in mice and for further use of these animals 
in the clinical testing of drugs and in cell therapy. In 
the latter case, the observation of fluorescent-labeled 
(e.g., green fluorescent protein, GFP) or radioactively 
labeled (labeled with isotopes) cells injected into the 
heart (or vessels) is possible. the injected cell material 
is not rejected by homozygous animals, and the sites 
of its integration can be easily determined by multi-
slice computed tomography, thereby performing the 
intra-vital monitoring of the efficiency of cell therapy. 
the obvious shortcomings in the case of mice include 
the small size of their viscera and the small volume 
of blood circulation. the use of current methods for 
developing mouse bio-models leads to a high mortal-
ity of laboratory animals [5–9], a phenomena that is 
due to surgical aggression and loss of blood [10–13]. 
therefore, a whole complex of anesthetic, microsur-
gical, and revival protocols is needed in order to per-
form a successful surgical intervention. this complex 
involves tracheal intubation for pulmonary ventilation 
by means of a medical ventilator, inhalation narcosis, 
bloodless thoracotomy, ligation of the left-anterior de-
scending coronary artery, procedures for the recovery 
of animals after surgical modification, and measure-
ment of electrocardiograms (ecG).the methodology 
and technical equipment in these procedures are con-
siderably different from those used in russia for sur-
gical operations in rats.

the purpose of the present work is to develop for the 
first time in russia a minimally invasive method for 
simulating myocardial infarction in laboratory mice. 
this will be accompanied by a complex of postoperation 
procedures aimed at achieving successful rehabilita-
tion of the animals operated upon, and monitoring their 
state during the postoperation period.

EXPERIMENTAL

Preoperation Period and Narcotization
In this work, we used 48 cD-1 mice of mixed sex, more 
than 8 weeks old, and weighing 3,2 36 g. twenty-four 
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hours prior to the operation, the mice were put into a 
cage with clean litter and water. Food was completely 
removed from the feedboxes. Just prior to the opera-
tion, the animals were weighed, and the needed vol-
ume of anesthetic was calculated. For the anesthesia, 
the injection mixed zoletil/xylazine narcosis (40–50 mg 
zoletil (tiletamine + zolazepam) per 1 kg of body weight 
and 15 –20 mg xylazine per 1 kg of body weight) was 
used. After surgical anesthesia and prior to tracheal 
intubation, the official drug, Vetranquil 1% inj. (ceva 
Sante Animale, France), containing 1% acepromazine 
and 0.5% chlorobutanol, was used in a dose of 2–4 
mg/kg acepromazine and 1–2 mg/kg chlorobutanol 
for neuromuscular relaxation when needed. In order 
to prevent drying of the cornea, a moisture-donating 
gel, normlgel – 0.9% (Mölnlycke Health care), was ap-
plied to the eyes of the anesthetized animals prior to 
the surgery. the preparation of the surgical site on the 
left side of the chest was performed according to the 
following procedure:  the hair was shaved off, the skin 
was disinfected with a disinfectant, Decosept (BOr-
er cHeMIe AG, Switzerland), and draped in a sterile 
transparent adhesive film, Opsite incise drape (Smith & 
nephew, england) (Fig. 1a). Immediately after narcoti-
zation of the mice, ecG measurements were performed 
(the procedure is described below). In order to carry 
out the tracheal intubation, the mouse was fixed in a 
supine position on a heated surgical table. the tracheal 
intubation was carried out using an endotracheal tube 
with the following dimensions: the outer diameter was 
1–1.2 mm, the inner diameter was 0.6–0.8 mm, and the 
length was 25–30 mm) (Fig. 2b). the endotracheal tube 
was connected to a MiniVent Ventilator for Mice (HSe 
Harvard, Germany) (Fig. 1c), the inspiratory oxygen 
concentration was equal to 30% (oxygen was generated 
using a newLife oxygen concentrator (AirSep, uSA). 
the calculated values of the volume and the ventilation 
rate are listed in Table.

Surgical Procedure
using a Leica MZ7.5 high-performance stereomicro-
scope (the magnification range is from 10x to 25x, 
the working distance is 25–30 cm), an incision in the 
fourth left intercostal space was made and the muscles 
of the chest wall (the broadest muscle of the back, the 
serratus ventralis muscle, and the external abdominal 
oblique muscle) were prized apart with scissors. Liga-
tures (surgical silk 3-0) were applied to these groups 
of muscles, and the muscles were moved in opposite 
directions. using an eye dressing, forceps with angled 
serrated tips (Fine Science tools, uSA) and scissors, 
the intercostal muscle and parietal pleura were cut. 
then, a Mini-Goldstein 3x3 (Fine Science tools) re-
tractor was placed into the wound. next, the pericar-

dium was cut by careful blunt dissection, and the lung 
was moved to the edge of the wound, giving access 
to the front (lower) surface of the heart (Fig. 1e). By 
manipulation with forceps and the pericardium in the 
incision wound, the heart was brought to a position 
suitable for finding the left coronary artery. this ar-
tery has a vivid red color and pulsates. With the help 
of an atraumatic needle and a nonabsorbable suture 
Prolene 6/0 (ethicon, uSA), the coronary artery was 
ligated in the center of its descending branch (Fig. 1f). 
If the ligation is performed correctly, the tachycardia, 
arrhythmia, and myocardial anemia develop fast in 
the ligated site. then, the pericardium and the lung 
were moved back.

Since the identification of the coronary artery and 
its ligation are rather complicated procedures from a 
technical point of view, we proposed another method 
for the simulation of myocardial infarction. this meth-
od involves producing a necrotic zone by means of an 
electro-coagulator. In this method for simulating inf-
arction, an active electrode of the electro-coagulator 
acts directly on the myocardium after the front (lower) 
surface of the heart is reached.

After the surgical procedures were performed, the 
ribs and the pleura were sutured with two or three 
isolated, interrupted sutures using a VIcrYL 5-0 
(ethicon) thread, and the incision wound in the chest 
wall was closed. then, the dissected muscles were put 
together and tightly pressed against each other. the 
wound was irrigated with a sterile saline solution. Af-
ter that, an uninterrupted glover’s suture was placed 
using an atraumatic needle and a nonabsorbable su-
ture VIcrYL 4-0 (ethicon). During this procedure, 
the chest in the area of the wound was compressed by 
forceps with the purpose of removing air and creat-
ing negative pressure in the thoracic cavity. In order 
to protect the surface of the surgical wound, the skin 
was treated with a special suspension of microporous 
aluminum AluSpray (Vetoquinol, France), which 
forms a thin layer of aluminum coating on the skin’s 
surface (Fig. 2).

Weight  
of a mouse,  

g

Stroke  
volume,  

µl

Ventilation rate, 
strokes/minute

22–27 175 130

28–35 200 120

≥35 225 110



110 | ActA nAturAe |  VOL. 3  № 5 (8)  2011

reSeArcH ArtIcLeS

Temperature Conditions
In order to prevent the hypothermia that may result as 
a consequence of narcotization, the animal was placed 
on the heated surgical table with a heating tempera-
ture of 32–34°c. Immediately upon completion of the 
surgery, the animal was put into a recovery chamber 
Warm Air System (Vet tech Solutions, england), sup-
plied with heated (30 –32°c) oxygen-enriched air.

Postoperation Period
Xylazine in a quantity of 10 mg xylozane per 1 kg of 
body weight was used for postoperation analgesia in 
the mice. When an animal emerged, it was put into an 
individual cage. Moist feed was given to the animal. 
normally, there is no need for the removal of absorb-
able sutures.

а

c

e f

d

b
Fig. 1. Preopera-
tion and operation 
procedures during 
simulation of myo-
cardial infarction in 
mice: a – fixation 
of a mouse on a 
heated operation 
table; b – intuba-
tion of trachea; 
c – device for 
artificial pulmonary 
ventilation “MiniV-
ent Ventilator for 
Mice”; d – incision 
in the 4-th left inter-
costal space; e – 
front (lower) surface 
of the heart can be 
seen in the incision 
wound; f – ligation 
of the descending 
branch of the coro-
nary artery.
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ECG Measurements
ecG plays an important role in the diagnostics of myo-
cardial infarction. the changes observed in the ecG al-
low one to determine the infarction location, its extent 
and depth; i.e., whether it is large-focal, small-focal or 
intramural, sometimes the prescription (during the first 
few weeks), and a number of other features. therefore, 
ecG measurements were performed in mice before 
and after the ligation of the coronary heart artery and 
coagulation in order to obtain an experimental myo-
cardial infarction. Prior to ecG recording, a mouse was 
subjected to injection narcosis using a zoletil/xylazine 
solution (40–50 mg zoletil (tiletamine + zolazepam) per 
1 kg of body weight and 15–20 mg xylazine per 1 kg of 
body weight). then, the mouse was put in a supine po-
sition on a heated surgical table and connected to three 
electrodes: one on the left foreleg, one on the right 
foreleg, and one on the right hind leg (Fig. 2). the ecG 
was recorded on a PowerLabSupport apparatus (ecG 
Analysis Module) (ADInStruMentS, Australia). the 
value of electrocardiographic waves, their duration and 
intervals were defined in accordance with the param-
eters proposed in the ecG Analysis software. the ex-
citation and repolarisation width was 100 ms (Pre-P 
was 10 ms, Pr was 50 mc, and rt was 40 ms). the ecG 
was recorded prior to the surgery, 5–10 min after the 
surgery, and on the 3rd, 10th, and the 30th days after 
the surgery.

Morphological Examination
A morphological examination was performed in 32 

mouse hearts: in 21 hearts, myocardial infarction was 
simulated by ligating the left coronary artery; and 
in 11 hearts, by electrocoagulation of a myocardial 
site.  After their removal, all organs were placed into 
10% neutral formalin for 1 day, with the purpose of 
fixation. According to the macroscopic examination, 
the hearts had rather similar sizes and weights: the 
average weight of a mouse heart was 4 g, and the 
average size was 1.6 × 0.9 × 0.7 cm. In 11 cases, the 
necrosis was induced by controlled electro-coagula-
tion; a spot trace from the electrode was detected on 
the epicardium of the left ventricle during macro-
scopic examination.

For histological examination, each heart was cut into 
two pieces along the interventricular and interatrial 
septa. these pieces were subsequently held in formalin 
at room temperature for 24 h with the purpose of fur-
ther fixation.  the pieces were then washed with run-
ning water for 1–2 h. the washed pieces dehydrated at 
room temperature using several portions of solutions 
with increasing concentrations: once with 70.96 etha-
nol and twice with 100% ethanol (for 2 h). the pieces 
were then prepared to be embedded in paraffin in 
accordance with the following procedure: the pieces 
were placed into an alcohol/xylene mixture (1 : 1) for 
2 h at room temperature and held in a thermostat in 
a mixture of hot paraffin and xylene (1 : 1) for 2 h at 
60°c. the pieces dehydrated and coated with paraf-
fin were placed into metal frames with the dimensions 
2 × 2 × 2 cm and embedded with a HIStOMIX paraf-
fin medium (Biovitrum, russia). After cooling, paraffin 
blocks containing pieces of the heart in bulk were ob-
tained. thus, for each heart, two paraffin blocks were 
obtained, each containing the right or left heart seg-
ments, and sections of the interventricular and intera-
trial septa.

the purpose of the histological examination was 
to detect the focus of myocardial necrosis, which re-
quired the performance of a series (layer-by-layer) of 
transmural histological sections with a thickness of 5 
µm each throughout the entire thickness of the car-
diac walls from each block. the sections were prepared 
using an Accu-cut SrM 200 rotatory microtome 
(Accu-cut, Japan) and placed on slides. On aver-
age, 30 histological sections were prepared from each 
block.  Paraffin was then removed from the sections by 
holding them in a xylene solution for 15 min and treat-
ing with ethanol solutions with decreasing concentra-
tions (twice with 100% ethanol (for 3 min each time), 
and twice with 96% ethanol). After the removal of par-
affin, the sections were washed with distilled water 
and stained with Mayer’s hematoxylin and eosin. the 
stained sections were covered with polystyrene and 
placed under a cover glass.

Fig. 2. Illustration of postsurgery ECG measurements.  
A mouse is placed on a heated operation table and con-
nected to the ECG apparatus by three electrodes: one 
on the left foreleg (red), one on the right foreleg (black), 
and one on the right hind leg (black). The sutured wound 
is covered with an AluSpray suspension (shown with an 
arrow).



112 | ActA nAturAe |  VOL. 3  № 5 (8)  2011

reSeArcH ArtIcLeS

RESuLTS AND DISCuSSION

Results of the Surgical Stage
During the first stage of the myocardial infraction 
simulation, 16 laboratory mice were operated upon. 
the ligation of the coronary artery was performed in 
12 of them, and the controlled electro-coagulation pro-
cedure was carried out on four mice. the ecG was re-
corded on four mice. the mortality rate for this group 
was 94.5%. Further, the animals from this group were 
not included into the investigation and considered as 
a test group.

After the procedure was standardized, surgeries 
were carried out in 32 animals (the ligation of the cor-
onary artery was performed in 21; and coagulation, in 
11). Let us note the important details and peculiarities 
typical to the ligation procedure. At all stages of the 
surgery described above, it is extremely important 
to follow the topographic anatomic reference points. 
Otherwise, uncontrolled bleeding or damage to lung 
tissue could occur; this is inadmissible, since it leads 
to the death of laboratory animals. After opening 
the pericardium, the anterolateral wall of the myo-
cardium with the left coronary artery in it should be 
identified. Since the coronary artery has a small di-
ameter, its identification is complicated. the left de-
scending branch of the coronary artery is character-
ized by an opalescent white band following a short 
oblique direction relative to the main direction of the 
operation procedure. When the artery was identified, 
a synthetic suture Prolene 6/0 in an autraumatic nee-
dle was brought under it. the artery was ligated, a 
microsurgical knot was formed, and the suture ends 
were cut using microsurgical scissors.  During the li-
gation stage, it is extremely important to control the 
thickness of the tissue taken; if the needle is inserted 
too deeply, the probability of myocardial perforation 
is high; which leads to immediate death. the site the 
ligature is applied to should be determined correctly, 
since if it is applied not to the descending branch but 
to the main trunk of the left coronary artery, exten-
sive myocardial infarction incompatible with life oc-
curs. In order to determine which suture material is 
optimal for this operation, a comparative study of dif-
ferent types of suture material was performed. Syn-
thetic monofilamental nonabsorbable material dem-
onstrating no sawing effect was selected; Prolene 6/0 
suture is an example of this kind of material.

the average surgery time for this group of animals 
was 57 min (39–75 min). Post-operation lethality de-
creased to 13.6% against the 94.6% observed in surgery 
in mice from the test group. these results are in agree-
ment with the published data and in line with the task 
set.

ECG Data
In most mice with myocardium infarction simulated by 
ligating the coronary artery, rhythm disturbance, i.e. 
atrial fibrillation, was observed after the surgery. On 
the 10th day after the surgery, ecG typical for large-
focal myocardial infarction was obtained; this type of 
infarction is characterized by the disappearance of the 
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Fig. 3. ECG recorded in animals after surgery: a – ECG 
recorded prior to surgery; b – impaired heart rhythm in 
5–10 minutes after ligation of the coronary artery; c – 
development of a large-focal infarction 10 days after the 
ligation of the coronary artery; d – heart rhythm measured 
5 minutes after thermal coagulation of the coronary artery; 
e – development of surface infarction 10 days after ther-
mal coagulation; f – tachycardia developed 5–10 minutes 
after the ligation of the coronary artery; g – brachycardia 
developed on day 3 after the ligation of the coronary 
artery. The excitation and repolarization width is 100 ms.
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r wave, emergence of a broad and deep QS complex, 
and lifting of the St segment above the isoelectric line 
(Figs. 3a–3c). the formation of a large-focal myocardial 
infarction was also observed in mice on the 3rd and 9th 
day after coagulation. In some cases, coagulation result-
ed in the formation of the surface myocardial infarction 
(Figs. 3d, 3e). In the case when the coronary artery was 
ligated, the emergence of tachycardia (pathological Q 
and a decrease in the r voltage) causing bradycardia 
against a background of myocardial infarction was re-
vealed (Figs. 3f, 3g).

Results of Histological Examination
the histological examination revealed foci of necrosis 
in 28 mice (87.5%), whereas no necrosis was observed 
in 4 mice (12.5%). the mice with no necrosis belonged 
to the group of mice in which myocardial infarction 
was simulated by ligation of the coronary artery. this 
fact can in all likelihood be attributed either to the in-
dividual characteristics of heart blood supply with a 
well-developed collateral system or to an error in the 
method. A great number of types of heart blood sup-
plies are known in humans, since the development of 
the coronary arteries varies widely. consequently, the 
contribution of each to the blood supply of the left and 
right ventricles and atria may vary for each particular 
case, as well. In addition to the main left coronary and 
right coronary arteries, the relative weight of which is 

15% (according to Smolyannikov and naddachina [14]), 
a number of other forms of blood supply of the heart 
exist. therefore, it can be assumed that similar features 
of blood supply are present in the mouse heart. thus, 
the ligation of the coronary artery might have had no 
effect on the development of myocardial infarction in 
four cases.

When myocardial infarction was simulated by li-
gation of the coronary artery, the emergence of small 
scattered foci of coagulation necrosis in cardiomyocytes 
and their disorganization and the occurrence of stromal 
edema and hemorrhage without inflammatory reac-
tion (Fig. 4a) were observed in the form of necrosis of 
individual cells. these changes manifested themselves 
in the disappearance of cross striation within the sarco-
plasm of cardiomyocytes and the emergence of apop-
tosis. the changes were found in different parts of the 
left ventricle (Fig.4b).

In the case of controlled electro-coagulation, a di-
rect coagulation necrosis of the epicardium and a layer 
of cardiomyocytes were observed in the site to which 
the electrode was applied (Fig. 4c). In deeper layers of 
the myocardium, fragmentation of muscle fibers was 
observed; a histological sign of the presence of intra-
vital fibrillation of the left ventricle and edema of the 
myocardial interstitium (Figs. 4c, 4d). the fibrillation of 
ventricles is most likely associated with the direct im-
pact of the electrode on the myocardium and with the 

а

c d

b

Fig. 4. Histopathology of the 
hearts in the case of infarction 
simulated in mice:  a – begin-
ning of coagulational necrosis 
and cardiomyocytes disor-
ganization, stromal edema, and 
haemorrhage; hematoxylin and 
eosin staining; magnification of 
20x; b – lack of cross striation 
within the sarcoplasm of cardio-
myocytes; apoptotic patterns; 
hematoxylin and eosin staining; 
magnification of 60x; c – necro-
sis stripe of the epicardium and 
surface cardiomyocytes oc-
curring under the impact of the 
electrode during coagulation; 
edema of the myocardial inter-
stitium; hematoxylin and eosin 
staining; magnification of 10x; 
d – fragmentation of muscle 
fibers as a result of fibrillation; 
hematoxylin and eosin staining; 
magnification of 40x.
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secondary ischemia induced by the damage to the local 
coronary blood flow. these sites can undergo necrotic 
changes with time, so that the necrotic zone can ex-
pand.

It should be taken into account that from the patho-
morphological point of view, infarction is a form of 
necrosis that occurs as a result of the absolute or rela-
tive insufficiency of arterial blood circulation in organs 
that have no access to oxygen. Since in the case of elec-
tro-coagulation the necrotic changes emerge mostly 
due to the direct impact of the electrode, it is unreason-
able to consider these changes as an actual myocardial 
infarction.  Myocardial infarction is based on the coagu-
lation (dry) necrosis of cardio-myoctes occurring upon 
hypoxia and developed tissue acidosis. coagulation 
necrosis develops in tissues with a low fluid content, a 
high concentration of proteins, and a low activity of hy-
drolytic enzymes. Another form of cell death observed 
in the investigated material is apoptosis.

Apoptosis is genetically programmed cell death 
that is normally found in various organs and tissues, 
especially in those characterized by the constant re-
newal of cells. this process is a result of the activation 
of particular genes under the action of various stimuli. 
Apoptosis removes the unneeded cells that complete 
their cycle during the following processes: embryogen-
esis, homeostatic regulation of maintenance of the cell 
population in tissues, immune protection, aging, and 
removal of cells damaged by various pathologic fac-
tors. In particular, hypoxia may cause apoptosis if oxy-
gen deficiency is not critical, whereas apparent oxygen 
starvation results in cell necrosis. Histologically, the 
nucleus undergoes the most significant changes dur-
ing apoptosis. chromatin condensates into compact ag-
gregates of various shapes and sizes (karyopyknosis), 
which manifests itself under a light microscope as an 
irregular shape and hyperchromicity of a nucleus. A 
similar situation was observed when simulating myo-
cardial infarction by ligating the coronary artery. Fur-
ther, during apoptosis, the nucleus undergoes fragmen-
tation (karyorrhexis) and cytoplasm disintegrates into 
several linked apoptotic bodies due to the formation 
of membrane bridges. Some fragments may contain 
no nuclear material at all. Finally, apoptotic bodies are 
phagocytized by surrounding healthy cells or tissue 
macrophages. unlike necrosis, apoptotic bodies do not 
cause any inflammatory response, since the integrity of 
the cell’s membrane persists until phagocytosis, which 
prevents the excretion of cell enzymes into surrounding 
tissues and does not result in chemotaxis for inflamma-
tory cells.

thus, the morphological patterns of changes in 
mice in which infarction was simulated by ligating 
the left coronary artery and that in the mice with inf-

arction induced by controlled electro-coagulation are 
different. In the first group, they were characterized 
by the presence of small scattered foci of coagulation 
necrosis and foci of apoptosis in different sites of the 
left ventricle occurring due to a large area of tissues 
subjected to hypoxia. the insignificance of necrotic 
foci in the case when the coronary artery is ligated 
is most likely due to the well-developed network of 
blood supply and the absence of atherosclerotic le-
sions of arteries. In the second group of mice, local 
myocardial damage emerged mostly due to the di-
rect damage done to the tissue. According to the con-
ventional stages of myocardial infarction used in the 
morphology of this disease, the histological findings 
showing the incipient coagulation necrosis of cardio-
myocytes, the edema and the hemorrhage without in-
flammatory reaction correspond to the prescription of 
a myocardial infarction of about 4–12 h. Irreversible 
changes in the myocardium at the occurrence of criti-
cal ischemia begin even after 0.5 h; however, they can 
be observed neither macroscopically nor histologically 
at this stage and can be detected only by electron mi-
croscopy.   these changes are revealed during histo-
logical examination only after 4 h. twelve hours after 
the occurrence of the infarction, necrotic changes in-
volving karyorrhexis in the cell intensify and the first 
leukocytes emerge. After 24 h, an apparent necrosis 
of cardiomyocytes and interstitial infiltration of neu-
trophils emerge. On the fourth day, the phagocytosis 
of dead cardiomyocytes begins, and the granulation 
tissue appears at the margins of the infarction by the 
tenth day. two weeks after the infarction, the infarc-
tion zone is completely replaced by granulation tissue 
and collagen appears. During the next six weeks, cica-
trical tissue is formed. the changes observed in the 
first group of hearts correspond to the early stage of 
myocardial infarction.

CONCLuSIONS
the results obtained in this work allow to conclude that 
optimal anesthesia for surgery on simulating myocar-
dial infarction is injecting zoletil/xylazine narcosis with 
muscle relaxants, accompanied by mechanical venti-
lation. choosing the proper temperature conditions 
during pre-, intra- and post-operation periods allow 
to minimize the death rate of animals associated with 
nonsurgical causes. Accurate compliance with the spec-
ified anatomo-topographic landmarks during the stage 
of thoracotomy and pericardiotomy allows to minimize 
the intra-operative hemorrhage and the probability 
of lung tissue damage. Prolene 6/0 was chosen as an 
optimal suture material for ligating the descending 
branch of the left coronary artery. According to ecG 
data and postmortem histological examination, the 
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model proposed for simulating a myocardial infarction 
is adequate; however, it requires further investigation 
for the purpose of standardization, in line with interna-
tional standards. 

This work was supported by the program of the 
Ministry of Education and Science (Government 

Contract № 02.467.11.3010 and Agreement  
№ 01.168.24.004).
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ABSTRACT Gingivitis and periodontitis are chronic inflammatory diseases of the periodontal tissue in humans 
caused by both environmental and genetic factors. The human cytokine genes that regulate the immune re-
sponse may play an important role in the development of these chronic inflammatory diseases. The aim of this 
study is to analyze the allele status of eight human cytokine genes and to associate it with the inflammation of 
periodontal tissue in humans.  A total of 296 unrelated males of Russian origin were studied. A significant asso-
ciation of the IL1B and IL6 minor alleles and gingivitis was found.  In addition, we found a significant association 
of the OHI-S index with the IL18 gene alleles. The influence of genetic factors on gingivitis may contribute to 
the understanding of the mechanisms of interaction between genetic and environmental factors in periodontal 
conditions, and to the identification of risk groups for effective prevention and treatment.
KEYWORDS gingivitis, periodontitis, cytokine genes, genetic polymorphism.

INTRODuCTION
Gingivitis (inflammation of the gum tissue) and peri-
odontitis (inflammation of tissues surrounding and sup-
porting the teeth) are widespread oral diseases. Gingi-
vitis can appear both in tandem with periodontitis and 
independently. Signs of periodontal tissue involvement 
might appear even in children 6—7 years old [1]; these  
indicators are found in more than 50% of 15-year-old 
adolescents, and the prevalence of periodontal diseases 
among adults in Moscow and other large cities reaches 
98%. Moreover, symptoms of gingivitis are found in 
more than 80% of people [2].

the inflammation and the destruction of tissues in 
periodontal diseases occur due to a disequilibrium in 
the interaction between periodontal cells and bacteria 
found in the mouth, in particular in dental deposit. the 
pathogenic processes typical of gingivitis and periodon-
titis are caused by the immunopathological reaction, 
which, in turn, is initiated by bacteria present in dental 
deposit. this reaction leads to a progressing wavelike 
chronic inflammation, which is accompanied by the de-
velopment of destructive processes.

the regulation of the inflammatory response is 
known to play an important role in the pathogenesis of 
gingivitis and perodontitis [3]. A study of transcriptome 
changes in the gingival biopsies during the develop-
ment and treatment of experimental gingivitis showed 

that, during the development of the disease, there are 
changes in the expression level of tens of immune re-
sponse genes, including interleukins IL1A, IL1B, IL8 
and a number of other genes[4]. In this instance, the 
transcription level of one gene increases, whilst the 
level of other genes decreases.

the role of an individual’s genetic constitution in 
their predisposition to inflammatory diseases of the 
periodontal tissue and to the intensity of their pro-
gression has been inadequately studied thus far. As-
sociation studies reveal that carriers of certain cytokine 
gene alleles are more prone to develop gingivitis and/
or periodontitis [5—9]. However, these data are rather 
contradictory [6, 10, 11].

the purpose of the present work is to study the asso-
ciation between the severity of the periodontal disease 
and the alleles affecting the transcription level of eight 
human cytokine genes, the level of which determines 
the severity of the inflammation and destructive proc-
esses in periodontal tissues. the results could allow to 
identify potential risk groups of inflammatory peri-
odontal diseases and can later be used in preventive, 
personalized medicine.

EXPERIMENTAL
A group of 296 male soldiers from 20 to 52 years of age 
(the average age is 27.0 ± 6.3 years) was examined. the 
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examination was performed during a routine medical 
examination; the procedure of informed consent was 
followed; the data were collected on the nationality and 
place of birth of the volunteers and two generations of 
their ancestors. the examined group included mainly 
russian males (proportion of children from mixed mar-
riages (the percentage of descendants from mixed mar-
riages between russians, ukrainians, and Belarusians 
was 6.5%)). All patients underwent a standard external 
dental checkup and instrumental examination of the 
oral cavity. the description of the dental status con-
tained the assessment of the intensity of inflammation 
and destructive processes and the index of oral hy-
giene.

For the assessment of the severity of gingivitis, the 
PMA (papillary-marginal-alveolar) index was used [12]. 
In order to determine this index, the condition of gum 
tissue for each tooth was assessed in points after it was 
stained with the purpose of revealing the inflamed ar-
eas; the value averaged over all teeth was calculated. 
PMA = 0 corresponds to the absence of gingivitis, PMA 
values of up to 30% inclusive correspond to mild gingi-
vitis, the range from 31% to 60% corresponds to gingivi-

tis of moderate severity, whereas PMA values of more 
than 60% correspond to severe gingivitis.

the examination of the probing pocket depth (PPD) 
was performed using a special periodontal probe. the 
highest value of the PPD (mm) was registered, and all 
values were then summarized and categorized by the 
number of teeth examined.

the hygiene condition of the oral cavity (the amount 
of dental calculus and dental deposit) was assessed in 
accordance with the OHI-S (oral hygiene indices – sim-
plified) index [13].

Samples of venous blood were collected into evacu-
ated tubes containing eDtA. DnA was extracted 
from the blood samples using the standard phenol-
chloroform method. the alleles of the genes analyzed 
were genotyped twice using an “Immunogenetics” kit 
(DnA-technology, Moscow). Pcr amplification and 
genotyping were carried out in 384 well plates us-
ing a Dt-384 amplifier (DnA-technology, Moscow). 
eight cytokine genes were investigated: γ-interferon 
(IFn-γ); α- and β-subunits of interleukin 1 (IL-1α and 
IL-1β); IL-4, IL-6, IL-10, IL-18 interleukins; and tu-
mor necrosis factor α (tnFα) (Table 1). Polymorphic 

Table 1. SNPs of cytokine genes checked in this work

Gene chromosome SnP dbSnP ID Function ref.

IFNG 12q14 +874 Т>A rs2430561

Increasing the expression of HLA II by antigen-repre-
senting cells, increasing the level of intercellular adhesion 
molecules, increasing the level of proliferation of t-cells 

and production of th1-cytokines 

[14]

IL1A 2q14 -889 c>t rs1800587 Anti-inflammation cytokine. 
Activation of osteoclasts, t-cells, and matrix metal 

proteases 
[15, 16]

IL1B 2q14 -511 G>A rs16944

IL4 5q31.1 -590 c>t rs2243250
Decreasing the level of anti-inflammation cytokine.  

Involvement in differentiation of B-cells and production 
of antibodies 

[17]

IL6 7p21 -174 G>c rs1800795 Activation of osteoclasts. Involvement in differentiation of 
B-cells and production of antibodies [18]

IL10 1q31-q32 -592 c>A rs1800872
Inhibiting replication of t-cells and inhibiting synthesis of 
anti-inflammation cytokine. Involvement in differentia-

tion of B-cells and production of antibodies 
[18]

IL18 11q22.2-q22.3 -607 G/t rs1946518 Anti-inflammation cytokine. 
Increasing the level of producing IFn-γ by Т-cells. [19-21]

TNF 6p21.3 -308 G>A rs1800629

Activation of osteoclasts and matrix metal proteases. 
Increasing the expression of HLA II by antigen-repre-

senting cells. Increasing the level of intercellular adhesion 
molecules

[19-21]
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SnPs predominantly from the promoter regions, af-
fecting the expression of the indicated genes, were 
selected for analysis. the polymorphic SnPs are listed 
in Table 2.

A statistical analysis was carried out by the stand-
ard methods using the WinStAt 2003.1 software in-
tegrated into the excel software. For the intergroup 
comparison of the dental indices, the nonparametric 
Mann-Whitney criterion was used. We used WinPepi 
freeware, http://www.brixtonhealth.com/pepi4win-

dows.html [22], to estimate the odds ratio (Or) and the 
significance of the differences between the frequencies 
in accordance with the Fisher’s exact test. corrections 
for multiple comparisons were introduced by the per-
mutation test (100,000 stimulations) performed using 
the Mathematica 5.1 software.

RESuLTS AND DISCuSSION
In only 1% (three patients) of the group examined 
(296 males), no sign of inflammation of gum tissue 

Table 2. Mean values of the dental indices in carriers of some genotypes over eight cytokine genes

Genotype n
Dental indices (±Se)*

Minor allele effect**
PMA PPD OHI-S

IFNG (+874)

A/A 67 0.25±0.02 1.61±0.10 1.85±0.09

p > 0.2 for all indicest/A 127 0.22±0.01 1.42±0.06 1.74±0.07

t/t 87 0.24±0.04 1.48±0.07 1.78±0.07

IL1A (-889)

c/c 140 0.22±0.01 1.40±0.06 1.72±0.06
PMA↓  

recessive р = 0.026c/t 118 0.26±0.02 1.59±0.07 1.84±0.07

t/t 27 0.20±0.02 1.45±0.11 1.79±0.12

IL1B (-511)

A/A 29 0.26±0.03 1.41±0.11 1.77±0.12
PMA↑

recessive р = 0.157G/A 122 0.23±0.02 1.44±0.07 1.80±0.07

G/G 133 0.22±0.01 1.49±0.06 1.76±0.06

IL4 (-590)

c/c 171 0.24±0.01 1.49±0.06 1.79±0.05
р > 0.5

for all indexesc/t 98 0.23±0.02 1.45±0.07 1.78±0.07

t/t 14 0.19±0.04 1.51±0.22 1.57±0.20

IL6 (-174)

c/c 61 0.25±0.02 1.53±0.10 1.70±0.07
PMA↑

Dominant p = 0.003G/c 139 0.24±0.01 1.48±0.06 1.83±0.07

G/G 85 0.21±0.02 1.46±0.08 1.74±0.08

IL10 (-592)

A/A 23 0.24±0.03 1.57±0.15 1.66±0.16
OHI-S↓

Dominant р = 0.043c/A 110 0.22±0.01 1.46±0.07 1.72±0.06

c/c 152 0.24±0.01 1.49±0.06 1.84±0.06

IL18 (-607)

c/c 85 0.25±0.02 1.50±0.08 1.69±0.07 OHI-S↑
recessive р = 0.022;

PMA↑
recessive р = 0.188

A/c 140 0.21±0.01 1.44±0.06 1.75±0.06

A/A 57 0.27±0.02 1.57±0.09 1.96±0.09

TNF (-308)

A/A 4 0.17±0.04 1.45±0.22 1.83±0.25
р > 0.2

for all indexesG/A 68 0.25±0.02 1.50±0.08 1.84±0.09

G/G 212 0.23±0.03 1.48±0.05 1.76±0.05

*The association level is significant.
**The arrow indicates an increased or decreased value of the character for the minor allele carriers (dominant effect) and 
for homozygous minor allele carriers (recessive effect). The minimum levels of significance are calculated in accordance 
with the permutation test. 
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(PMA = 0) was observed Mild gingivitis was found in 
67.6% of males (205 patients), and 31.4% of males were 
suffering from gingivitis of moderate severity (93 pa-
tients) and severe gingivitis (12 patients) (PMA > 30%). 
the probing pocket depth varied from 0.6 to 4.5 mm. 
the mean value across the group examined was 1.50 ± 
0.73 mm (±S.D.). the values of the OHI-S indices was in 
a range from 0 to 3.8 points, the mean value was 1.79 ± 
0.73; it corresponds to an unsatisfactory hygiene level. 
the genotypes of all males examined were determined 
for each from eight loci. Due to technical difficulties, 
the genotypes of some SnPs were not determined for 
each individual; hence, the total number of genotypes 
for each gene is different.

the dental indices can be considered as quantitative 
characters; hence, in order to assess how genes influ-
ence the value of the characters, the mean values of 
the indices for the investigated genes were calculated 
in carriers of each genotype. the significant differences 
between the mean values of the indices for carriers of 
different genotypes indicate the possible influence of a 
gene on a given character. In this case, the differences 
between the carriers of the considered allele and the 
carriers not having this allele (homozygous alternative 
allele carriers) indicate the dominant effect of the con-
sidered allele and the recessive effect of the alterna-
tive allele. An increase in character, depending on the 
number of copies of the allele in the genotype (0, 1 or 
2), corresponds to the additive model (the significance 
of the regression of the character value per number of 
allele copies is determined).

the mean values of dental indices were calculated 
in carriers of different genotypes over eight cytokine 
genes (Table 2). the significance levels of the effects 
of minor alleles calculated by the permutation test 
are contained in the right column of Table 2. the ef-
fects of minor alleles were estimated simultaneously 
in 100,000 permutations in accordance with the domi-
nant, recessive, and additive models. the results of the 
significance were used in order to further verify the 
significance of associations. the additive model gave no 
added significance compared with the analysis results 
on the recessive/dominant effects; thus, the data for 
the additive model are not listed.

A significant increase in the mean PMA index value 
was revealed in carriers of the IL6*(-174)С allele (Table 
2). Since the PMA index value correlates with the age 
of patients (r = 0.16 at p = 0.004), the influence of the 
gene was checked in two age groups: 215 patients were 
up to 30 years old, and 70 patients were 30 years old 
and older).  A significance association of the IL6*(-174)С 
allele with an increased PMA index value according to 
the dominant model is revealed in each age cohort (Fig. 
1). When splitting each age cohort into groups with 

high PMA (>30% corresponds to moderate and severe 
gingivitis) and low (<30% corresponds to normal and 
mild gingivitis), the carriers of the IL6 * (-174) c allele 
showed a greater risk of being in the group of moder-
ate and severe gingivitis. the corresponding odds ratios 
were OR = 2.22 at p = 0.031 in the group of patients 
younger than 30 and OR = 3.78 at p = 0.052 in the group 
of patients 30 years old and older. the uniformity of the 
effects in both age groups (the differences in the OR 
are negligible, p = 0.496 according to the χ2 criterion) 
allows to estimate the odds ratio in the pooled sample: 
OR = 2.56 at p = 0.002 (95%cI = 1.32—5.21).

Analogous calculations carried out for the IL1A*(-
889) SnP revealed that the carriers of the major c al-
lele are in greater risk of suffering from moderate and 
severe gingivitis (PMA > 30%) in comparison to the 
carriers of the t/t genotype: OR = 3.86 at p = 0.026 
(95%cI = 1.14—13.10).

In addition to the assessment of the individual gene 
effects, their pairwise action was considered.  the pair-
wise action of the minor alleles in the IL6*(-174) SnP of 
the IL6 gene and the IL1B*(-511) SnP of the IL1B gene 
was found, while no significant effects of these genes 
were revealed in the previous stage of analysis. Dur-
ing consideration of the pairwise action of these two 
genes, their influence on the mean PMA value and on 
the association with moderate and severe gingivitis was 
analyzed as in the previous stage.

the lowest mean PMA value was typical of dou-
ble homozygotes for both SnPs.  upon increase in the 
number of minor alleles in the IL1B*(-511) and IL6*(-
174) SnPs, the mean PMA index value increases (Fig. 

Age
<30
≥30

PM
A

G/G G/C C/C

IL6*(-174)G > C genotypes

0.4

0.3

0.2

0.1

0.0

Fig. 1. Mean values (±SE) of the PMA index in carriers of 
different IL6 (-174) genotypes from two groups: less than 
30 years old, 215 individuals; and more than 30 years old, 
70 individuals.
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2). the difference in the PMA index values (by a factor 
of 2.3) found for two extreme cases (double homozy-
gotes for the minor alleles and homozygotes for the 
major alleles) are significant according to the Mann-
Whitney test (p = 0.0067).

the distributions of the total number of minor allele 
copies in the IL1B*(-511) and IL6*(-174) SnPs in the 
patients suffering from severe and moderate gingivitis 
(PMA ≥ 30%), from mild gingivitis (PMA < 30%), and 
the healthy patients are shown in Fig. 3.  It can clearly 
be seen that the carriers of at least one minor allele of 
the IL1B*(-511) and IL6*(-174) genes are more likely to 
be found amongst  patients with severe gingivitis. the 
risk of development of moderate and severe gingivitis 
(PMA ≥ 30%) is higher in the homozygous carriers of 
the minor IL1B*(-511)A and IL6*(-174)С alleles than 
in the homozygous carriers of the major IL1B*(-511)G 
and IL6*(-174)G alleles and is characterized by an odds 
ratio OR = 7.63 at p = 0.0009 (95%cI = 1.80—32.45). 
the percentage of homozygous carriers of minor al-
leles (individuals carrying the combination of the A/A 
genotype of the IL1B*(-511) SnP and c/c genotype of 
IL6*(-174) SnP associated with severe gingivitis) was 
1.1%; the percentage of individuals carrying the “pro-
tective” combinations of the G/G and G/G genotypes 
of the same SnPs was 11.3% (32 patients). this effect 
has to be confirmed in larger samples, but an increase 
in the effect occurring upon an increase in the number 
of minor alleles argues for the nonarbitrariness of the 
association revealed (Fig. 2).

the prevention and treatment of periodontal diseas-
es is a very pertinent issue within dentistry. Periodon-

tal diseases are found even in infancy, and apparent 
clinical manifestations of this pathology are observed 
in more than half of people in their 30s. However, the 
problems of prevention and effective treatment of 
periodontal diseases remains unsolved [23]. the man-
ifestations of the clinical signs of this disease depend 
on age, pernicious habits, general health status, and 
overall hygiene. In this context, it is reasonable to con-
sider the phenomenon of the association between the 
OHI-S index and SnPs in the interleukin genes. the 
OHI-S index is increased in homozygous carriers of the 
IL10*(-592)c allele (its value is 1.84 ± 0.06 against 1.71 ± 
0.06 in carriers of the allele A; however the difference 
is insignificant, since p = 0.092 according to the Mann-
Whitney test). Significant differences are observed in 
individuals carrying different genotypes of the IL18*(-
607) SnP, G > A. the value of the OHI-S index in car-
riers of the homozygous A/A genotype is 1.96 ± 0.09, 
while in carriers of the G allele, its value is 1.73 ± 0.05 
(the difference is significant, p = 0.018 according to the 
Mann-Whitney test). It may be assumed that since hy-
giene hardly depends on the genotype, in homozygous 
carriers of the IL18*(-607) А allele, the formation of 
plaques dental deposit is more intensive and pushes up 
the value of the OHI-S index.

no association of the PPD with the alleles of cytokine 
genes was found.

In this work, we established an association between 
the IL1A*(-889)С and IL6*(-174)С alleles and the se-
verity of gingivitis and the increase in the effect of the 
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Fig. 2.  Mean values (±SE) of the PMA index vs. the 
number of minor alleles in the IL1B (-511) and IL6 (-174) 
SNPs. The number of individuals carrying each genotype is 
shown in histogram bars.
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IL6*(-174)С allele in the presence of the IL1B*(-511)A 
allele. the 511 A/G polymorphism influences the ex-
pression of the IL1B gene under certain conditions and 
is associated with inflammatory and cancer diseases 
[11, 24]. Interleukin 1 is an anti-inflammatory cytokine 
secreted by monocytes, macrophages, and dendritic 
cells. the IL1gene is one of the first genes for which an 
association of single-nucleotide polymorphisms with in-
flammatory diseases of periodontal tissue was revealed 
in [5]. In the development of a periodontal disease, the 
role of interleukin 1 involves the induction of inflam-
mation mediators.  It has been demonstrated that in 
immortalized human gingival fibroblasts, the tran-
scription level of the inflammatory genes of cytokines, 
chemokines, metalloproteases,  cell adhesion molecules, 
and the  transcription factor nF-kβ, which controls 
the expression of immune and anti-apoptotic response 
genes and cell cycle genes, increase. the activation of 
nF-kβ blocks apoptosis, thereby causing the stabiliza-
tion of gingival fibroblasts in vitro [25]. An association 
of the polymorphic markers in the interleukin 1 gene 
cluster (IL1A, IL1B and IL1RN, IL1 receptor antago-
nist) with periodontitis and gingivitis has been estab-
lished only in a few works [11].

Interleukin 6 is a multifunctional cytokine that plays 
an important role in the inflammatory response on in-
fectious agents (especially gram-negative bacteria) [26]. 
the production of cytokine is decreased in carriers of 
the minor c allele at the -174 position of the regula-
tory site in the IL6 gene; this may cause a destruction 
of the immune protection [27]. While studying the as-
sociations of both genes with the inflammation of peri-
odontal tissue, contradictory data were obtained. An 
analysis of the association between chronic periodonti-
tis and the IL6(-174) SnP performed in six caucasian 
populations reveal the presence of the association in 
three of them [11]. the interleukin genes may be in-
volved in the regulation of the inflammatory response 
and could be responsible for the differences observed 
in the spectrum of oral pathogens for carriers of dif-
ferent genotypes. the Aggregatibacter actinomycetem-
comitans and Porphyromonas gingivalis pathogenic 
bacteria were revealed to be more frequently found in 
sublingual biofilms for the carriers of a certain geno-
type in the IL6(-174) SnP [8]. the contradictions in the 
results obtained by different authors can be explained 

by changes in the correlation between the factors de-
pending on age, ethnic homogeneity, and other peculi-
arities of the groups examined.

the formation of dental calculus and dental deposit 
is a complex process that depends on the quality of oral 
hygiene, microbiota, and local immunity. Genetically 
determined features of the immune response might 
also influence the formation of dental deposits and, 
consequently, the OHI-S index. Interleukin 18 is an 
anti-inflammatory cytokine, and in all probability it is 
one of the main cytokines involved in the development 
of pathological processes and destruction of periodon-
tal tissues; it is secreted by macrophages/monocytes 
and epithelial cells of the oral cavity, stimulates cellu-
lar immunity and induces the production of IFn-γ. the 
level of interleukin 18 is increased in cases of various 
chronic inflammatory diseases. the content of interleu-
kin 18 in gingival fluid increases proportionally to the 
severity of a periodontal inflammation and decreases 
to its initial level after the disease is cured [28, 29]. the 
-607 c/A SnP in the regulatory site of the IL18 gene is 
localized in the creB (cAMP response-element bind-
ing protein) site [30]. A significant increase in both the 
spontaneous and lipopolysaccharide-induced produc-
tions of interleukin 18 is observed in the cell culture 
of donors carrying the A allele [31]. the association of 
the OHI-S index with the interleukin gene alleles had 
not been described earlier. the associations revealed 
are significant for the ethnically homogeneous sample 
(russians) examined. to date, the severity of the in-
flammation and destructive processes in periodontal 
diseases is known to be genetically dependent. these 
diseases should be considered as multifactor diseases 
[11]. However, the contribution of certain genes to the 
predisposition to and tolerance of inflammatory dis-
eases of the periodontal tissue requires a more detailed 
study, especially with different genetic backgrounds, 
which could be ethnically dependent.  therefore, the 
practical significance of the association revealed here 
makes testing these results in independent samples of 
other ethnic groups especially interesting. 

This work was supported by the Russian Academy of 
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