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Is ageing a disease? Do age-related diseases differ from ageing? Is ageing a bad thing? Is
ageing a solvable medical problem?
The answers to such questions will be contradictory. For most people, it is even surprising
that these questions can be posed because the answers are so self-evident, and this is true
both for people whose answers will be “yes” and for those whose answers will be “no”. But the
practical, simple answers to the obviously philosophical question of perceiving inevitability
reflect little of the essence of the problem. The nature of the discussion of these issues will
vary significantly by culture and historical tradition.
Most of the authors in this book (Centre for Life Sciences reseachers, National Laboratory
Astana, Nazarbayev University) spent most of their lives in Kazakhstan, where there are
both cosmopolitan and mono-ethnic regions, of course, their answers, depending on the
dominant cultural tradition, will be opposite.
In enclaves dominated by an Asian-Islamic stereotype of thinking, the prevailing view
is that ageing is a natural, inevitable, and long-awaited process that is immune to medicine.
This attitude to ageing traditionally maintains a deep respect for older people, “elders”,
ensure proper integration of older people in society, encourages them to remain active at the
end of life, and so on. But in the long run, this is a problem. This tradition interferes with the
adequate perception of anti-ageing research efforts.
Representatives of a more cosmopolitan culture do not perceive respect for the elderly as
an obligatory cult. Although a serious level of ambivalence remains concerning these issues,
doubts about the wisdom of ageing are increasingly transforming into efforts to ensure
ageing under medical supervision.
In our opinion, only one result can be practicable: a wider and clearer understanding that
ageing is indeed a solvable medical problem, and we strive to contribute to the solution to this
particular problem.
Thus, modern medicine is effective in preventing degeneration from age-related
diseases, without delaying their onset, and thereby increasing the number of people with
age-related diseases and the number of diseases affecting every elderly person. In addition,
each ageing disease is now treated separately, which is expensive and can lead to unstable side
effects. For example, chemotherapy used to treat cancer harms normal tissues and organs.
Conversely, insulin, which is used to treat diabetes, is an ageing factor and can accelerate
certain pathologies, such as cancer. (Note: on the contrary, due to some anti-ageing actions,
the antidiabetic drug metformin prevents cancer). One solution is to delay the development
of age-related diseases, thereby extending the duration of a quality, healthy life. But is it
possible? The material in this book is an attempt to answer this question.
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CENTRE FOR LIFE SCIENCES:
ADVANCED JOURNEY IN 10 YEARS
Zh. Zhumadilov, A. Kushugulova,
A. Abdrakhmanov
In December 2010, exactly ten years ago, the Centre for Life Sciences (CLS) was established as a private entity owned by Nazarbayev University. The main aim of the CLS is to transform medicine
and healthcare in Kazakhstan by carrying out innovative research,
practical implementation of research results, training highly qualified medical practitioners, and encouraging the practice of evidence-based and personalized medicine.
It is important to note that the foundation of CLS was proposed
by the First President of the Republic of Kazakhstan Nursultan
Nazarbayev. In his annual speech to Kazakhstan on January 28,
2010, First President Nursultan Nazarbayev proposed to establish
three research centers within the New University in Astana, nowadays known as Nazarbayev University. He highlighted that CLS
would conduct research jointly with the world’s leading scientific
centers in the fields of organ transplantation, artificial hearts and
lungs, stem cells, and the medicine of longevity.
The unique center conducting research in the field of life sciences
immediately received great support in the world. Ten months after
its establishment, on November 11-12, 2011, CLS organized the 1st
International Scientific Conference on Regenerative Medicine and
Healthy Ageing. The goal of the conference was to assemble leading scientists from the USA, Europe, Japan, Great Britain, Russia,
Kazakhstan, etc. to discuss innovative strategies in the field of regenerative medicine and healthy ageing and to develop the scientific base for ageing-related concepts and therapies.
During this Conference, CLS’s International Advisory Board
(IAB) was createdunder the leadership of Nazarbayev University.
IAB presents 19 international board members from leading uni3

versities and medical research centers. Representatives include
members from Duke University, University of Pittsburg, University of Newcastle, Seoul University, and the University of Hiroshima. The Chairman, Dr. Allan Russell, provided strong leadership,
and Board members were interested and engaged in discussions
around CLS strategy and research programs. The Board provided
constructive advice on specific research projects and supported the
strategic directions of CLS.
In 2011 CLS staff developed a publication in a book format called
“Scientific Basis of Healthy Ageing”. The authors of the book review the cutting-edge research findings on ageing and longevity.
The publication focuses on health-related behaviors and practices
of healthy ageing. The book was published by Marie Ann Liebert
Inc., publishers in New York. Worldwide famous scientists such as
Aubrey D.N.J. de Grey, Ph.D., and Alan J. Russell, PhD., highly
evaluated the book.
Starting from 2011, CLS researchers began actively to participate in international multidisciplinary research projects, conduct
international workshops as well as to create a strong strategic
partnership with the leading universities and institutions:
 In collaboration with the scientists of Nazarbayev University, Columbia University, National TB Centre, National Geography Institute, Kazakhstan Association of TB specialists
CLS research team participated in a project «Mapping social,
environmental, and genetic determinants for tuberculosis in
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Kazakhstan».
 As part of the «Development of a new treatment for respiratory failure in children», CLS scientists in partnership
with the McGowan Institute for Regenerative Medicine have
developed a prototype of an extracorporeal gas exchange device. They have also completed bench testing with different
blood models and in vivo trials in 2-3-months-old lambs.
 CLS and the University of Pittsburg with the support of
USAID and the World Health Organization Collaborating Centre held a workshop on research design and statistical methodology in public health and medicine. The main aim of the
workshop was intended to develop scientific productivity and
encourage scientific networking in the countries of Central
Asia, including Kazakhstan, Tajikistan, Turkmenistan, Kyrgyzstan, and Uzbekistan.
 Researchers from the Department for organization and
development of Genomic and Personalized Medicine of the
CLS completed training at Duke University, a strategic partner of Nazarbayev University. As a result of the training, the
researchers became acquainted with the next-generation sequencing techniques that are crucial for fundamental and applied research in genomics, cellular and molecular biology,
and biomedicine, as well as the development of genomic and
personalized medicine in Kazakhstan.
 CLS and the Faculty of Population Health Sciences of
the University College London have signed a memorandum of
understanding aimed at co-operation and undertaking collaborative research, including research projects and doctoral research projects.
In 2012, CLS together with the University of Pittsburg launched
a new academic journal, The Central Asian Journal of Global
Health, that accepts articles from Asia-based professors, academics, graduate students, and other health-related professionals. The
project aims to encourage Kazakhstan to realize its full scientific
potential by engaging all stakeholders, including young researchers, scientists, and doctoral students.
In 2013, CLS and Beijing Genomics Institute (BGI) signed a
memorandum of understanding aimed at co-operation and under5

taking collaborative efforts in
genomics research and training.
BGI is the largest genome sequencing centre in the world. It
provides genomic DNA sequencing and analysis services for international customers from academic and industrial fields.
On October 17-18, 2013, CLS
launched the first International Conference on Personalized
Medicine and Global Health. Scientists from leading universities
and institutions from the United States, Japan, United Kingdom,
Austria, France, Korea, and Russia, senior management of research organizations, educational institutions, representatives of
the healthcare industry as well as government representatives of
Kazakhstan were represented in this conference.
In 2013, scientists of CLS developed first series of treatment
and preventive products that promote healthy ageing and improve
quality of life. A new product
«НӘР» (pronounced as «Narh»),
was developed based on the traditions of Kazakh people. For
many centuries Nomads in Kazakh steppes have consumed dairy products such as koumiss and
shubat, airan (yogurt), curd, and cheese. Since ancient times,
mare’s milk has been used as an antidote for its ability to rid the
body of toxins.
«Kazakhstan Association of Human Microbiome researchers»
was established within the International Conference on Personalized Medicine and Global Health. The purpose of the Association
is to establish a large-scale competitive research resource, integrate into the global scientific community, consolidate the research
of medical institutions in Kazakhstan, strengthen the relationship
of medical science with its application in the public health sector,
and train highly qualified specialists in fields of microbiology, molecular biology, and bioinformatics.
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In 2014, the President of South Korea Mrs. Park Guen Hye
visited Nazarbayev University and CLS. During this visit, CLS Director-General Prof. Zhaxybay Zhumadilov presented the research
projects’ results obtained in collaboration with the Genomic Medicine Institute of Seoul National University.
On October 29, 2014, CLS and AbbVie company signed Memorandum of Cooperation. It bound organizations as collaborative
partners in the development of research in pharmacology, modernization and optimization of clinical trials systems and acute respiratory diseases monitoring system, and in improvement of education programs’ quality.
In 2014, CLS scientists saw positive results on the following
projects and started to obtain patents:
1) «Anti-age series of anti-ageing therapy based on grape polyphenols “BAHRA”. “BAHRA” is a liquid food concentrate prepared from polyphenols of grapes “Saperavi”, which are cultivated in Kazakhstan. This dietary product is natural, pollutant-free,
and has high antioxidant activity. Thus, it can protect the human
body in the presence of various pathological conditions, including
premature ageing, diabetes, atherosclerosis, toxic liver damage,
adverse effects of intensive chemotherapy, exposure to radiation,
post-operative conditions, and more.
2) «Wound dressings based on nanoparticles with antimicrobial activity enhanced by microwave radiation». In 2014, extensive
experimental studies have been conducted to prove safety of the
components of a new type of wound dressing. This wound dressing
7

is a novel combination of cryogel and silver nanoparticles. All components have been tested both alone and in combination with each
other.
3) The innovative patent was obtained (№12-3/1113 dated
14.03.2014) for the method of treatment by hyperbaric oxygenation with the umbilical introduction of nutrients to the fetus.
On March 3, 2015, the President of Kazakhstan Nursultan
Nazarbayev visited Nazarbayev University and CLS. During the
visit, the Head of State was familiarized with the most important
achievements, and the results of research and innovation activities
carried out at the University. CLS Director-General Prof. Zhaxybay Zhumadilov briefed President Nursultan Nazarbayev on the
work done and plans for the period to come and presented a report
on the achievements and the results of research of CLS. In particular, the CLS laboratory of genomic and personalized medicine
was demonstrated to President Nursultan Nazarbayev. Dr. Ainur
Akilzhanova, Director of the Department of Genomic and Personalized Medicine, presented the new project of the laboratory – Silk
road genome project – which was carried out from 2015 till 2019.
The project aims to elucidate the genetic landscape of Central Asia
through whole-genome genotyping and whole-genome sequencing
of Y chromosomes and mitochondrial DNAs.
In February 2015, the Minister for the Development of the Russian Far East Alexander Galushka paid his diplomatic visit to Kazakhstan. During his trip, he visited several places in Astana including Nazarbayev University and laboratories of CLS. He became
acquainted with CLS research team of scientists, their works, and
achievements.
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In April 2015, under the aegis of Nazarbayev University, Private
Entity “National Laboratory Astana” (NLA) was established.
NLA integrated three centers: Interdisciplinary Instrumental
Center, Center of Energy Research, and Center for Life Sciences.
The main goals of the institution are carrying out multidisciplinary
basic and/or applied research in the field of life sciences, energy,
and other interdisciplinary areas of science, as well as activities
to establish scientific laboratories, experimental bases, centers,
institutes for the development and implementation of scientific
and technical education programs and training.
In 2015, two of CLS leading researchers were appointed as
members of the National scientific council (NSC). NCSs are collegial bodies that govern the development of various areas in research and scientific or scientific-technological projects. NSCs are
created in different scientific fields according to the governmental
priorities of the social-economic development of the Republic of
Kazakhstan.
From July 20–31, 2015, Nazarbayev University hosted an International workshop on public health for African professionals. Scientists from CLS gave lectures on epidemiology, biomedical, and
public health to 24 specialists from eight African countries.
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In 2015, after Kazakhstan had been officially recognized as a
member of the International Consortium of Human microbiome
Prof. Zhaxybay Zhumadilov, NLA Director-General, and Dr. Almagul Kushugulova, MD, D.M.Sci., Leading researcher, Head of
Laboratory of Human microbiome and longevity of CLS,were appointed as members of the Board of International Human Microbiome Consortium.
In 2016, CLS announced its participation in a scoping study on
Global Healthspan Extension Initiative in collaboration with Centre for the Advancement of Sustainable Medical Innovation (CASMI) the University of Oxford, the Biogerontology Research Foundation (BGRF) and other international academic and industry leaders to develop strategic options for economic development focusing
on extending productive, healthy longevity of the population using
latest breakthroughs in science and technology.
On March 23, 2017, Nursultan Nazarbayev, President of Kazakhstan, and Shavkat Mirziyoyev, newly elected President of Uzbekistan, visited Nazarbayev University and National Laboratory
Astana. Earlier, Bakytzhan Sagintayev, Prime-Minister of Kazakhstan with Yelzhan Birtanov, Minister of Health, and Yerlan
Sagadiyev, Minister of Education and Science, also paid attention
and got acquainted with the work of NLA. High-level officials visited laboratories of NLA, got acquainted with their equipment,
and the conditions in which scientists conduct research projects.
Zhaxybay Zhumadilov, General Director, NLA, informed honored
guests about the most significant NLA projects that were to be implemented in the nearest future.
In 2017, “Astana-Өnim” JSC started to produce the “NӘR” synbiotic beverage based on its existing dairy plant. Following year,
a trial launch of the beverage was produced and sold around the
territory of Astana and Akmola region.
In 2017, Nursultan Nazarbayev, President of Kazakhstan,
signed a decree on awarding the State Prize in the field of science
and technology named after al-Farabi, and in December 2017 CLS
researchers won State Prize of the Republic of Kazakhstan in the
field of science and technology named after al-Farabi. The President awarded the state prize in 2017 in four categories. In the
fourth category, for the series of works on “Scientifically based
methods of ensuring active longevity”, the prize went to Zhaxy10

bay Zhumadilov – Doctor of Medical Sciences, Professor, General
Director, NLA; Alexander Gulyaev – Doctor of Medical Sciences, Professor, Leading Researcher, NLA; Almagul Kushugulova
– Doctor of Medical Sciences, Head of the Laboratory of Human
Microbiome and Longevity, NLA.
On October 25, 2018, Minister of Education and Science of the
Republic of Kazakhstan Yerlan Sagadiyev, President of Nazarbayev University Shigeo Katsu and Provost of the University Ilesanmi Adesida visited Laboratory of Genomic and Personalized Medicine, NLA, and had a look at activities of the Laboratory.
On May 3, 2019, CLS held the ceremony for opening of the new
laboratory building located on the campus of Nazarbayev University. The laboratory unit now is a unique research hub that contains
equipment with advanced multi-omics technologies to solve global
health problems. This event was an excellent opportunity to hear
from NLA researchers, explore the new laboratories, and gain an
insight into what it’s like to be a Kazakhstani scientist.
On November 13, 2019, Professor Zhaxybay Zhumadilov, Director General, NLA, and Samat Kozhakhmetov, Senior Researcher,
won the «Science Leader-2019» award according to the international information and analytical platform Web of Science (they are
the authors of a highly cited article in “Cardiac and Cardiovascular
systems”). Moreover, Maxat Zhabagin, junior researcher at NLA,
became the winner of «Leader of Science-2019” award for high11

ly rated publication activity and citation of information resources
among the young researchers of Kazakhstan. The award ceremony
that was held on November 13, 2019 was organized under the auspices of the Ministry of Education and Science of the Republic of
Kazakhstan jointly with “Clarivate Analytics” company.
On April 13, 2020, Professor Zhaxybay Zhumadilov, Director
General, NLA, was awarded the highest state award of Japan – Order of the Rising Sun. Golden rays with a neck ribbon – for his
outstanding achievements as a scientist and contribution in the
field of radiation exposure research and strengthening the health
of affected people. It should be noted that the Emperor of Japan
traditionally honors prominent statesmen, public figures, and scientists with this award. Among those awarded with the order of
the Emperor of Japan are President Nursultan Nazarbayev, Poet
Olzhas Suleimenov, Professor Tolebay Rakhypbekov, and others.
To date, CLS is a part of an integrated academic healthcare system comprisedof University Medical Center clinics, School of Medicine, and other Nazarbayev University schools. As part of this system, CLS integrates scientific research with clinical practice and
medical education.
CLS’s team of research scientists is highly qualified, exceptionally educated, and incredibly promising scholars. They are our biggest asset and as innovators and inventors embody the future of
medical science in Kazakhstan. There are 46 scientists at CLS who
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are graduates of esteemed and revered universities from around
the world. During the last ten years, CLS prepared highly qualified specialists. Talgat Nurgozhin, PhD, DMSc, MD, formeracting
director of the Centre of Life Sciences of National Laboratory Astana, is now a rector of the Kazakh National Medical University
named after Sanzhar Asfendiyarov in Almaty. In 2016, Raushan
Issayaeva (CLS’s former Deputy General Director) became a Director-General of Almaty State Institute of Postgraduate Medical Education. In 2018, Dauren Alimbetov was invited to the University
of Texas at San Antonio for Postdoctoral position.
CLS researchersare also honored to be members of Editorial
Boards. Prof. Zhaxybay Zhumadilov, General Director of NLA, is
an Associate Editor of «Rejuvenation Research» under the category of «Research in Asia» as well as Editorial Board member of “Central Asian Journal of Global Health”, USA; “International Journal
of Probiotics & Prebiotics,” USA; and “Gerontology & Geriatrics
Research” journal, USA.
During 2010-2020, CLS archived the following significant results:
• 15 Research programs and more than 60 research grants
were conducted under the Ministry of Education and Science of the
Republic of Kazakhstan funding;
• More than 640 papers were published in international and
national journals, where more than 180 papers were published in
journals with high impact factor;
• Publication in Lancet, Impact factor – 59.102, 2019;
• More than 500 training and seminars were conducted for local
medical doctors and researchers;
• More than 200 students were supervised by CLS researchers;
• 20 Patents were obtained. For example, in 2017 and 2019 patent for the invention “Catheter” has been approved by the US, China, and European Patent Agencies;
• 2 grants for commercialization were funded by the «Science
Fund» of the Republic of Kazakhstan:
 In April 2018, «NӘR» synbiotic was put into production at
«Rodina», an agricultural company, Nur-Sultan city. «NӘR» contains 6 (six) probiotic strains, which are endemic for our region
(isolated from koumiss, airan, shubat)
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 In December 2018, Metobiotics «SAUMET» was launched at
the plant in the Karaganda region, Osakarovsky district, Zhansary
village.
• 7 international conferences in the fields of Regenerative
medicine & Healthy Ageing as well as in the fields of Personalized
Medicine & Global Healthwere organized. During these conferences, CLS invited popular speakers such as Aubrey D.N.J. De Grey,
Ph.D.,Geoffrey S. Ginsburg, M.D., Ph.D., Fumihiko Matsuda, Ph.D.,
Yasuhiko Tabata, M.D., Ph.D., etc.
At present, the CLS continues to grow and develop.
Future tasks of CLS are:
 Active participation in the development of academic integrated healthcare system, including:
1. Integration with NU Schools, UMC, Kazakhstani academic
& scientific institutions by involving faculty and students in NLA
andcollaborative research projects.
2. Development of mega projects in partnership with NU
Schools, UMC, and other Kazakhstani research institutions.
 Improving current infrastructure (laboratory certification,
Biobank)
 Improving partnership with Government/Business/Industry
(active research results and commercialization)
 Participation in the creation of the Clinical Translational Research Centre for (CTRC)
 Participation in the development of Artificial Intelligence initiatives in medicine within NU healthcare system
 Publications in prestigious journals
 Participation in the Mega Flagship national collaborative research program on personalized medicine.
Despite strict quarantine measures arising from COVID-19,
NLA continues to work closely with Ministry of Education and Science as well as National Scientific Councils of the Republic of Kazakhstan on implementing research projects and applying for new
programs and grants.
Today, Centre for Life Sciences continues to uphold its tradition
of performing high quality research and practice, maintaining international recognition, and to continuously learn and improve the
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level of researchers in accordance with the requirements of modern
society.
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AGEING AS A NATURAL MULTIFACTORIAL
PHENOMENON
Alexander Gulyayev, Shynggys Sergazy,
Zhumadilov Zhaxybay
Is ageing a disease? Do age-related diseases differ from ageing?
Is ageing a bad thing? Is ageing a solvable medical problem?
The answers to such questions will be contradictory. For most
people, it is even surprising that these questions can be posed
because the answers are so self-evident, and this is true both for
people whose answers will be “yes” and for those whose answers
will be “no”. But the practical, simple answers to the obviously
philosophical question of perceiving inevitability reflect little of
the essence of the problem. The nature of the discussion of these
issues will vary significantly by culture and historical tradition.
Most of the authors in this book spent most of their lives in
Kazakhstan, where there are both cosmopolitan and mono-ethnic
regions, of course, their answers, depending on the dominant
cultural tradition, will be opposite.
In enclaves dominated by an Asian-Islamic stereotype of
thinking, the prevailing view is that ageing is a natural, inevitable,
and long-awaited process that is immune to medicine. This attitude
to ageing traditionally maintains a deep respect for older people,
“elders”, ensure proper integration of older people in society,
encourages them to remain active at the end of life, and so on. But
in the long run, this is a problem. This tradition interferes with the
adequate perception of anti-ageing research efforts.
Representatives of a more cosmopolitan culture do not perceive
respect for the elderly as an obligatory cult. Although a serious
level of ambivalence remains concerning these issues, doubts about
the wisdom of ageing are increasingly transforming into efforts to
ensure ageing under medical supervision.
In our opinion, only one result can be practicable: a wider and
clearer understanding that ageing is indeed a solvable medical
problem, and we strive to contribute to the solution to this
particular problem.
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Ageing, as a physiological process mediated by numerous
regulatory pathways and transcription factors, manifests itself in
a continuous progressive functional decrease and increase the risk
of chronic diseases.
Ageing reduces individual suitability, and ageing cannot develop
as an adaptive program in accordance with the most common model
of evolutionary theory. On the other hand, some ageing mechanisms
and the physiology of ageing sometimes look like programmed selfdestruction. Some researchers find evidence of epigenetic hours
of ageing that control both growth and development and record
movement into an area of inexorably rising mortality.
They are inclined to believe that ageing, as a process of age-related
changes in the human body over time, is a physiological adaptive
process, but with the possibility of pathological development. In
methodological terms, it seems essential to use the conditional
division of the human ageing process into several options: a) normal
or natural ageing; b) premature ageing; c) impaired or pathological
ageing; d) healthy ageing. Highlighting the latter view, we tried
to reflect the impact of comprehensive measures (medical, social)
aimed at developing and maintaining quality longevity. The
presence of adequate biomarkers could streamline the selection
of the type of ageing and ensure the direction of efforts to correct
pathological ageing. In this case, ageing can be considered the main
risk factor for many socially significant chronic diseases, including
cardiovascular, neurodegenerative, some types of cancer, type 2
diabetes, renal and pulmonary failure. The assumption that ageing
itself, as a global pathological process, has the same age-associated
diseases as its clinical manifestations, does not contradict simple
logic. In this case, it is appropriate to use the concept of “antiageing medicine” as a set of measures to correct biological changes
associated with the processes of pathological ageing, which will
ensure quality longevity. An argument in support of the view that
ageing is a disease is that in experiments, interventions that slow
down ageing delay or reverse the occurrence of age-related diseases.
The inherent oxidative stress and antioxidant use are typical
examples of this approach. Recently, we have managed to obtain
some evidence of the possibility of reducing the risk of diabetes
mellitus, arterial hypertension, osteoporosis, cardiopathy, and
nephropathy, as well as the correction of the metabolic syndrome
18

in ageing rats using plant polyphenol, concentrates. Currently,
studies have begun to develop a strategy for quality ageing and
the prevention of age-related diseases. It is planned to test in the
clinic a combination therapy system that can reduce the risk of ageassociated pathology. The hypothesis is based on the possibility
of reducing the level of oxidative stress, stimulating autophagy,
and inhibiting mTOR when using plant polyphenols, senolytics,
and metformin-type drugs. An antimutagenic original symbiotic
product containing a consortium of probiotic strains isolated
from traditional Kazakh national dairy products will be used as a
component to reduce the risk of colon cancer. Such a complex can
be considered an imitator of the state of caloric restriction.
In general, the perception of ageing as a disease makes it
possible to more pragmatically plan research on technologies for
inhibiting ageing and makes it more realistic to achieve the desired
and promised person from the biblical times of longevity.
The emerging dilemma is “ageing of the population as a
challenge to healthcare vs increasing the length of a healthy life as
a challenge to medicine”.
It is generally accepted that ageing is a natural physiological
process that over time leads a person to a gradual loss of physiological
integrity. Ageing is becoming the most pressing demographic
problem facing humanity in the new millennium. All available
sources indicate the continuous ageing of the world’s population at
present. The average age of the world population should increase
from 26.6 years in 2000 to 37.3 years in 2050, and then to 45.6
years in 2100 [1]. According to the World Health Organization
(WHO), the share of the world’s population is old, and old age will
increase to 22% by 2050 [2,3].
Not only does the world’s population age, but it is ageing rapidly
and at an accelerating pace [4]. So, life expectancy at birth (LE0)
increases linearly by three months a year over the past two centuries,
with little sign of slowdown [5]. According to a recent report by
the US Census Bureau [4], in 2015, 617 million people (8.5%) aged
65 and over (adults) under the age of 2015 are estimated to have
reached 1.6 billion by 2050. Ageing populations in developing
countries of Asia and Latin America are experiencing a similar
demographic transition, and by the middle of this century, nearly
65% of the world’s oldest people will live in Asia [4].
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This remarkable increase in older age groups [4] is the result of
a complex interaction between reduced fertility rates and reduced
mortality — first at an early age, and recently at a later age. In
particular, adults aged ≥ 65 make up about 19.2% of the total
population of the European Union (EU-28) [6] — an increase of
2.4% over the past decade. In addition, the number of Europeans
aged ≥ 80 reached 27.3 million. Eurostat reported that in 2016,
a disproportionate increase in the number of very old people was
reported in the EU [6]. For example, in the UK, the Office of National
Statistics (ONS) estimated that in 2016 there were 1.6 million very
old people (2.4% of the total population) [7], the number of which
is projected to increase to 3.2 million by 2041 [8].
Globally, sustained growth in life expectancy and later mortality
make the very old group of people (aged ≥ 85) the fastest-growing
age group in the Western world [9,10]. Namely, the size of this
group is projected to increase by 351% between 2010 and 2050,
compared with a 22% increase in the number of elderly aged ≥ 65
[11].
In our century, ageing people and age-related diseases have been
identified as one of the most serious health problems and financial
difficulties faced by both developed and developing countries.
Kazakhstan, of course, is no exception. The population pyramids
for Kazakhstan and the world are given in accordance with UN
data. Figure 1 shows the general age pyramids for the world and
Kazakhstan.
As you can see, the population pyramid of Kazakhstan has a
regressive or decreasing type. This type of pyramid is commonly
found in highly developed countries. In such countries, there is
usually a fairly high level of health care, as well as the level of
education of citizens. Due to the relatively low mortality and birth
rates, the population has a high life expectancy. All these factors,
along with many others, lead to an ageing population (increase
the average age of the population). Source: Data based on recent
publications by the United Nations Department of Statistics in the
field of demographic and social statistics [12].
Despite these achievements in the process of increasing life
expectancy, we can say that not all added years will be healthy; the
issue of trends in increasing healthy life expectancy (HALE is the
number of years that a person expects to live in a healthy state) is
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Figure 1 — demographic pyramids [13]
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debatable. The most recent Eurostat data show that for the EU-28,
life expectancy at age 65 reached 21.2 years for women and 17.9
years for men in 2015, but most likely, both men and women will
spend only 9. 4 years are relatively healthy (without limitation of
activity) [14].
In general, it can be stated that, although the average life
expectancy of a person has increased significantly over the past 100
years, this was not accompanied by an equivalent increase in the
expected duration of a healthy life (quality life), which was called
health span [15].
In connection with this circumstance, traditionally, when
discussing the results of studies aimed at lengthening human life,
fears and concerns are expressed that an increase in the share of
the elderly population will inevitably lead to an increase in the
prevalence of chronic diseases associated with ageing. Thus, there
is considerable uncertainty about how health changes during a
period when a person enters very old age, and also about whether
the health risk factors typical for an earlier period of life remain
the same or change during very late life.
Meanwhile, experimental studies have repeatedly demonstrated
that life extension, as a rule, is accompanied by a decrease in the
incidence rate [16]. And clinical research of the century has also
shown that most long-livers usually remain without chronic
diseases and disabilities [17]. So, although everyone gets older
over time, the degree of change in physiological function in
different individuals can vary very significantly. Ageing factors
can come from a variety of sources, including changes in genes, cell
imbalances, and organ ageing.
Human ageing patterns — the late onset of mortality, the
slower acceleration of mortality and exceptional longevity — are
often described as unique in the animal world. Using an individual
data set from longitudinal studies of wild populations of seven
species of primates, we show that, contrary to assumptions about
the uniqueness of humans, human ageing enters the continuum
of primacy ageing; the tendency for men to have a shorter life
expectancy and higher age-related mortality than women during
adulthood is a common feature in many, but not all primates; and
ageing profiles of primate species do not reflect the phylogenetic
position. These data indicate that primate mortality models are
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formed by local selective factors, and not by phylogenetic history
[18].
Ageing is often defined as a natural multifactorial phenomenon
characterised by degenerative processes and a subsequent
decrease in physiological functions. Changes and damage during
the processes associated with age are the basis of ageing and
ultimately lead to a deterioration in the function of all subcellular
structures, cells, tissues, organs, and systems. Thus, ageing
can be considered a major risk factor for non-infectious chronic
diseases, including diabetes, cardiovascular disease, cancer, and
neurodegenerative conditions [19]. There is no doubt that ageing is
a complex process that worsens the functions of the body, most of
all this is demonstrated by the example of a loss of skin elasticity,
accumulation of fats and the development of atherosclerosis, a
decrease in the functions of the immune system, the development
of osteoporosis and a tendency to fractures, and, ultimately, the
onset of death [20]. Ageing is determined by a complex mixture
of genetic, non-genetic, and environmental factors [21]. In the
end, all these factors, whether known or unknown, provide an
accumulation of messages about ageing in the stem cell nucleus,
coordinated by the genes responsible for life expectancy. Below is a
diagram (Fig. 1) from a review of M. Ullah and Z. Sun [22].

Figure 2 — Factors affecting life. ACE-angiotensin-converting
enzyme, pregnancy-related PAPP-A, plasma protein-A, transforming
growth factor TGFβ beta and Sirtuin 1 (Sirt1)
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Different circles represent different categories of factors that
influence ageing and longevity. The outer circle consists of the
environment, lifestyle, gravity, chemicals, drugs, geographic re
gions, and nutritional factors. The second circle represents genetic
and vital genes such as Klotho and Indy. The third nucleus shows
that anti-ageing stem cells are very close to renewing damaged cells
for the nucleus of life. All circles ultimately accumulate the burden
of damage, mutation, disease, and degeneration at the central core
of life (ageing).
In this paper, we tried to provide an overview of the available
literature on the relationship between ageing and age-associated
diseases and the possibilities for their correction using the example
of the metabolic syndrome and our experimental data.
The ageing process and age-related pathology
Almost always, with rare exceptions, the ageing process is
accompanied by many concomitant diseases of a non-infectious,
chronic nature. General practitioners and geriatricians perceive
multimorbidity in elderly patients as inevitable. If up to 60 years,
about 25% of patients observed by general practitioners have
multiple pathologies, then after 65 years, this proportion increases
significantly and strives for 100% [23,24]. Multimorbidity is also
associated with social deprivation and poverty. Thus, disease
management in the late period of a person’s life is complicated by
the fact that, for the treatment of various diseases, some of these
methods of treatment can interact with each other in undesirable
directions. This suggests that it is useful to study the common
mechanisms between these chronic degenerative diseases since it
is possible to develop new methods of treatment that are aimed at
common ways of the development of age-associated diseases.
Accelerated ageing appears to underlie many of the most common
chronic diseases, including coronary heart disease, osteoarthritis,
osteoporosis, type 2 diabetes, metabolic syndrome, chronic kidney
disease, and Alzheimer’s disease, as well as chronic lung diseases
such as chronic obstructive lung disease (COPD) and interstitial
lung disease. Indeed, the most common concomitant diseases in
patients with COPD, such as coronary heart disease, diabetes,
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metabolic syndrome, and metabolic bone disease, can have similar
pathophysiological molecular pathways.

Figure 3 — The total growth of the Earth’s population from 1800
to 2050. Reproduced from [US Census Bureau. Global Population at a
Glance: 2002 and Beyond [25]

In 2012, the world’s population reached 7 billion inhabitants,
which is 6 billion more than in 1800 [US Census Bureau. Global
Population at a Glance: 2002 and Beyond [25]. The population
growth rate increased linearly until the early 1900s when it switched
to exponential growth. The growth rate reached a maximum peak
of 2.2% per year from 1950 to 1962.
The theory of the epidemiological transition is based on the
observed shift in the burden of disease from causes associated
with infectious diseases (NCDs). While the debate on the role of
population ageing in the epidemiological transition continues, the
demographic transition to older people also occurs in all regions,
albeit with a different structure, determinants, and speed. It has
been shown that population ageing continues in both developed
and developing countries. However, the growth rate of older people
in low- and middle-income countries will remain significantly
higher than in most high-income countries (HIC) for many decades
[26]. Multimorbidity is usually defined as the presence of two or
more chronic diseases in an individual [27]. Although factors of
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chronic disease are considered engines of multimorbidity, the
observed increase in multimorbidity is also associated with both
a demographic and an epidemiological transition. As the global
population continues to grow in size and becomes more and more
ageing, an expected increase in multimorbidity is observed. One
of the main challenges facing the international community is the
fight against multiple diseases as part of the burden of NCDs. In
particular, health systems need to examine their socio-economic
determinants to provide the most equitable health care for their
population and to prevent NCDs.
Despite the growing recognition of the prevalence of
multimorbidity among older people, studies on global prevalence
are not enough. Few studies reported national estimates. Studies
of the prevalence of diseases in the elderly in Spain and Germany
indicate that the prevalence of multimorbidity is about 60%
for people aged 65 years and older [28]. While a focus on older
people is common, multimorbidity also affects young people. A
study in Australia showed that the prevalence of multimorbidity
is approximately 4% in adults aged 20–39 years, 15% in the age
group of 40–59 years, and 39% in people aged 60 and over [29].
Figure 4 shows the national levels of multimorbidity by the
country’s GDP per capita [30].
As you can see, there was a positive relationship between the
spread of multimorbidity and GDP per capita (with GDP per capita
of 200 — 10 000 US dollars). Above $ 10,000, the line is levelling:
For example, Spain had a relatively low multimorbid prevalence,
given their high level of GDP per capita.
A similar picture of polymorbidity is given in a study based on a
calculation using the World Bank Atlas method [31].
Thus, an increase in the rate of multimorbidity currently
accompanies an increase in life expectancy [32].
The extraordinary increase in human longevity and the rapid
growth of the elderly population, both in developed and developing
countries [33] are considered one of the greatest achievements of
humanity, but they are also a cause for concern and social problems
[34]. Since people like to live longer, the main task will be to
maximise the potential of these extra years for “healthy years” [35]
and minimise the burden of disease, disability, and dependence [36].
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Figure 4 — Separation of multimorbidity by countries in
comparison with the level of GDP. Worldwide standardised prevalence
of multimorbidity for LMIC by GDP in countries covered by WHO
statistics (n = 28) in 2003 (at confidence intervals). * High-income
group HIC; MIC income group; Low-income LIC

As can be seen from Figures 6 and 7, a theoretically increasing
burden of ageing cells can contribute to the early appearance of
age-related diseases, and these processes can mutually accelerate
the progression of each other. A violation of the relationship
between the main mechanisms of ageing and the processes leading
to chronic diseases can delay age-related diseases and thereby
extend life expectancy.
As shown in the diagram shown in Fig. 6, in the pathogenesis of
age-associated diseases, common mechanisms have been identified
that indicate the simultaneous presence of cell ageing with telomere
shortening, activation of PI3K-AKT-mTOR signalling, impaired
autophagy, mitochondrial dysfunction, depletion of stem cells,
epigenetic changes, abnormal miRNA profiles, immunogenicity,
and sluggish current chronic inflammation. Many of these pathways
are due to chronic oxidative stress. There is also a situation of
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Figure 5 — Multimordance calculated by countries and groups
of GDP and level of education. a: Socio-economic gradient of
multimorbidity by region, for age category 1 (<55). b: Socio-economic
gradient of multimorbidity by region, for age category 2 (≥55). The
palest hue is the first category (higher education achieved). The darkest
shade represents the final category (less than completed primary school
education)

Figure 6 — Factors contributing to ageing. Factors affecting the
ageing process: environmental stressors, diet, genetic, non-genetic,
hormonal, and epigenetic components of life
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Figure 7 — Estimated relationships between ageing processes and
the development of age-associated pathology [37]

Figure 8 — Cellular ageing and accompanying age-related diseases
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decreasing activity of the so-called “anti-ageing molecules”, such
as sirtuins and Klotho, which further accelerates the process of cell
ageing. An understanding of these molecular mechanisms reveals
several new therapeutic goals. This indicates that, in the future,
new treatment approaches may appear that focus on common
pathways of ageing and age-associated multimorbidity, and this
area of research should already be given high priority now.
Ageing is a multifaceted process due to the gradual and lifelong
accumulation of molecular and cellular damage, which leads to a
gradual loss of function in cells and tissues [38], which increases
the risk of multiple diseases (morbidity), disability, and death.
Nevertheless, human ageing is a malleable process, as evidenced by
the changing age distribution in the world and the rapid growth
of older age groups (adults 80 or 85 years old and older) in the last
century [39]. Genetic and non-genetic factors, such as smoking,
physical activity, and diet, contribute to heterogeneity in the
ageing process. There is substantial evidence of experimental and
observational studies to support the role of specific foods, dietary
models, and nutrients in the prevention of chronic diseases and
mortality [40,41] and in improving the quality of life in ageing [42].
In the conclusion of this fragment, it can be said that it is
precisely because medicine becomes so effective in saving lives
that it increases the number of elderly patients with chronic
and multiple diseases that, in turn, naturally requires multiple
repeated and complex treatment, all of which costs money. No one
dies from ageing, and all people die from age-related diseases such
as cancer, atherosclerosis, hypertension, diabetes, osteoporosis, or
their complications. Therefore, every old man becomes a patient
at some point. Medical interventions delay death from agerelated diseases, often without curing them. For example, due to
defibrillation from sudden death due to coronary atherosclerosis,
a patient can live for many decades (with treatment) and even die
from another age-related disease. With treatment and feeding,
patients with macular degeneration, Alzheimer’s and Parkinson’s
diseases, type II diabetes, hypertension, coronary atherosclerosis,
sarcopenia, and osteoporosis can live for decades. Cancer also
becomes a chronic disease. Of course, this is a great medical and
social success. However, as a “side effect”, this increases the
number of elderly people with chronic age-related diseases who are
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constantly in need of medical attention (who would otherwise die).
Since ageing diseases tend to develop with age gradually, such a
patient suffers from several, and sometimes many, diseases. The
combination of obesity, diabetes, atherosclerosis, hypertension,
retinopathy, osteoporosis is very common in the form of metabolic
syndrome.
As can be seen in Figure 9 from the article of M.V. Supportive
[43], A to B: standard medicine extends life expectancy by
preventing death from age-related diseases. At the same time, the
number of elderly people suffering from age-related diseases
is increasing. The ratio of health to life expectancy decreases. B
to C: anti-ageing intervention slows down ageing and slows down
the onset of age-related diseases. This will theoretically restore the
ratio of health to life expectancy. B to C: anti-ageing intervention
slows down ageing and slows down the onset of age-related diseases.

Figure 9 —
intervention

The ratio of health, life expectancy and medical
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Thus, modern medicine is effective in preventing degeneration
from age-related diseases, without delaying their onset, and thereby
increasing the number of people with age-related diseases and the
number of diseases affecting every elderly person. In addition,
each ageing disease is now treated separately, which is expensive
and can lead to unstable side effects. For example, chemotherapy
used to treat cancer harms normal tissues and organs. Conversely,
insulin, which is used to treat diabetes, is an ageing factor [44] and
can accelerate certain pathologies, such as cancer [45,46]. (Note:
on the contrary, due to some anti-ageing actions, the antidiabetic
drug metformin prevents cancer [47]). One solution is to delay
the development of age-related diseases, thereby extending the
duration of a quality, healthy life. But is it possible? The material
in this book is an attempt to answer this question.
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CHAPTER 1. RISK FACTORS AND PREVALENCE OF
AGE-ASSOCIATED PATHOLOGY IN THE KAZAKH
POPULATION
Adil Supiyev, Alibek Kossumov,
Zhaxybay Zhumadilov
Central Asia, a rapidly developing and populated region, with a
high burden of CVD, has surprisingly small evidence based on CVD
(and indeed other NCDs) and its risk factors. Existing published
studies are largely outdated, cover only three countries of the
region (Kazakhstan, Kyrgyzstan, and Uzbekistan), and all had the
cross-sectional design. Very few studies reported on the prevalence
of CVDs and its risk factors. The existing studies, at best,
differentiated CVD risk by ethnicity, sex, and age, but details on
the methodology are typically not available. There were no recent
studies that reported on CVD by socioeconomic status and only
limited data on urban and rural differences. Although data reported
by WHO provide material for crude ecological comparisons, there
are significant gaps in the evidence on CVD in Central Asia based
on individual-level data.
Our work addressed some of the gaps in the knowledge of CVD
and its risk factors in our region. Kazakhstan. Despite being a
major economic force in the region and often seen as a model for
successful development by other CA countries, Kazakhstan has
among the highest-burden of cardiovascular disease (and all-cause
mortality) in the WHO European region. While there has been an
assumption that the causes of the high rates of CVD are similar
to those in neighbouring Russia or some other Eastern Europe
countries, the independent development of CA countries for more
than two decades after the collapse of the Soviet Union may not have
led to patterns identical to Russia in terms of CVD determinants
(particularly as the reasons for the CVD epidemic in Russia are not
well understood either). Interestingly, experience from other parts
of the world suggests that policymakers prefer to draw from local
reports and evidence rather than international recommendations
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[1]. Therefore, locally conducted research producing locally specific
and applicable evidence on cardiovascular disease in Central Asia
could also stimulate local governments in the region to shift
their attention to more comprehensive public health preventive
programs.
The preventable nature of CVDs and their high burden of
morbidity and mortality and the lack of data from the Central Asian
region were the main reasons for developing our research projects.
The Astana Health Study (AHS) was set up as a new source of
individual-level data to study the socio-economic, behavioural and
biological factors that determine the patterns of cardiovascular
risk in Kazakhstan.
Based on data from the Astana Health Study, it can be concluded
that there are considerable differentials in cardio-metabolic risk
and behavioural factors by several socioeconomic and demographic
factors characteristics. In particular, there seem to be considerable
differences in the levels of risk factors between rural and urban
areas, between Kazakh and Russian ethnic groups, and, less
consistently, between population groups characterised by various
indicators of socioeconomic position. The case-control study found
associations between cardio-metabolic risk factors and risk of CVD,
which are broadly consistent with studies in western populations
and other eastern European countries. At the same time, the
association of CVD risk with sociodemographic factors was also
present, but sometimes less consistent.
While the associations of CVD with cardiometabolic risk factors
are consistent with the international literature and follow the
relatively well-understood biological mechanisms, the pattern of
risk factors and CVD risk distribution by socioeconomic factors
are more complex and more difficult to interpret. The differences
between urban and rural areas are likely connected with the
process of globalisation, westernisation, and epidemiological and
nutritional transition. It is also likely that the differences between
the Russian and Kazakh ethnicity are driven by social, economic,
and cultural factors, which were not captured by the measurements
in the study. The increased risk of CVD associated with shortterm unemployment may reflect acute, possibly psychosocial,
negative consequences of losing employment. However, some of
the conflicting findings regarding the socioeconomic gradient
in risk factors and CVD are difficult to reconcile. Some of them
may genuinely reflect the locally specific meanings of various
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socioeconomic measures. Still, it is also possible that some of these
inconsistent findings reflect the limitations of the measurements,
which may have been inaccurate and potentially tapping into
concepts which are culturally distant to the Kazakh population and
therefore not well understood.
Perhaps the most important impact of this research is the fact
that it provides the first individual-level evidence on cardiovascular
diseases (CVD) in Central Asia, obtained in a clearly described
population sample, and by using an internationally comparable
methodology. As CVD remains the most important cause of high
total mortality in the region, an examination of the prevalence of
a wide range of risk factors and their associations with CVD is of
great importance for the region. Such a study is the first step to
consider options for serious deliberations on effective prevention
and curative strategy. So far, such data on CVD have not been
available. It is hoped that the information presented in this thesis
(and the resulting publications) will be important for government
officials and policymakers.
The second implication relates to the general view of the
importance and amenability of CVD diseases within Central Asian
countries. CVD remained to be considered to be the domain of
clinicians and hardly amenable to preventive activities. There
have been few efforts to design public health measures to control
CVD and other non-communicable diseases. The thesis presents
convincing evidence that environmental factors play a major
role in the determination of CVD risk, and they need to be taken
into account. With the emergence of evidence-based medicine
and evidence-based public health, these locally specific data from
Kazakhstan will provide a major impetus to consider evidence in
clinical and preventive deliberations.
There is no simple solution to the challenges posed by CVD to
society and the healthcare system, especially given the complexity
of cardiovascular diseases, local peculiarities, and practical and
financial constraints of Central Asian countries. Nevertheless,
given that a common set of CVD risk factors affects the disease
risk in various populations worldwide, similar strategies, related
to both management and prevention of CVD, are expected to be
effective.
It has been suggested that as much as 90% of the CVD burden
is attributable to modifiable risk factors, with over 75% of them
being due to behavioural factors such as smoking, adverse dietary
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patterns and sedentary lifestyles [2]. These estimates may imply
that controlling these behavioural risk factors would make a major
contribution to reducing CVD rates. Ideally, these behavioural
interventions should be addressed at all stages of the life course,
since CVD results from risks accumulated throughout life.
The population-wide strategies, including the development,
or at least the adoption of such policies and regulations that
are related to food and tobacco control, may effectively alter
the behavioural patterns of populations in both developed and
developing countries, and have a great potential in Central Asian
settings. Specifically, the taxation and regulation of tobacco
products, as well as regulation of food marketing strategies
could be potentially successful, given the relatively low income in
Central Asia. However, it is recommended that regulatory changes
should be sustainable, economically feasible, and incremental.
Additionally, international guidelines suggest that populationlevel interventions with the support of NGOs and mass media
further raise the awareness levels of CVD risk [3] through health
education, improved health literacy and behavioural change
towards a healthier lifestyle. Good examples of such programmes
are the Act FAST and KNOW STROKE campaigns in western
countries [4]. These population-wide strategies need to take into
account the distribution of risk factors by social and demographic
factors. In the case of Kazakhstan, our results suggest important
variation by urban/rural residence and ethnicity and, to a less
degree, socioeconomic status, and the population-based approaches
may need to be modified to take into account these differences.
Along with population-based approaches, it is equally important
to strengthen the health system to deliver high quality and
accessible health care for the prevention and management of CVD.
This includes improving the healthcare financing mechanisms,
workforce capacity building programs, and infrastructure
development [5], as well as increasing access to essential medication
[6]. Health system policies may not be as effective or immediate,
as their theoretical prediction, and political expectations are
sometimes rather imbalanced. With Central Asian countries being
increasingly affluent, an excessive focus on high-risk prevention
strategies has emerged, which in turn might have led to the limited
focus on primary care and population-based CVD prevention. There
is an urgent need to emphasise the role of primary care in achieving
better health outcomes and the reorientation of primary health care
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towards CVD prevention. For example, the redistribution of the
work undertaken by general practice staff to support the patients
(health coaching service) in health behaviour change might be
effectively implemented in Central Asia settings [7]. Also, the
ongoing surveillance and evaluation processes of implemented
activities should always accompany the primary health care
initiatives.
Therefore, comprehensive strategies addressing the full range
of complex and wider determinants of CVD would have the highest
potential for CVD prevention in the Central Asia region [8]. Also,
the context is highly important for the planning and implementation
of CVD prevention strategies. While there are common needs and
priorities for every state, each country in the CA region has its
own specific needs and circumstances. Thereby, local knowledge is
required to design and implement these interventions in Central
Asian settings.
The third implication is connected to the fact that the study
has included and examined a wide range of socio-economic and
demographic factors as potential determinants of CVD. Although
not all the results show consistent strong association with all socioeconomic measures, the introduction of social determinants into
the study of non-communicable diseases is novel in Central Asia
(and other parts of former the Soviet Union), and it is hoped that
this project will contribute to the recognition that these factors are
perhaps the most powerful determinants of health.
Finally, this research may have an impact on academia and
research. Epidemiology of non-communicable diseases has not
been well developed in most post-Soviet countries. Traditionally,
epidemiology focused on infectious diseases, and public health was
concerned with industrial hygiene. As a result, non-communicable
diseases have been largely neglected and considered too complex for
interventions. This population-based study provides an example
that it is feasible to conduct high-quality epidemiological studies of
non-communicable diseases in Central Asian settings. It is hoped
that this will motivate to improve academic teaching and training
in research methods, introduce modern methods in teaching and
training curricula, and eventually lead to expansion of academic
research into non-communicable diseases, leading to more effective
policies and interventions.
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CHAPTER 2. UNDERSTANDING THE MOLECULAR
GENETIC MECHANISMS OF THE DEVELOPMENT OF AGERELATED DISEASES: FROM THE LABORATORY TO THE
PATIENT’S BED
Ainur Akilzhanova
Background. Precision Medicine: From Science to Value
Precision medicine is poised to have an impact on patients,
health care delivery systems, and research participants in ways
that were only imagined 15 years ago when the human genome was
first sequenced. While discovery using genome-based technologies
has accelerated, these have only begun to be adopted into clinical
medicine. Here we define precision medicine and the stakeholder
ecosystem required to enable its integration into the research and
health care. We explore the intersection of data science, analytics,
and precision medicine in creating a learning health system that
researches in the context of clinical care and at the same time
optimizes the tools and information used to deliver improved
patient outcomes. We provide examples of real-world impact and
conclude with policy and economic agenda that will be necessary for
the adoption of this new paradigm of health care.
Recent developments in genomic sequencing technologies have
the potential to revolutionize the diagnosis and treatment of many
diseases, particularly inherited diseases and cancers.
Fast-paced development and declining costs may allow the
Ministry of Healthcare to introduce new genomic sequencing
diagnostic tests, including expanded next-generation sequencing
(NGS) gene panels, whole-exome sequencing (WES), and ultimately,
whole-genome sequencing (WGS).
Together, these applications will form an important addition to
existing genetic testing strategies: they promise faster diagnosis
of inherited and de novo disease, particularly where simultaneous
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investigation of multiple genes replaces sequential investigation,
resulting in lower sequencing costs per gene.
Improved knowledge will advance clinical care in due course.
However, the ability to investigate the whole exome or genome also
brings significant challenges: sequencing generates huge amounts
of data and understanding the health impact of the genomic
variants that are identified is often complex and difficult.
The aim of this chapter — Genomics in clinical practice- is
to inform the optimal clinical implementation of these genomic
technologies to use in understanding the molecular genetic
mechanisms of the development of age-related diseases. This report
identifies the broad range of ethical, legal, social, and practical
issues that will arise from using the technologies (i.e. expanded
NGS gene panels using selected gene lists through to genome-wide
sequencing technologies) within a clinical setting.
It seeks to address these challenges by proposing a comprehensive
set of recommendations for implementing these technologies in
ways that improve healthcare while minimizing potential harms.
Summary of key findings
Key ethical, legal and social issues (ELSI) raised by the
introduction of sequencing. Scientists and key stakeholders of
different countries formulated recommendations that help to
minimize the ethical, legal, and social challenges of translating
these new NGS diagnostic applications into clinical care and ensure
that they are implemented proportionately and responsibly.
We have identified the recommendations that need to be
addressed immediately for new diagnostic services using genomic
sequencing to be implemented and delivered ethically and equitably.
We have also identified a set of recommendations that should be
implemented as a matter of urgency to deliver these technologies
most efficiently.
One way of presenting our recommendations is in terms of the
four ethical principles of beneficence, non-maleficence, autonomy,
and justice [1]. It is especially difficult to be certain that adopting
a novel technology will do good (i.e. cause beneficence) rather than
harm (i.e. cause maleficence) because of a lack of evidence about
the scientific validity of the genetic variants that are detected, and
the clinical utility associated with their detection. For this reason,
one of our key recommendations is to restrict the implementation
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of these novel NGS diagnostic technologies to deliberately target
analysis and interpretation of disease-associated genes consistent
with the patient’s presenting phenotype (R1). This can be done
through developing gene lists based on phenotype (R3) through
multidisciplinary expert groups (R4). Using this approach as a firstline test (R6), before undertaking analysis and interpretation of the
whole exome or genome will help to avoid generating large volumes
of data of uncertain benefit (R5). To support the interpretation of
the pathogenicity of genetic variants from patients, and Database
needs to be set up (R12). Mandating the deposition of variant,
clinical, and phenotypic data into this database while ensuring
proportionate controls on access will help to create a robust and
reliable database that serves the needs of patients (R13).
The avoidance of harm (i.e. non-maleficence) was also
addressed: a recurring theme concerned the volume of findings
that might be generated, particularly uninterpretable findings (i.e.
variants of unknown significance, VUS) and incidental findings
(IFs) (potentially) associated with other diseases that are not
relevant to the current diagnosis [2]. Disclosing findings without
understanding their significance could cause anxiety and distress
to patients and families, and delivering that information could
strain limited clinical resources.
Deciding whether and how to disclose information about IFs to
patients may concern clinicians because patients may be wholly
unprepared to receive this information if it has not been discussed
during the consent process. Proposed solutions include developing
consistent approaches to generating and interpreting these findings
(R16) and disclosure to clinicians and patients (R17). Ensuring
that new knowledge is available to inform interpretation (R16)
and where appropriate, and if consent allows, shared beyond the
NHS (R15) will help to make these systems more robust. The health
benefits of actively searching for clinically actionable variants
within selected genes (i.e. opportunistic screening) within clinical
care are not currently proven, and the harms are likely to outweigh
the potential benefits (R5).
One way to address these potential harms is to ensure that
patients’ autonomous choices are recognised through enhancing
current processes for seeking consent: consent processes should
include a thorough discussion of the impact, benefits, risks, and
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uncertainties that may arise. The nature of the test; the generation,
interpretation, and disclosure of IFs and VUS (R7-9), the sharing of
data (R11, 15), and the potential for reanalysis and recontact (R7,
10) are elements that should be explicitly addressed. Reanalysis
of data and unsolicited recontact raise novel ELSI challenges, and
engaging patients fully by offering an opt-out of recontact (R10) is
a way of respecting patient autonomy.
As with any new technology, ensuring that access is fair and
equitable is a key aspect of responsible implementation. Consistent
approaches to patient referrals through gene lists (R1) and
systematic approaches to reanalysis and recontact (R18) need to be
developed. These must be supported by educational resources for
healthcare professionals and patients (R22), and underpinned by
robust mechanisms for evaluation and commissioning (R25). This
package of measures needs to be put in place to ensure that these
technologies are implemented responsibly and ethically, and in
ways that optimise their clinical utility for patients and families,
minimise the potential harms associated with their use, and build
public trust and confidence.
Table 2.1
Recommendations (R) for the implementation of NGS into
clinical practice
R1

R2
R3
R4

The Ministry of Healthcare (MHC) should adopt targeted analysis using gene
lists following genome-based sequencing as an assay.
This targeted approach will have greater clinical utility for the majority of clinical
applications than approaches involving analysis and interpretation of the whole
exome or genome.
The use of genomic tests should be justified on a per-test basis, supported by
clear, transparent, and standardised referral criteria.
Where clinically applicable, we recommend that NGS gene lists incorporating
a core / standardised set of genes appropriate to the phenotype are routinely
adopted.
Standardised evidence criteria should be developed for the selection and
evaluation of genes in gene lists.
Once these are agreed, mechanisms need to be developed for relevant experts in
specified clinical areas to identify core gene lists for specific phenotypes relevant
for their speciality. Each gene list should be developed, curated, and updated by
a multidisciplinary expert group, comprising representative and relevant experts
(including healthcare professionals and scientists). These activities will need to
be resourced.
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R5

R6

R7

R8

R9

R 10

R 11
R 12

R 13

R 14

R 15

Bioinformatics search strategies should minimise the generation, interpretation,
and disclosure of IFs, which are outside the scope of the clinical enquiry.
This is on the basis that without sufficient evidence for the clinical utility of
opportunistic screening, the potential harms are likely to outweigh the potential
benefits.
Clinical criteria should be developed for moving from targeted sequencing and
analysis to using open sequencing and analysis as a second-line test. Clinical
guidelines should also be developed for the use of open sequencing (exome- or
genome-based) as a first-line test.
It is the responsibility of the referring clinician to provide transparent information
and to seek consent relating to targeted and open sequencing and analysis. This
should include advising patients about the possible generation and significance of
IFs and VUS and establishing their views regarding recontact.
The clinical consent process should include an explanation that IFs and VUS
may be generated during genomic sequencing, that these may require further
investigation, and that the test results may have implications for the patient’s
biological relatives.
As part of the consent process, patients should be allowed to express their views
as to whether IFs generated from genomic sequencing should be disclosed to
them. Where appropriate, this might form part of a dialogue with clinicians.
Disclosure decisions will be informed by clinical judgement.
The possibility and nature of reanalysis necessitating future contact should be
routinely covered in the initial consent process if this is part of the testing service
(and if necessary supplemented by further discussions). Patients should be given
the opportunity to opt-out of recontact. There should be transparency about what
findings might be returned, how long after the initial episode of care contact
might be made, who would contact the patient and likelihood of this arising, and
how the patient may initiate contact.
There must be transparency within the consent process regarding how sequence
data are used. We recommend that the initial consenting process is clear that data
will be routinely shared within the MHC database.
A secure, comprehensive, accessible Database is urgently required that can
underpin ongoing genomic sequence interpretation, improve clinical outcomes,
and support the needs of clinical services. This nationally accessible database
should be considered an integral part of genomic testing services and will need to
be resourced. Any initiative should be long-term and sustainable.
The deposition of data into the secure Database needs to be (i) mandated through
enhanced service specification, accreditation, and commissioning and (ii)
supported by Kazakhstan Republic policies. Any compulsory data sharing must
be consistent with existing regulatory frameworks and address potential concerns
about safeguarding privacy and identifiability.
Systems and legal processes need to be put in place to allow the contents of
the Database to be shared more widely outside. To address proposed legislative
changes, the optimal method of establishing a firm legal basis for sharing
identifiable patient data beyond the clinical care of the patient would be to seek
appropriate routine consent. This will contribute to building public trust.
A national-level multidisciplinary committee should be established to develop
standards for laboratories as to when to report VUS and IFs to referring
clinicians. This body should also develop advice for clinicians as to whether and
how to disclose IFs to patients.
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R 16 A systematic, evidence-based approach should be taken to reanalysis and
recontact. Standardised approaches should be developed through professional
standards and guidelines.
R 17 Ongoing ethical, legal and social science research and evaluation are needed to
inform good practise, especially in areas where genomic sequencing technologies
raise novel challenges: these include reanalysis, recontact, and the evaluation and
reporting of findings.
R 18 Urgent health economics analysis is required to demonstrate the circumstances
in which genomic sequencing may be more cost-effective than competing
technologies. This information may assist in prioritising how genomic sequencing
is rolled out across clinical specialities.
R 19 Systems and processes should be sufficiently dynamic and flexible to be able to
respond to future developments, such as the need for increased IT infrastructure
and storage as a result of a transition to routine WGS.
R 20 Regardless of clinical speciality, all clinicians requesting diagnostic tests that
utilise NGS sequencing will require support to deliver safe and effective service
for their patients. Developing core competencies for ordering genomic testing
should be explored: competences will need to encompass appropriate referral,
consent processes, and the interpretation of results.
R 21 Public confidence is a vital element in securing the successful clinical
implementation of novel technologies: it is, therefore, vital that claims made
about their impact are realistic and that services are implemented in ways that are
transparent and accountable.
R 22 Systems for evaluating genetic and genome-based tests for use within the
NHS need to be supported and developed further to enable timely and robust
assessment. Standard operating procedures should be used to manage modest
changes to sequencing and interpretation pipelines, and the contents of gene lists.
R 23 There needs to be an appropriate commissioning mechanism to consider the
implementation and funding of genomic sequencing tests in a timely manner
in response to evidence of their clinical utility. This will need to include
arrangements for prioritising and managing access to testing, interpretation, and
follow-up.

What Is Precision Medicine?
The National Research Council’s Toward Precision Medicine [3]
adopted the definition of precision medicine from the President’s
Council of Advisors on Science and Technology in 2008 as: “The
tailoring of medical treatment to the individual characteristics of
each patient…to classify individuals into subpopulations that differ
in their susceptibility to a particular disease or their response to a
specific treatment. Preventative or therapeutic interventions can
then be concentrated on those who will benefit, sparing expense
and side effects for those who will not”. As the definition suggests,
the power of precision medicine lies in its ability to guide health
care decisions toward the most effective treatment for a given
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patient, and thus, improve care quality, while reducing the need
for unnecessary diagnostic testing and therapies.
The conceptual distinction between personalized and precision
medicine
Personalized medicine refers to an approach to patients that
considers their genetic make-up but with attention to their
preferences, beliefs, attitudes, knowledge, and social context.
In contrast, precision medicine describes a model for health care
delivery that relies heavily on data, analytics, and information.
This model goes beyond genomics and has vast implications for our
nation’s research agenda and its implementation and adoption into
health care. Precision medicine – and the ecosystem that supports
it -- must embrace patient centred-ness and engagement, digital
health, genomics and other molecular technologies, data sharing,
and data science to be successful.
Components of the Precision Medicine Ecosystem
A precision medicine ecosystem ideally links patients, providers,
clinical laboratories, and researchers (see Figure 2.1). With the
advent of EMRs and robust IT systems supporting both research
and health care delivery, patients (and research participants)
who agree to provide biospecimens and share their clinical and
research data are at the epicentre of contributions to the research
enterprise. Researchers generate new findings from the data
derived from samples linked to digital phenotypes, family history,
and environmental exposures all captured as part of clinical care.
Clinicians utilize a growing knowledge base curated from
clinical laboratories [5,6]. This assembly of data from a variety of
sources sets the stage for a powerful precision medicine ecosystem
which, when coupled to others, leads to dissemination of knowledge
that enables other systems to benefit. The extended precision
medicine ecosystem includes government as sponsors of precision
medicine research and regulators of precision medicine products,
the industry as partners in development and commercialization
of precision medicine products, professional societies as enablers
of the training of the next generation of researchers, providers,
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Figure 2.1 — The Precision Medicine Ecosystem [4]

and policy analysts, and payers who evaluate the appropriateness
of precision medicine interventions and the financing that support
their use in health care.
The Learning health system and precision medicine
The inclusion of genomic data in a knowledge-generating health
care system infrastructure is a way to harness the full potential
of that information to optimize patient care [7]. In such a system,
clinical practice and research inform each other to improve the
efficiency and effectiveness of disease prevention, diagnosis, and
treatment [8].
All stakeholders in the precision medicine ecosystem are
involved in shaping that system and deciding how to use the data. In
particular, providers will need information at the point of decision
so that they can use it in the context of their clinical workflow
and patients will need to define preferences about the use and
sharing of their genomic and other information with researchers
and others beyond the delivery system in which they receive care.
Researchers will need to identify and adopt best practices for
research using EMR-linked genomic information. Health systems
will need to offer providers tools and systems that will enable
them to make more informed decisions. The health information
technology community will need to design secure and interoperable
genomics-enabled systems for actionable use in both health care
and community settings. Policymakers will need to address the
return of results, privacy, confidentiality, and education while
developing regulations and economic incentives that can align all
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stakeholders toward the same outcomes. Patients stand to benefit
with optimized health outcomes in such genomics and data-enabled
learning precision health system.
Data science, digital health, and precision medicine
Three platforms are converging in health care: digital health,
data science, and precision medicine. Large-scale collection of
biological, radiological, and translational bioinformatics datasets
are being formed from digital-sensing devices and multi-omic
information with both research and clinical decision support
applications. Making full use of these multidimensional data
streams necessitates the development of standardized methods of
data aggregation and analysis and cross-disciplinary translation
of emerging computational techniques, such as machine learning,
natural-language processing, and artificial intelligence. The
application of these new analytical methods to health care may
enable us to define the dynamic patterns of health and disease and
to create more efficient and sustainable models of care that are
driven by data and technology.
Data sharing is a high-payoff strategy
Integrating high-quality data into a health care system must be a
priority for ensuring that the best possible information is available
for patient care and research [8]. In the USA, several ongoing
efforts within the government and the private sector are aimed at
establishing data repositories for large-scale genomic information
[9]. However, they are currently not readily accessible for use in
the EMR. Data that are standardized, comparable, and consistent,
facilitate the reuse of those data for discovery in multiple contexts
beyond their original use. For example, the EMR, coupled with
gene sequencing information, has been a powerful discovery tool
for identifying genetic variants associated with disease and for
understanding individual responses to therapeutics [10]. The
economics of data sharing might be obvious: if a health system
shares 100 genomes and patient records with ten others who agree
to do the same, each gains 900 for the cost of 100. The power of
genomics enabled research, and health care is proportional to the
amount of data that can be accessed and analyzed.
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Health care systems supporting complete learning cycles that
encompass both the analysis of data to produce results and the use
of those results to develop changes in clinical practices are systems
that will allow for optimal learning. Summed across all individuals
in such systems, genomic data could inform strategies to improve
population health and contribute to care management. Just-in-time
information, guidelines for clinical action, and more information
on the clinical utility of genetic testing would help physicians
make effective use of genomic information and integrate it in their
practices similar to other medical test information.
Precision Medicine – Where Are We Today?
Many applications of precision medicine contribute to
healthcare at many points in an individual’s lifespan (Figure 2.2).
Genetic screening can be used before conception to predict the risk
of passing on genetic disorders to offspring [11]. At 8–12 weeks of
pregnancy, an expectant mother can have genetic testing to assess
chromosomal abnormalities of the fetus, and even have wholegenome sequencing of the fetus performed [12]. At birth, sequencing
can be used to rapidly diagnose many critical conditions for which
there may be actionable results leading to reduced morbidity and
mortality [13]. Later in life, these types of approaches can be
applied to diagnose and treat a variety of diseases, most notably in
more precisely diagnosing cancer and guiding therapy for chronic
diseases [13-15].

years
Planning
a baby

Newborn
Fetus

Disease
prevention
Undiagnosed
disease

Cancer

Infectious
disease

Healthspan
Molecular diagnostics,
pharmacogenomics

Molecular
autopsy

Figure 2.2 — Timeline Of Precision Medicine Applications In Across
The Lifespan [17]
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Over the past decade, a growing number of genomic markers
of efficacy, adverse events, and dosing of therapeutics have been
discovered and recommended for clinical use (see Table 2.2). Still,
their uptake into clinical practice has been variable, even when
their actionability has been supported by evidence. In some cases,
such as with the HLA-B*5701 genotype for the HIV drug abacavir,
and HLA-B*1502 for the anti-seizure drug carbamazepine, carriers
of these genotypes should avoid the drug entirely to eliminate a
serious adverse event. In other cases, such as variants in TPMT for
mercaptopurine or in CYP2C9/VKORC1 for warfarin, adjusting
the dose of drugs based on genotype can help to avoid toxicity and
improve efficacy. However, actionability is not enough to ensure
uptake of pharmacogenomics testing as exemplified with the antiplatelet drug clopidogrel, where despite having an FDA ‘black box
warning’ for efficacy in individuals carrying CYP2C19 genetic
variants, there is often no clear consensus among physicians on
its use. Genetic markers that predict reduced therapeutic efficacy
may face a high hurdle for established drugs unless there is strong
evidence of the test’s clinical validity and utility.
Translational Precision Medicine Research: New Initiatives
The translation of precision medicine into clinical care and
health policy has lagged behind the pace of basic science discoveries.
For example, Roberts et al. concluded from a literature review that
“although genomic discovery provides the potential for population
health benefit, the current knowledge base around implementation
to turn this promise into reality is severely limited” [18]. Another
example is findings on comparative effectiveness research studies
of precision medicine, based on a structured literature review and
expert assessment of gaps [19]. There is a limited body of highquality evidence about the effect of using genomic tests on health
outcomes and that there are many evidence gaps for comparative
effectiveness research to address. Many published studies to date
have been case studies of single institutions, with few studies
providing empirical evidence on a broad scale.
Although there is a relative lack of research to date on the
implementation of precision medicine, new initiatives are starting
to address the need for evidence generation. We describe below
several ongoing initiatives that provide new evidence on the
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Cardiovas- Indication:
cular Disease

Cancer

Clinical
Question:
Indication:

Diagnosis

Prognosis

Drug
Response
Breast
Cervical
Cancer of
Breast Cancer Imatinib
ColonSarcomas
unknown
(CML)
primary
Crizotinib
ovarian Cancer
(NSCL)
BRCA1,
HPV
Cancer Orig- Oncotype
BCRBRCA2
genotypes
in™OVA1®
DX (21-gene ABLEML4HNPCC
assay)
ALK
TP53, PTEN
MammaPrint
(70-gene
assay)
HER2/neu,
ER, PR
CAD
Familial hy- 1. Long QT
ACS
1.Clopidogrel
percholester- Syndrome
2. Statins
olemia
2. ACS
3. Warfarin
3. CAD

Susceptibility Screening

Examples of Precision Medicine Testing in Use Today

Transplant
rejection

CTCs

Tumour recurrence or
progression

Monitoring

Table 2.2
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9p21

APOB,
LDLR,
LDLRAP1,
PCSK9

1. KVLQT1,
cTnI
1. CYP2C19 AlloMap®
HERG,
2. SLCO1B1
SCN5A,
3. CYP2C9
ANKB, Mink,
VKORC1
MiRP1,
KCNJ2,
CACNA1C,
CAV3, SCN4beta
2. TnI, BNP,
CRP
3. CorusCAD®
ACS = acute coronary syndromes; BNP = brain natriuretic peptide; CAD = coronary artery disease; CRP = C-reactive
protein; CTCs = circulating tumour cells; ER = estrogen receptor; HPV = human papillomavirus; LQTS = long QT
syndrome; PR = progesterone receptor; TnI = troponin I.
Source: https://www.fda.gov/Drugs/ScienceResearch/ucm572698.htm

Test

translation of precision medicine into clinical care and health
policy.
Clinical Sequencing Evidence-Generating Research (CSER2) —
CSER2 builds upon the initial CSER Consortium, initiated in 2010
and funded by the National Human Genome Research Institute
(NHGRI) and the National Cancer Institute (NCI). The new grants
totalling $18.9 million will support the development of methods
needed to integrate genome sequencing into the practice of
medicine, improve the discovery and interpretation of genomic
variants, and investigate the impact of genome sequencing on
healthcare outcomes. The goal is to accelerate the use of genome
sequencing in clinical care by generating innovative approaches
and best practices to ensure that the effectiveness of genomic
medicine can be applied to all individuals and groups, including
diverse and underserved populations, and in healthcare settings
that extend beyond academic medical centres. CSER2 includes six
clinical sites and one Coordinating Centre who will work together
to: 1) define, generate and analyze evidence regarding the clinical
utility of genome sequencing; 2) research the critical interactions
among patients, family members, health practitioners, and clinical
laboratories that influence the implementation of clinical genome
sequencing; and 3) identify and address real-world barriers to
integrating genomic, clinical, and healthcare utilization data
within a healthcare system to build a shared evidence base for
clinical decision-making.
The initial CSER grants made substantial progress in building
the evidence base for clinical sequencing but much remains to
be done [20]. The new CSER2 grants move beyond exploratory
studies (to test whether genome sequencing could be implemented
into clinical care) to studies that directly implement such testing.
The CSER2 grants focus particularly on recruiting diverse racial
and ethnic groups and historically underrepresented groups in
genomics research [21,22]. There is also an emphasis on studying
clinical healthcare settings outside of academic medical centres.
Other areas of emphasis include greater integration of stakeholder
perspectives such as payers.
Global Efforts to Develop Precision Medicine as a Science and
Health Care Strategy
Worldwide, many efforts and initiatives are underway to
create national implementation strategies for genomic medicine
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(Table 2.3); however, many of these efforts are being carried out
in the absence of external collaboration, risking the duplication
of efforts and slowing the pace of discovery and translation [23].
Globally, key barriers exist to implementing and integrating
precision medicine technologies into health care practice include
the absence of supporting IT infrastructure, lack of data standards
and interoperability, insufficient decision support technology, and
insufficient funding for translational health research. Policies to
support progress in these areas will be critical to the adoption and
integration of PM technologies into health care worldwide.
Table 2.3
Selected Global Precision Medicine-Implementation Programs
Country (name of project, web site)
Goals of programs
Australian Genomics Health
Develop a national framework for
Alliancehttps://www.
translating –omics discoveries
australiangenomics.org.au/
into clinical research and practice,
including advice on the return of
results from genomics research and
clinical testing
Belgium (Belgian Medical Genomics Predict clinical outcomes from
Initiative, BeMGI)http://www.
genomic information and fulfil a pilot
bemgi.be/
role towards concerted integration of
genomic information in clinical care in
Belgium.
Canada (Genome Canada)https://
Large-scale research projects focused
www.genomecanada.ca/
on the application of genomics in the
area of precision health. Precision
health can be seen as a more evidencebased approach to decision making
with regards to health care and public
health.
Estonia (Estonian Program for
Sequence 5K individuals, develop
Personal Medicine) https://
Estonian genotyping array, pilot of
en.wikipedia.org/wiki/Estonian_
50K Estonian Biobank members, offer
Genome_Project
to all 35–65 yo (~500K) and link to
EMR
France (Genomic Medicine 2025)
Deploy the instruments of the genomic
https://aviesan.fr/fr/aviesan/
care pathway and to allow access to
accueil/toute-l-actualite/plangenomic medicine for all concerned
francemedecine-genomique-2025
(patients and their families as
indicated) in the territory
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Israel (Bench To Beside Project)
https://www.weizmann.ac.il/
WeizmannCompass/sections/
features/the-bench-to-bedsideproject
Japan (Implementation of Genomic
Medicine Project, IGMP)http://
www.src.riken.jp/english/project/
person/
Korea (Genome Technology to
Business Translation Program)
http://www.cdc.go.kr/NIH/eng/
main.jsp
Luxembourg (Centre for Systems
Biomedicine) https://wwwfr.uni.lu/
recherche/priorites_de_recherche/
luxembourg_centre_for_systems_
biomedicine_lcsb
Singapore (POLARIS)https://
www.a-star.edu.sg/polaris/

Weizmann Institute and Clalit project
aiming to sequence 100,000 Israeli
genomes from selected patients
Use genomics for optimized diagnosis,
treatment, and prevention
Use genomics to develop early
diagnosis and treatment approaches
for personalized and preventive
medicine
National Centre of Excellence in
Early Diagnosis and Stratification of
Parkinson’s Disease

Pilot TGFBI testing for disease
diagnosis and family risk assessment
in stromal corneal dystrophies,
then implement 90-gene panel for
gastrointestinal cancers
Thailand (Pharmacogenomics and
Implement pharmacogenomics card
Personalized Medicine)http://www. to identify risk for top ten drugs with
thailandpg.org/
risk for Stevens-Johnson Syndrome/
Toxic Epidermal Necrolysis (SJS/
TEN), integrated with nationwide
pharmacovigilance program
United Kingdom (Genomics
Sequence 100K whole genomes and
England)http://www.
link to National Health Service records
genomicsengland.co.uk/
to treat individual patients and better
understand cancer, rare and infectious
diseases
United States (All of Us)https://
Recruit one million participants
allofus.nih.gov/
representative of the population and
share data from EMRs, digital health
and genomics to enhance scientific
discovery and clinical care

The use of genomic sequencing technologies in medical practice
has the potential to revolutionise the diagnosis and treatment of
many diseases, particularly inherited diseases and certain forms
of cancer [24,25]. Although Sanger sequencing has been used for
many decades with approximately 100,000 molecular diagnostic
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tests reported per year [26], the use of next-generation sequencing
(NGS) technologies is more limited, with whole-exome sequencing
(WES) and whole-genome sequencing (WGS) being largely confined
to medical research in the world.
The focus of this chapter is the emerging use of an expanded
range of NGS based tests for diagnostic purposes.
Whether these tests are for panels of genes (referred to as
gene lists), WES or WGS they are collectively described as nextgeneration sequencing (NGS) in this chapter. Historically, the
limited implementation of genomic sequencing has been partly
due to the clinical utility of WES / WGS being uncertain and
costs unsustainable within publicly funded healthcare systems.
However, over the last few years, this situation has undergone a
rapid transformation [27]; plummeting sequencing costs mean that
genomic sequencing is becoming economically viable and improved
data quality and enhances data analysis and interpretation has
resulted in improved clinical utility. As a result, there is an urgent
need to determine how NGS can be utilised most effectively to
improve patient care within the Kazakhstan healthcare system.
To inform these developments, we conducted projects in the
Laboratory of Genomic and Personalized Medicine at Centre for Life
Sciences, National Laboratory Astana, Nazarbayev University, and
initiated implementation of genetic tests into practice from 2014
in a frame of projects in collaboration with clinics [29-30]. But
there is need to make recommendations to utilize NGS in clinics,
that is why we initiate project — Genomics in clinical practice, to
identify the broad range of ethical, legal and social issues (ELSI)
likely to arise from the implementation of new genomic sequencing
technologies in clinical practice and to generate recommendations
for how these should be managed.
In inherited disease, the main purpose of using diagnostic
technologies is to detect changes in germline DNA that cause
disease, to make a diagnosis and to guide treatment and
management. Traditionally clinical genetic scientists have used a
combination of molecular genetic technologies, (targeting testing
of specific regions of DNA for small variants consisting of one or
more base changes), and cytogenetics (whole-genome analysis to
detect structural variation and copy number changes). A variety
of technologies are used, e.g. karyotype analysis, fluorescence in
situ hybridisation (FISH) microarrays, and many based on the
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polymerase chain reaction (PCR). Where a particular disease is
suspected through a combination of clinical presentation and
family history, it may be more effective to undertake a cheaper
assay and targeted test, than to undertake genome sequencing.
For less common conditions involving private mutations, Sanger
sequencing has generally been used.
The development of new technologies has enabled the
introduction of gene panel tests. These phenotypically driven
panels allow testing of between two to around 1000 genes to assess
multiple genes at one time for the diagnosis of one or more related
disorders. They have the potential to offer a more cost-effective
test with improved turnaround times and patient outcomes. More
than 40 such tests have been recommended for healthcare in many
countries use across a range of specialities including cardiology,
cancer, neurology, ophthalmology, and renal medicine. WES and
WGS are also being developed for clinical diagnostic use. They
offer the ability to interrogate many more genes / DNA sequences
in a single assay. Still, the sensitivity and specificity of variant
detection may not match that of more targeted methods.
Factors influencing wider clinical implementation and adoption
Ongoing technological advances
NGS technologies are already an integral part of medical
research in many countries with most major centres having access
to genomic sequencing expertise.
In the Netherlands, the Department of Human Genetics at
Radboud University Medical Centre, Nijmegen has developed the
use of diagnostic testing using genomic sequencing by automating
the pathway for handling samples for a range of applications
(initially using a targeted interpretation of exome sequences using
NGS assays for lists of genes guided by the patient phenotype and
subsequent interpretation of the whole exome sequence where
appropriate). Increasing the numbers of genes that are sequenced
and interpreted has resulted in improved diagnostic rates compared
to Sanger sequencing undertaken in-house [31]. This model could
inform how expanded genomic sequencing technologies might be
organised within our country.
Ethical issues arising from the use of NGS technologies: the
role of autonomous choice
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NGS has the potential to generate greater numbers of findings
that are unconnected with the clinical enquiry, i.e. incidental
findings (IFs), than previous techniques. The frequency of these
findings will depend on how closely the clinical question is defined,
and the strategies that are used to target the interpretation of
the genome sequence. An associated question is whether patients
should have a choice about whether these IFs should be reported
back to them, a discussion that should take place as part of the
informed consent process. There are concerns that the informed
consent process, as it is currently conceptualised and undertaken,
is inadequate for application to genomic medicine [32]. Advice from
the American College of Medical Genetics and Genomics (ACMG)
[2] initially mandated that patients offered clinical WGS has a set
of 57 (later amended to 56) clinically actionable genes sequenced
and interpreted, irrespective of patient age, including some adultonset diseases. Recently this advice has been amended [33] to allow
for patients to undergo WGS while opting-out of receiving IFs
(disease-associated or likely disease-associated findings that are
not relevant to a diagnostic indication for which the sequencing
test was ordered) [2]. In their recent policy statement, the ACMG
adopted the term ‘secondary findings’ to describe a subset of IFs
that are serious and clinically actionable. Despite this clarification
from the ACMG, the question of how IFs should be handled in
clinical settings remains a highly contentious and debated topic.
The interface between research and the clinic
The rapid transition from research to clinical use has sometimes
led to a lack of clarity amongst stakeholders about whether
sequencing is being undertaken for clinical or research purposes.
This is a key distinction because it informs the ethical and legal
principles that apply to the generation and governance of genomic
data (as well as influencing the outputs of the sequencing process)
[34]. In clinical genetics, there has been a close relationship between
clinical and academic departments. There has also been a tradition
of supplementing existing clinical diagnostic tests with as yet
clinically unvalidated research-based tests, and then adopting these
into clinical practice as their performance reaches the standards
required for their validation as diagnostic tests. This also seems
to be the pattern with applications using NGS technologies. The
ambiguity of these practices is compounded by the high capital
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costs of acquiring sequencing machines and providing staff with
sufficient expertise to run tests and interpret results, which has
resulted in the occasional use of research equipment and staff for
clinical purposes. Nowadays, these interface issues increased in
prominence, partly due to clinical sequencing being implemented
in more research and clinical centres around the world, resulting
in concerns about how this ambiguity might impact patient care.
Implementing an NGS genomic sequencing service involves
attention to every aspect of the pathway from a patient referral, to
consent and sample acquisition, through sequencing, annotation,
and interpretation to reporting. The overall pathway in exome
sequencing is presented in Figure 2.3, and the laboratory pathway
of exome sequencing is shown in Figure 2.4. One major challenge
to existing services and processes is the need to process, interpret,
and manage the unprecedented volume of genomic data that will be
generated from the clinical implementation of diagnostic genome
sequencing. The focus of this chapter is to establish a framework of
recommendations that together will optimise NGS implementation
and achieve better patient care and management in clinical practice.
Underlying assumptions
Our recommendations are based on several underlying
assumptions, which we set out below.
Within publicly funded healthcare systems resources are
restricted. Increasing demand for NGS diagnostic services and
healthcare seems likely [35] as new interventions, and technological
developments become available. The context of an ageing
population [35] and rising expectations about the contribution of
healthcare systems to maintaining a healthy population will also
generate additional demands [36]. These new technologies and
services need to be cost-effective and efficient to secure funding. In
the context of providing clinical service within a publicly funded
healthcare system, these objectives may be most likely to be met
through targeting treatments to those who are likely to benefit the
most, thus maximising cost-effectiveness and improving health
outcomes and patient experience.
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Figure 2.3 – Flowchart 1.Overall pathway for exome sequencing [34]
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Figure 2.4 – Flowchart 2. Laboratory pathway for exome sequencing
[34]
64

In the short-term, for some patients, where phenotype and family
history suggest that the condition is genetic, single-gene tests will
continue to be the most appropriate testing strategy. The remainder
of this report addresses how NGS technologies, including NGS
assays of gene lists and WES / WGS, may be implemented once a
decision has been made that single-gene testing is not appropriate.
In any individual case, the sampling strategy will have an impact
on the clinical utility of the findings that are generated using
NGS technologies. For example, where the purpose of testing is to
diagnose a condition in an affected child, comparing both parental
genomes with those of the child through trio testing can be very
effective in identifying novel putative pathological variants [37].
The extent to which trio sampling is a useful strategy to identify
disease-associated variants depends on the inheritance pattern of
the condition being investigated. In the case of de novo conditions,
it markedly reduces the number of variants that require further
investigation as only variants occurring in the child and not the
unaffected parents require further examination to determine
whether they are causal [38]. However, as trio sampling involves
the analysis of parts of the parental genome, this may generate
pertinent findings and IFs for the parent. Although in many cases,
trio sampling may be the most effective sampling strategy on the
basis that it may increase the clinical utility of the test and improve
test performance, there are ethical concerns about restricting
access solely to trios of parents and children. In some cases, this
could result in inequitable access to testing as samples will not be
available from both parents for a significant proportion of children
[39]. Thus in deciding a sampling strategy within a clinical service,
the expected clinical utility of the test needs to be balanced against
the ethical requirement for distributive justice.
Responsible implementation
Increased use of genomic and other ‘omic’ technologies may
help increase the number of patients who receive a diagnosis
(‘the diagnostic yield’) [31] and provide earlier or more accurate
diagnoses. At present, there is limited evidence about the costeffectiveness of WGS / WES-based diagnostic services and
whether these will result in improved health outcomes or increased
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demand for care and treatment, including access to reproductive
technologies (such as pre-implantation genetic diagnosis).
There are disadvantages in generating high volumes of
genomic information through genome-wide testing approaches.
In particular, as the proportion of the genome analysed increases,
the likelihood of identifying genomic variants that are difficult
to interpret increases proportionately. In most cases, the optimal
testing strategy should balance the likelihood of isolating the
pertinent variant(s) with the risk of identifying a number of
plausible candidate causal variants that cannot be distinguished
from one another, leaving a patient without a diagnosis. Typically,
the solution is to use a targeted genetic test, which analyses only
a single candidate gene, or where there is phenotypic or genotypic
heterogeneity, a gene list, in which several genes are investigated
to identify the causal variant. These ‘targeted’ approaches strike
a pragmatic balance between maximising clinical utility and
minimising the harms associated with a less focused approach.
Occasionally, a broader testing strategy might be selected if it is
warranted by the phenotype and the patient’s clinical needs, e.g. for
multi-system disorders.
The patient’s disease characteristics and symptoms (the
phenotype) should guide the application of these technologies
efficiently and effectively. Consistency is required in the way
clinical phenotypes are described and recorded — healthcare
professionals will need training and support to undertake this task.
Additional data from other sources, including histology or other
types of patient records, may also be required to undertake the
effective genomic analysis.
The use of targeted NGS approaches has the potential to deliver
cost-effective and improved patient care while minimising the
burdens associated with less targeted approaches (e.g. WES / WGS)
which may result in overdiagnosis and the generation of VUS and
IFs.
Targeted analysis using gene lists following genome-based
sequencing as an assay will have greater clinical utility for the
majority of clinical applications than approaches involving analysis
and interpretation of the whole exome or genome.
At an individual patient level, the choice to order a genomic test
must be in the best interests of the patient. To avoid variability in
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sequencing provision across different regions, transparent criteria
are needed to support the referral process and guide clinicians in
understanding outcomes and interventions during sequencing.
The clinical question and agreed referral criteria should guide the
application of targeted exome sequencing / WES / WGS in every
case.
The use of genomic tests should be justified on a per-test basis,
supported by clear, transparent, and standardised referral criteria.
Targeted interpretation of the genome minimises the potential for
generation of VUS and IFs, facilitates a consistent and harmonised
approach between service providers, and has the greatest potential
to deliver relevant clinical information at a reasonable cost. In
the short term, sequencing the whole exome and then using filters
for interpretation guided by phenotype (i.e. a ‘gene list’ approach)
has been assessed as being ethical, proportional, and feasible. It
is the optimal way of providing a standardised service that is of
consistent quality.
In many cases, there will be a trade-off between generating
the maximum amount of potentially useful information and the
feasibility of sequencing (in terms of sequencing costs and other
bioinformatics resources) and interpreting the entire genome.
Curtailing the scope of sequencing and interpretation to a narrow
set of known disease-related genes could result in a system which
allows for little flexibility (as new gene/disease associations are
discovered and confirmed), and also might limit how local expertise
in particular disease areas or local populations might improve
diagnosis and treatment.
A national expert committee should be appointed to develop
standardised criteria for the inclusion of genes into gene lists.
Following this process, mechanisms should be put in place for each
clinical area to identify a set of ‘consensus genes’ based on this
nationally agreed set of criteria. Groups of experts within each
clinical area should have responsibility for all gene lists within its
remit. These gene lists constitute the national standard tests that
should be provided: the NLA could be involved in this process. The
gene lists for each clinical area should be regularly curated and
updated so that the genes within the list are clinically relevant.
Using core gene lists would indicate which genes are disease-
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causing and variants within them would be evaluated for their
likely pathogenicity in the context of the patient’s phenotype.
These expert committees should operate dynamically and
flexibly and not be unnecessarily bureaucratic. They should include
representation from all relevant stakeholder groups, including
healthcare professionals, researchers, and NLA scientists. The
criteria for gene selection should be transparent, and the members
of these committees should be accountable to wider stakeholder
groups; this is necessary to ensure that all stakeholders invest and
trust in the process by which gene lists are developed. Since the
development of the gene lists and subsequent curation is likely to
be difficult and time-consuming, sufficient resources will be needed
to support this process.
Notwithstanding this standardisation, mechanisms need to be
developed for those patients falling outside existing phenotypic
classifications to access multiple gene lists, bespoke focused
analysis relevant to their phenotype or to proceed immediately to
whole-genome analysis, if clinically appropriate. This is necessary
to ensure equitable access to NGS based tests. There should also be
some flexibility for a referring clinician to order tests that deviate
from standard practice based on the individual patient’s clinical
needs and best interests. If this approach is adopted, the clinician
will be responsible for reporting results and IFs relating to these
genes to the patient.
Once these are agreed, mechanisms need to be developed for
relevant experts in specified clinical areas to identify core gene lists
for specific phenotypes relevant for their speciality. Each gene list
should be developed, curated, and updated by a multidisciplinary
expert group, comprising representative and relevant experts
(including healthcare professionals and scientists). These activities
will need to be resourced.
Choosing a sequencing and interpretation strategy
Opening the exome or genome
‘Open sequencing’ describes the process where a whole exome or
whole genome is interrogated for sequence changes. This results
in many more variants being detected than in a targeted approach.
When large numbers of variants are identified, a bioinformatics
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prioritisation process is required to identify variants of interest.
The prioritisation process will vary according to clinical application
and the variability of the population presenting with a certain
phenotype. This process may also involve the deliberate exclusion
of known clinically actionable genes on the basis that they are not
relevant to the clinical question.
The rationale for open analysis
An increasing number of centres are adopting WES and
interpretation for both research and clinical use, but WGS is largely
confined to research settings, where identifying novel, potentially
disease-associated variants is a primary objective. However, in
clinical settings within mainland Europe, some centres are offering
WGS and interpretation as a first-line test on the basis that the
more comprehensive sequencing coverage ultimately results in
improved diagnostic yield [40].
The overwhelming consensus in the workshops was that within
publicly funded healthcare systems such as the MHC RK, it is not
economically feasible to implement routine diagnostic WES and
WGS for all patients with rare diseases in short to medium term.
However, several centres are developing strategies involving
WES and WGS as a first-line approach for some patient groups
to preferentially identify those variants which are most likely
to be associated with disease [37]. If used as a routine first-line
diagnostic test (particularly outside clinical genetics practice),
changes to patient pathways and management would be required
together with access to specialist clinical genetics expertise,
laboratory scientists, bioinformaticians, and genetic counsellors to
assist with interpretation and disclosure. In the short-term, open
analysis approaches seem likely to be offered as a second-line test
where there is potential for increased clinical utility. This might
be where the patient’s phenotype does not suggest appropriate
gene lists, or there is extensive genetic heterogeneity or where the
relevant gene lists have been used or exhausted such that the use of
a whole-exome or genome approach satisfies an unmet diagnostic
need.
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The rationale for open sequencing and interpretation as a firstline test
Interpreting the entire exome or genome could be considered as
a first-line test where there is not a suitable single-gene test or gene
list available. This is likely to be the case when the range of potential
phenotypes and associated genotypes is highly heterogeneous and
underdetermined (such as for intellectual disability). For some
genetically heterogeneous conditions, the diagnostic yield from
gene lists is low [31,40]. In such cases, an examination of the
whole exome or genome may increase the diagnostic yield. Using
an open approach may also be justified in infants or young children
where there is a need to confirm a tentative diagnosis based on an
incomplete phenotype (through age and immaturity) [41]. Figure
2.5 represents a targeted sequencing approach followed by open
sequencing.
Genes on a DNA strand

Pull down of sequenced exome

Exons of genes
sequenced to produce
exome

Genes associated with ophthalmic disorders

Filters applied to exome
to investigate selected
genes according to
phenotype

Filters removed from
exome so all exome
sequence can
be investigated

No diagnosis

Diagnosis

Genes associated with cardiac disorders
Genes associated with canser
Genes associated with other disorders

Decision whether to reanalyse later
in light of new disease and gene
association knowledge

Figure 2.5 — Targeted sequencing followed by open sequencing

Harms associated with an open analysis approach
The main harms arising from an open approach (an exome or
genome-wide approach) are that sequencing and interpreting the
entire exome or genome is likely to generate larger numbers of VUS
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[27,42,43] and also increased numbers of IFs compared to more
targeted sequencing [44].
Resolving whether VUS is pertinent to the patient’s condition is
challenging and time-consuming [45,46]. Currently, the NHS lacks
the resources to be able to do this on the increased scale that might
be required once these technologies are introduced more routinely.
The research literature estimates that exome sequencing results
in the identification of a large number of variants that, and there
has been extensive debate in the clinical and academic literature
could require analysis and interpretation [47]. Still, in practice,
these are managed through bioinformatics algorithms resulting in
a limited number of variants. Each variant requires laboratory and
clinical time for consideration as well as time to identify whether it
should be fed back to the patient. Since reporting VUS to patients
has little potential to benefit and may cause anxiety, they should
not be reported. As IFs are, by definition unrelated to the clinical
presentation, testing for and disclosing these findings is ethically
problematic about how best to respond [48,49]. An IF in a child
may indicate unanticipated disease in a parent since genomic
sequencing strategies typically involve a comparison between
genomic sequences from an affected child and their parents.
Finding unanticipated disease has the potential to cause anxiety
and reproductive dilemmas.
Most knowledge about the risks attributed to disease-associated
mutations is the result of experience with symptomatic individuals
or research on small numbers of families. The level of risk in an
asymptomatic individual who has no family history of the disease
which might be caused by the potentially disease-associated
variant is less clear than where there is a strong family history of
the disease (where the risks of disease emerging might be greater)
[50]. For some diseases, there may be a different prevalence rate
in symptomatic individuals with a disease-associated variant
compared to asymptomatic individuals with the same variant.
For these reasons, contrary to the ACMG recommendations
that a minimal list of known clinically actionable genes should
be actively generated in all patients undergoing clinical genomic
sequencing [2,32], we strongly recommend that bioinformatics
search strategies (annotation and variant calling) should minimise
the generation of these findings through the purposive exclusion
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of known clinically actionable genes that lie outside the scope of
the clinical enquiry. At this time, the potential harms associated
with active searching for these variants are likely to outweigh the
potential benefits.
Bioinformatics search strategies should minimise the generation,
interpretation, and disclosure of IFs, which are outside the scope
of the clinical enquiry. This is on the basis that without sufficient
evidence for the clinical utility of opportunistic screening, the
potential harms are likely to outweigh the potential benefits.
Interpreting exomes and genomes to decide which IFs and VUS
should be reported to patients is challenging and can be timeconsuming. This approach necessitates a consent process that
enables patients to make an informed decision about whether to
undergo such testing and to understand the potential benefits and
risks involved, including disclosure of results.
For the majority of applications, a targeted approach using gene
lists will offer optimal clinical utility. However, for some clinical
applications, an open analysis approach may offer greater clinical
utility than a targeted approach using gene lists. Therefore, it
may sometimes be appropriate to utilise open sequencing and
analysis as a first-line test. This approach will inevitably generate
more potentially pertinent findings that are difficult to interpret
(i.e. VUS), as well as more IFs. Bioinformatic strategies should
minimise the generation of known clinically actionable IFs and
VUS. The potential benefits and risks of using an open approach
to sequencing and analysis need to be appraised for each potential
application.
Clinical criteria should be developed for moving from targeted
sequencing and analysis to using open sequencing and analysis as
a second-line test. Clinical guidelines should also be developed for
the use of open sequencing (exome- or genome-based) as a first-line
test.
What needs to be done?
A number of prerequisites need to be in place to create a
robust, effective service, which realises genomic sequencing in an
ethically responsible manner. Prerequisites include the need for
transparency, the development of a meaningful consent process,
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and the establishment of data-sharing systems and practices to
enable proper core gene list development and use.
Consent
In common law jurisdictions, the procedural importance of
consent is derived from its ability to act as a defence against
unlawful touching [51], although other legal mechanisms exist to
permit medical treatment, such as the common law principles of
necessity or best interests, or through primary legislation. Consent
is regarded as valid where the patient is competent, informed, and
when it is voluntarily given [52]. Patient consent to treatment is
one of the key elements of clinical practice. The welfare and the
best interests of the patient are at the heart of a clinical encounter.
The implementation of NGS test services in clinical practice
raises well-documented challenges to the consent process [53]. As
a clinical intervention, sequencing is governed by the common law.
It, therefore, requires that the patient is informed in general terms
about the nature and purpose of the intervention, the consequences
of not proceeding, and the risks and benefits of going ahead. These
are relatively uncontroversial requirements.
Aside from consenting to the acquisition of the initial tissue
sample, the consent-relevant elements of the sequencing process
concern the data generated from that tissue and the uses to which
those data will be put [54]. This includes issues relating to:
— Potential generation of IFs and VUS
— Reanalysis of data and recontact of the patient following
reanalysis
— Further use of the data derived from the assay and the test
(e.g. for research, audit, service improvement and commercial uses)
— The possibility that the results of the test might be
inconclusive.
These elements are not unique to clinical sequencing. IFs
are a common feature of medical imaging and data relating
to interventions and tests have long been used for audit and
commissioning. Nevertheless, they are important, given the
potential volume of findings, the probabilistic nature of the results,
and the potential for indefinite storage and fresh interpretation
over time.
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It is the responsibility of the referring clinician to provide
transparent information and to seek consent relating to targeted
and open sequencing and analysis. This should include advising
patients about the possible generation and significance of IFs and
VUS and establishing their views regarding recontact.
The volume of findings likely to be generated from sequencing,
the potential diversity of findings, and the potential for successive
reanalysis of sequence data through bioinformatics methods rather
than re-sequencing, has prompted concerns about the challenges to
the consent process raised by WES and WGS [32,55]. Moving from
targeted to open analysis increases the likelihood of generating more
VUS and IFs, which may also be of relevance to family members of
the presenting patient. Adopting a step-wise approach to genomic
sequencing and analysis, consisting of targeted analysis of gene
lists, followed, only if necessary, by open analysis as a second-line
test, therefore has the potential to simplify the consent process.
Reserving open analysis for situations where targeted analysis has
been inconclusive will potentially reduce the numbers of VUS and
IFs generated and interpreted.
A multi-stage approach could be structured to seek outline
consent for both interventions during the initial session (and offer
an opportunity for the patient to opt-out of open analysis) and
subsequently following targeted analysis, explain the outcome of
the targeted sequencing and seek explicit consent for open analysis
if the targeted analysis did not provide a diagnosis. Multiple stages
could help avoid the possibility of a single but extremely long
and complex initial consultation. They could ensure that detailed
information is only provided to the patient if the need arises (i.e.
if the analysis and interpretation move beyond targeted analysis).
The use of more than one session could allow additional information
to be provided in greater detail in an easier to understand format.
However, mandating more than one ‘formal’ consent session does
not reflect the clinical realities of limited time and resources.
A flexible approach which takes account of the context is
preferable, wherein only one ‘formal’ consent session takes place,
but patients are offered the opportunity to have a dialogue (e.g.
letters, phone calls) with the clinical team following the first-line
test, especially if they do not wish to learn about specific IFs. An
additional consultation might take place if the decision is made
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to progress to open sequencing and analysis, and the patient has
specific concerns. Any such additional consultations should not
be mandated but left to local services and relevant clinicians to
develop.
IFs and VUS
Part of the professional responsibilities of a physician is to
inform their patient of risks arising from intervention [56]. In the
case of clinical sequencing, two of the most important elements
requiring explanation are that the test might 1) generate IFs that
are relevant to future health but which are not part of the clinical
purpose of the test; and 2) identify VUS — sequence variants for
which disease risk associations are not known. Open sequencing
and analysis have the potential to generate more IFs and VUS than
targeted approaches [14,27].
In the case of NGS particularly WES / WGS, decisions about
whether to inform the patient of IFs indicating risk of disease
can be difficult if the risks associated with a disease-causing gene
are unclear [34]. IFs identified through genomic sequencings,
like other testing technologies that detect conditions with strong
heritability, may have implications for other family members [34].
Given their uncertain nature, VUS should not be routinely
disclosed by doctors to their patients. However, disclosure may be
necessary where more information (e.g. family history information)
is required from the patient to help interpret VUS. It is for this
reason that the consent process should cover both the possibility
of the generation of VUS and the potential that disclosure will be
necessary for some circumstances.
The clinical consent process should include an explanation that
IFs and VUS may be generated during genomic sequencing, that
these may require further investigation, and that the test results
may have implications for the patient’s biological relatives.
As part of the consent process, patients should be allowed to
express their views as to whether IFs generated from genomic
sequencing should be disclosed to them. Where appropriate, this
might form part of a dialogue with clinicians. Disclosure decisions
will be informed by clinical judgement.
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Recontact
As knowledge is developed to facilitate better interpretation of
sequencing data, there is the possibility (and potential utility) of
contacting patients with reanalyses of their assay data. This could
occur some years after the initial consultation and could generate
anxiety if patients are recontacted without prior warning. There
is little consensus regarding how, and under what circumstances,
recontact should take place. The key problem is one of the
thresholds: what type of results should be returned? What should
trigger fresh analysis? How often should analyses be done? What
time limits should be applied?
The possibility and nature of reanalysis necessitating future
contact should be routinely covered in the initial consent process
if this is part of the testing service (and if necessary supplemented
by further discussions). Patients should be given the opportunity
to opt-out of recontact. There should be transparency about what
findings might be returned, how long after the initial episode of
care contact might be made, who would contact the patient and
likelihood of this arising, and how the patient may initiate contact.
Access to data
There is considerable debate about how data generated by clinical
sequencing should be used. Should it be available for research,
audit, and commissioning purposes?
Patients have a right to be informed about how their personal
information is used and can object to the use of their identifiable
confidential information beyond their own care. The MHC must
at least consider these objections and, if these objections are not
honoured, patients have the right to be told why, including the
legal basis for the decision [57].
Downstream use of data should be consistent and compliant with
the consent taken at the time of testing. Seeking patients’ views on
the further use of data derived from tests is one way of respecting
patient autonomy, but autonomy should not be treated as absolute.
There are other very important interests at stake: primarily, the
public interest in using patient data to build evidence- base to
facilitate the delivery of better and more consistent care across
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national healthcare. For this reason, our view is that no right of
opt-out should be offered to patients for the use of their data within
the MHC.
Developing a database for genomic interpretation
A secure, comprehensive, accessible Database is urgently
required that can underpin ongoing genomic sequence
interpretation, improve clinical outcomes, and support the needs
of clinical services. This nationally accessible database should
be considered an integral part of genomic testing services and
will need to be resourced. Any initiative should be long-term and
sustainable.
Data should include all variants, phenotypic, and clinical
information. Aggregating information on variants in patients, as
well as clinical data on their symptoms, will support the clarification
of associations between variants and disease. Furthermore, the
sequence data itself can be used to create ethnically matched
reference (i.e. comparison) genomes, for improving the chances of
finding clinically significant variants [58].
Data deposition seems likely to be achieved through a combination of active data deposition and automated data extraction systems.
The deposition of data into the secure Database needs to be (i)
mandated through enhanced service specification, accreditation
and commissioning, and (ii) supported by Kazakhstan MHC
policies. Any compulsory data sharing must be consistent with
existing regulatory frameworks and address potential concerns
about safeguarding privacy and identifiability.
Many databases lack sustained and robust sources of funding,
resulting in poor curation and deposition rates. Rather than
constructing a new genomic database, it seems sensible to build
on existing resources through collaboration: however existing
databases might require data to be shared for research or commercial
purposes, or with agencies outside the country, in ways that are
inconsistent with the consent given by patients. Significantly,
changes to these policies might be outside of control.
One problem with adapting an existing database is that
infrastructure and functionality may be limited; modification or
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re-purposing is often a complex and difficult process, costing time
and money. Developing computational data also requires ongoing
investment for analysis and data storage.
The most effective strategy for promoting data sharing will be
to build on existing knowledge and systems (both nationally and
internationally) and adapt this to the MHC of Kazakhstan.
Providing wider access to the database to those outside
The managed access model of data sharing is an immediate priority for the clinical implementation of new NGS based applications.
However, it will be necessary to share patient identifiable data more
widely to ensure that new knowledge is generated and applied. This
will involve sharing data (and possibly samples) with researchers
and commercial companies for clinical research, including drug development and, potentially, non-medical purposes. From a regulatory perspective, patients must be informed that their data may be
shared outside and that they understand the justification for this.
In the past, secondary researchers have relied on a range of strategies for seeking and securing an explicit or implied consent and for
notifying patients when their personal data has been shared with
researchers. Distinguishing whether an activity is part of clinical
care or research is important here because the context strongly determines the ethical and legal principles that apply.
Widening the scope and geographical extent of data sharing
carries increased risks of breaching individual privacy and
confidentiality. These risks depend on what has shared and the
extent of linkage to other data sources. A single potentially
disease-associated variant stripped of name and location data
may be effectively anonymised, whereas an individual genome
sequence may be more readily identifiable. Similarly, accessing
and integrating multiple data types from diverse sources raises
increased privacy risks [59]. Data deposition on a public database
may raise considerably more concerns than on a managed database.
Protections that could be put in place for a managed database
include: restricting access to specific groups (such as those involved
in delivering patient care, or within a specific organisation),
de-identifying sensitive data, or requiring those accessing the
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database to sign data access agreements including confidentiality
statements with sanctions.
Ensuring an understanding of the risks and benefits of data
sharing (e.g. that the data could enable a diagnosis to be made,
help to build a robust evidence base and contribute to treatment
development, but also that it may be used more widely, for research,
insurance or commercially and could lead to stigmatisation or
discrimination) is an important aspect of the consent process.
The reanalysis, recontact and the ongoing duty of care
One advantage of NGS is that sequence data can be reanalysed
and reinterpreted if and when new clinical questions are raised
and in response to new knowledge. Reanalysis involves a
reinterpretation of genes that formed part of the original test, or
extension to other genes for which data is now available, but for
which no analysis or interpretation was originally undertaken.
This is done through changing bioinformatics filters to include
the identification of new known disease-associated variants.
Currently, there is no obligation to reanalyse sequence data on a
systematic basis, although ad hoc resequencing does take place.
This process might be triggered as a result of new genetic variants
being identified and facilitated through increased use of automated
bioinformatics pipelines making the process easier and cheaper.
Since reanalysis is undertaken on the basis that it might generate
clinically actionable findings, this may necessitate recontacting
the patient [58]. Alternatively, the process of reanalysis could be
initiated by a patient enquiry. In either case, this could potentially
be time-consuming and raises questions about the duties of the
clinician to reanalyse and reinterpret existing clinical data and to
recontact the patient [58,59].
Reanalysing sequence data in response to new knowledge could
generate potential health gains, but this should be balanced with the
economic and opportunity costs involved, for example, increased
staffing costs and reduced time for new patient consultations.
Since reanalysis and reinterpretation are not part of current
practice, introducing these on a routine basis might change the
legal standards applied to healthcare professionals (by shifting the
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duty of care). This could have implications for healthcare practice
in other specialities.
Reanalysis and recontact could be beneficial for patients,
laboratories, and clinicians. If adopted the following details
should be included in the initial consent: the likelihood of future
reinterpretation and recontact, the time period over which this
could occur, and how reanalysis and recontact will be initiated
as well as the option for the patient to opt-out of reanalysis and
recontact.
Cost is a major barrier to reanalysis and recontact. These
services will only be justified if they offer increased clinical utility
or are cost-neutral or can be done at marginal cost. Adopting more
restrictive approaches, such as reviewing patients when there is
new information about pertinent genetic variants or an emerging
clinical need, could mitigate increased costs.
Technologies in transition — high-level infrastructure and
future policy development
Ongoing ethical, legal and social science research and evaluation
are needed to inform good practise, especially in areas where
genomic sequencing technologies raise novel challenges: these
include reanalysis, recontact, and the evaluation and reporting of
findings.
WES or WGS, combined with targeted interpretation using
gene lists guided by the patient phenotype, can allow diagnostic
reanalysis of sequence data as new gene/phenotype associations
are discovered. Increased flexibility is achieved through being
able to add genes (or remove them) from gene lists. Using a
standardised workflow also results in economies of scale through
batching samples. Sequencing costs are therefore likely to become
more affordable, particularly if reagent costs continue to decline,
although the interpretation costs may continue to be high.
In addition to demonstrating that particular applications have
clinical utility, new applications of genomic sequencing must be
cost-efficient and cost-effective.
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Ensuring future sustainability
The pace of change of genomic knowledge means that systems
and processes will need to be flexible and accommodating. It is likely
that a range of providers, including the commercial sector, will
provide parts of the sequencing, annotation, and interpretation
pipeline. There is debate about the utility of WGS as compared to
WES. While WGS offers better quality data than WES (particularly
for structural and copy number variation), the sequencing costs of
the former are approximately triple those of the latter, and there
are significant additional interpretation and downstream costs
[47]. However, if sequencing and interpretation costs decline
sufficiently, it seems feasible that WGS will become the technology
of choice. Data systems must be developed that have sufficient
capacity because WGS requires far larger and more complex IT
resources. Although it might be difficult for future proof systems
and processes to ensure that these are platform agnostic, providers
must be able to access sufficient resources to be able to adapt to
existing processes.
Systems and processes should be sufficiently dynamic and
flexible to be able to respond to future developments, such as the
need for increased IT infrastructure and storage as a result of a
transition to routine WGS.
Develop a form of accreditation for those in nongenetic medical
specialities who demonstrate sufficient knowledge and have the core
competences to be able to order and interpret genomic sequencing
tests. Those who are accredited to offer genetic / genomictesting would be required to demonstrate minimum standards
for phenotype collection and a minimum degree of understanding
of the results of testing. It was suggested that the relevant
professional organisations could develop this accreditation of core
competencies.
Regardless of clinical speciality, all clinicians requesting
diagnostic tests that utilise NGS sequencing will require support
to deliver safe and effective service for their patients. Developing
core competencies for ordering genomic testing should be explored:
competences will need to encompass appropriate referral, consent
processes, and the interpretation of results.

81

Building accountability and transparency
The pace of change, use of commercial providers, and
increasing reliance on automated systems to deliver sequencing,
annotation, and interpretation seem likely to generate concerns
about safeguarding the quality and effectiveness of the diagnostic
pathway. In the event of multiple providers being involved in the
diagnostic pathway, the overall quality and safety of the testing
service will need to be assured. To safeguard high-quality services,
and ensure public trust in the systems and processes that are
being developed, there will need to be transparency about service
specifications, delivery mechanisms, and potential conflicts of
interests, so that providers are seen to be accountable for their
performance.
Public confidence is a vital element in securing the successful
clinical implementation of novel technologies: it is, therefore, vital
that claims made about their impact are realistic and that services
are implemented in ways that are transparent and accountable.
Securing harmonised genome sequencing and interpretation
quality through accreditation
As clinical sequencing becomes more widely used, there could
be a proliferation and fragmentation of providers, each delivering
a small component of the sequencing, annotation, and interpretation processes for different healthcare providers. To ensure that
services are delivered to a consistently high standard, service level specifications should be agreed upon. Also, laboratories need to
comply with appropriate accreditation standards. Within Europe,
there is a voluntary process of validation and verification that records compliance with relevant laboratory standards (such as ISO
15189) and professional guidance [60]. Genetic/genomic tests will
need formal development and accreditation in the future. This is
likely to put pressure on existing national systems, as increased capacity will be needed for validating and accrediting genetic tests.
WES / WGS methodologies will need to be evaluated to
provide evidence of scientific and clinical validity and utility. The
evaluation of these technologies is more complex and may require
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extra resources if lengthy delays in their implementation are to be
avoided.
Systems for evaluating genetic and genome-based tests for use
in practice need to be supported and developed further to enable
timely and robust assessment. Standard operating procedures
should be used to manage modest changes to sequencing and
interpretation pipelines, and the contents of gene lists.
Streamlining test evaluation and funding
Once genetic tests have been evaluated and assessed as having
sufficient clinical utility, they need to be considered in a timely
manner by commissioning bodies. The key challenge is the funding
of these technologies. Many new genetic tests are cost-effective,
in the sense that the economic gains made in terms of diagnosis
outweigh the costs of implementation. However, these cost savings
are rarely realised in molecular genetic laboratory budgets but
rather across the patient pathway and are therefore more difficult
to implement. Commissioning bodies will need to consider the
care pathway approach across the health system; otherwise, the
benefits (including financial) of new genomic technologies will not
be realised.
There needs to be an appropriate commissioning mechanism to
consider the implementation and funding of genomic sequencing
tests in a timely manner in response to evidence of their clinical
utility. This will need to include arrangements for prioritising and
managing access to testing, interpretation, and follow-up.
About the Laboratory of Genomic and Personalized Medicine
(LGPM),
Centre for Life Sciences, National Laboratory Astana
LGPM has a special focus on genomics and other emerging
health technologies that can provide more accurate and effective
personalized medicine.
Our mission is to make science work for health. We aimed to
become an acknowledged leader in Kazakhstan in the effective and
responsible translation and application of genomic technologies for
health.
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We aimed to perform genomic and multiomic studies, to
create robust policy solutions to problems and barriers relating
to the implementation of science in health services, and provide
knowledge, evidence, and ideas to stimulate and direct wellinformed discussion and debate on the potential and pitfalls of key
biomedical developments, and to inform and educate stakeholders.
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CHAPTER 3. DECONVOLUTION AND INTERPRETATION
OF CANCER MULTI-OMICS DATASETS
Ulykbek Kairov, Askhat Molkenov,
Ainur Seisenova and Andrei Zinovyev
Introduction
Cancer research is one of the most important sources of largescale molecular profiling data. Determining reliable and biologically
significant methods for the quantitative assessment of cellular and
tissue physiology using high-throughput molecular data remains
a challenging issue. However, diverse biological processes leave
signatures at different molecular signals which require integrative
analysis at multi-omics layers, including genome, transcriptome,
epigenome, proteome, metabolome, and other omics data [1].
An important task of the current bioinformatics of cancer is the
detailed study of such a huge amount of “multi-omics” data, which
requires the use of reliable statistical and computational methods
for searching and discovering the hidden biological signals and
signalling pathways that regulate the development and functional
activity of cancer cells.
One of such high-throughput genomic technologies widely
used in biomedicine is the microarrays technology [2] and nextgeneration sequencing[3]. Application of high-throughput
genomic technologies and large-scale genomic researches generates
huge amounts of data that require modern approaches for their
analysis. Independent Component Analysis (hereinafter referred
to as ICA) is a matrix factorization method and an effective
technique for reducing the dimensionality of data, applicable
for the analysis of large amounts of biological data, based on
minimizing information between one-dimensional projections into
certain linear components [4]. ICA is widely used for the analysis
of transcriptome data and “blind” separation of biological and
other factors affecting gene expression [5-9]. Interpretation of
the results of any method based on matrix factorization (NMF —
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nonnegative matrix factorization, PCA — Principal Component
Analysis)applied for transcriptome data is carried out by analyzing
the obtained pairs of “meta-genes” and “meta-samples” associated
with each component and represented by contributions for all
genes and all samples, respectively [10]. Standardized statistical
approaches can be implemented to these vectors and revealed a
connection with a component with different sets of genes (for
example, genes which are responsible for cell cycle) or with clinical
annotation accompanying a transcriptome study (for example,
the stage of tumour development). It has been shown that the use
of ICA for a variety of transcriptional datasets can reveal hidden
information related to cancer biology or disease [11].
Thus, this chapter aims to provide a fundamental overview
of the ICA application to independent cancer datasets and the
interpretation of deconvolution results. In the background section,
we mainly focused on the technical aspects of ICA application in
omics studies such as using different protocols, determining the
optimal number of components, assessing and increasing the
reproducibility of the ICA computations, and comparison with
other widely used matrix factorization methods. Apart from that,
we reviewed several recent works where ICA was reported as a
useful method for unravelling the complexity of cancer biology
in terms of the analysis of different types of omics data, mainly
collected for tumoural samples. On top of this, we have described
our developed and characterized user-friendly application BIODICA
((Independent Component Analysis of BIg Omics Data) which
can be used to determining the optimal number of independent
components and for downstream interpretation of the resulting
meta-genes and meta-samples.

Background
Matrix Factorization Methods
The general concept behind matrix factorization techniques is
to reduce the dimensionality of data using various decomposition
approaches, given the natural representation of high-dimensional
biological data as a matrix of measurements (for example,
expression counts, methylation levels, protein concentrations, etc.)
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with different samples represented in the columns and different
molecules of interest (such as genes, proteins, etc.) represented
in the rows. Matrix factorization algorithms decompose such a
matrix X (n x m) into the products of an unknown mixing matrix
A (n x m) and an unknown matrix of source signals S (k x n). In the
following, the columns of the molecule-level matrix “meta-genes”
and the rows of the sample-level matrix “meta-samples” are denoted
respectively. Meta-samples and meta-genes are learned based upon
the assumption that the number k of biological factors occurring
in the input dataset is smaller than either the number of rows or
columns in the input matrix (X) (Figure 3.1). Determining the
optimal number k of biological factors to use in the factorization
is critical to its interpretation. The appropriate selection depends
upon the algorithm and is an active area of research [12].

Figure 3.1 – The principle of «matrix factorization» on the example
of transcriptomic data

The available and widely used matrix factorization methods are
represented by Principal Component Analysis (PCA), Non-Negative
Matrix Factorization (NMF), and Independent Component Analysis
(ICA). Despite the similar formulation of the approximation
problem, each algorithm constrained in its way and is applied to
the same dataset can lead to different sets of hidden signals [9].
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Principal Component Analysis (PCA)
PCA maximizes variance, and it leads to orthogonal factors.
Because PCA learns features that explain most of the variation
in the data, it conflates multiple biological processes into single
components. Thus it is not the optimal approach to learn the
specific genes co-regulated by a specific biological factor [13]. In
this regard, PCA may be of use in experimental paradigms in which
the processes or conditions of interest represent the strongest
sources of variation, such as to remove technical artefacts [14, 15].
Non Negative Matrix Factorization (NMF)
NMF solves the minimum representation error under the
constraint of having all the elements of the A and S matrix nonnegative [16, 17]. Such constraint of the factors learned by NMF
matches the non-negative nature of transcriptomic data (e.g., read
counts) it is thus considered as a natural approximation. Moreover,
NMF allows the existence of coupled factors, thereby modelling
coregulation [18].
Independent Component Analysis (ICA)
ICA has a long history of application to biological data, including
the analysis of molecular profiles. The first application of ICA in
biology was carried out in comparison with the methodology of
the PrincipalComponent Analysis (PCA) and standard clustering
methods and factors identified using ICA, which are easily
interpreted biologically [19, 20]. This caused an increase in interest
and its application in various contexts and, in particular, in cancer
biology [8, 21]. The success of the use of ICA can be related to
the nature of statistical assumptions, which are fully consistent
with the principles of organization, which are consistent with the
principles of multidimensional distribution of sets of «omics»
data. In the process of computing ICA, it is required that the
resulting components be as independent of each other as possible.
More precisely, it is required that the components of either the
Sk vectors or the Ak vectors for different k represent maximally
mutually independent distributions [1].
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The principle of modelling and ICA application
ICA has advantages in identifying components in the biological
sense and advantages in the reproducibility of the detected
components in a plurality of independent data sets. The active
use of ICA originates with the problem of separating multiple
independent signal sources mixed in one stream and comes
from the field of auditory sound processing (the «Cocktail Party
Problem»). The goal of the ICA application to this problem is the
separation of the source signals associated with individual sources
from the mixed signals recorded at the microphones. This problem
has a very close interpretation in molecular biology if the following
interpretation is accepted: a gene is an analogue of a sensor which
receives regulatory signals from several sources (biological factors
or processes) [9].
The activities of transcription factors or other various influences
coming from a particular intercellular context or the environment
can serve as biological factors regulating gene expression through
complex (and unknown) functions. As the first assumption, these
factors can be represented as linear [9]:

Figure 3.2 — Network interpretation of ICA

ICA decomposes the expression data matrix X into a number
of “components” (k = 1,2,..K), each of which is characterized by
an activation pattern over genes (Sk) and another over samples
(ak). More precisely, it is required that the components of either
the sk vectors or the ak vectors for different k represent maximally
mutually independent distributions.
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Otherwise, less mechanical and more statistical, interpretation
is also possible: hidden clinical factors (such as patient age, sample
quality, the severity of diagnosis, etc.) are mixed linearly to
determine a position of a sample (for example, a tumour biopsy)
in the multidimensional space with axes corresponding to the
individual gene expressions.
Application of ICA to real cancer datasets
In recent years, considerable experience has been gained in
applying ICA to various types of data to solve various problems,
including data preprocessing, deconvolution problem, and metaanalysis of multiple datasets [1]. The most significant use of ICA
in cancer biology is to search for general and universal factors
that control the processes of tumour formation. One of the earliest
attempts was made by Martoglio et al. [22]. In the case of breast
cancer, independent components extracted from the genetic
expression profiles of breast cancer cell lines were described in[23]
for cell lines and in [24] for tumours. In [5], several ICA algorithms
were tested on six sets of breast cancer, and the components were
interpreted using Gene Ontology annotations. Most reproducible
components from many independent studies related to processes
such as the immune response, proliferation, tumour, and stromal
microenvironment. Engreitz et al.. performed one of the largescale meta-analyses (9395 microarrays from 298 available datasets)
using ICA and found 423 significant components [25]. Using the
data obtained, the authors predicted the mechanisms of action of
the anti-cancer drug parthenolide. The main conclusion of these
works is that the application of classification methods in the space
of ICA factors allows us to stratify the tumour into molecular
subtypes better or improve diagnosis or prognosis.
Another study which includes 198 cases of bladder cancer [6]
found that one of the most stable components is associated with a
technical factor — the temporary effect of pre-treatment of a batch
of samples. Another component, often identified in the analysis of
transcriptomic data, is related to the GC content, which may reflect
the influence of the GC content on the RNA amplification, which is
common to methodologies based on high-throughput microarrays
and next-generation sequencing.
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Some components identified by ICA can describe various cell
populations present in a sample of tissue. In the aforementioned
study of bladder cancer, tumour deconvolution into 20 components
allows us to clearly separate the signals reflecting the presence of
immune cells (with the main signal coming from many types of
lymphocytes), adipocytes, fibroblasts [6]. As can be seen, ICA can
be effectively used to analyze the contribution of various types of
cells to tumour tissue, which can be implemented for studying the
characteristics of tumour cells.
Several studies have shown that ICA is effective in separating
biological and technical factors that affected molecular profiles.
This supports the idea of using ICA as an effective method of data
pre-processing and/or the possibility for further application of
machine learning methods.
The general approach is to use ICA as an unsupervised machinelearning method to determine the biological meaning or technical
origin of the individual components, and then focus on a subset
of them containing a biologically significant signal. For example,
in a study of 14 non-redundant colon cancer transcriptomic
datasets which were analyzed by ICA, and the resulting Sk vectors
were matched with each other through correlation to reveal the
functional modules implicated in colon cancer tumour cells’ and
the variability of the tumoural microenvironment. Figure 3.3
reports the RBH graph of ICA application and the main biological
information extracted from it. Four main categories of biological
factors can be distinguished in the graph: factors intrinsic to the
tumour, microenvironment signals, technical signals, effects of
small groups of genes, and unknown factors [26].
The authors performed a systematic comparison between
different matrix factorization methods — PCA, ICA, and NMF
to determine which of the methods yields the most reproducible
results in independent transcriptome datasets [26]. To achieve
this, a notion of a reciprocal best hit (RBH) graph was borrowed
from evolutionary bioinformatics. Reciprocal best hit between two
meta-genes in two ICA decompositions of different datasets defined
“orthologous” meta-genes. Several criteria have been used to
evaluate the modular structure of the RBH graphs resulting from
the application of various ways of applying ICA, PCA, and NMF to
the transcriptomic data. In particular, the total number of RBH
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Figure 3.3 – RBH graph of stabilized ICA built-in CRC with the
main biological annotations. The node colours indicate the dataset
from which the components have been computed. The edge thickness
indicates the magnitude of the correlation

relations among the components, average clustering coefficient
and modularity of the RBH graph, and the number and typical
sizes of the identified graph communities have been assessed. The
conclusion was that the stabilized version of ICA, where the nonGaussianity of metagenes (and not meta-samples) was maximized,
is superior to other matrix factorization methods with respect to
these measurements.
Additionally, three major matrix factorization approaches
(PCA, ICA, and NMF) were systematically discussed for their
ability to discover functional subsystems or tissue-type specific
signals [27]. The main conclusion was that it might be advantageous
to use several matrix factorizations simultaneously. The same
authors further suggested using the BioBombe approach [28],
where three matrix factorization methods and two autoencoderbased dimension reduction techniques were systematically
compared based on the pan-cancer TCGA datasets comprising
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11,069 tumoural samples. Indeed, each data decomposition method
showed its advantages with respect to different tests and tasks. For
example, the ICA method outperformed other approaches when the
extracted metagenes were tested for gene set coverage of specific
gene set collections representing transcription factor targets,
Reactome pathways, and cancer modules.
Interestingly, ICA can be effectively used to identify and ignore
technical deviations between omics datasets generated on different
platforms. For example, this paper describes [29] how a small data
set of three primary melanoma tumours and two compared controls,
which characterized at the transcriptome and miRNA level, was
combined with a large reference melanoma dataset from TCGA.
For both types of molecular data, it was possible to identify those
independent components that reflect the technical differences
between the platforms, while focusing the analysis on biologically
significant factors.
Recently, ICA was used for further application in cancer
classification problems using the naive Bayes classifier [30]. In
[31], ICA was used as a stage of data pre-processing to improve the
clustering of temporal RNA-Seq data In an alternative study [32],
it was shown that a set of 139 signals extracted by the systematic
application of ICA for a large cohort of transcriptome profiles could
be directly used in machine learning for classification problems and
have useful characteristics in small sample studies compared to
classical study approaches of differential expression.
The specificity of ICA is that it is usually calculated in a linear
manifold spanned by the first k main components and that the
calculation of independent components determines only a new
coordinate basis in this manifold. For example, this approach is
used as a standard protocol for the analysis of single-cell RNASeq data [33]. Choosing a pair of independent components with a
well-defined biological value can lead to a biologically significant
display in two-dimensional 2D data. Visualization of a set of single
cells in the plane of two independent components associated with
proliferative genes clearly showed the two-dimensional dynamics
of the development of tumour cells during the cell cycle [34]. Also,
ICA served as a principal machine learning method for discovering
functional subsystems involved in the response of Ewing sarcoma
cells to the induction of the chimeric oncogenic transcription factor
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EWSR-FLI1. In this case, ICA was applied to temporally resolve
the single-cell RNA-Seq dataset and revealed the existence of a few
tens of transcriptional programs activated or inhibited after the
controlled induction of the oncogene.
A comprehensive catalogue of ICs identified in the pancancer TCGA dataset containing 32 cancer types was produced
in [12]. It appears to be a useful effort to extend the collection
of reference consensus metagenes since they seem to be highly
generalizable(reproducible in independent datasets [12, 26, 3234]. In [35], icasso-stabilized fastICA was applied to a set of 6 large
breast cancer patient cohorts profiled for gene expression. It was
demonstrated that the immune-related factors, especially the signal
from T-cell, B-cell, and Macrophages, were highly reproducible in
independent datasets.
A conceptually new approach to the development and application
of ICA was applied in [36] to a set of colon cancer from TCGA,
including various types of omics data (CNV copy number variation,
methylation data, and transcriptome RNA-seq). The fourth-order
specialised implementation of tensor ICA (tWFOBI) was used to
calculate 37 independent components. It was shown that most of
the calculated components could be associated with differences
between normal and cancer samples; some components record
correlations between the copy number variation and expression.
One of the components was characterized by a correlation between
all three types of data.
Development of methodology and application for advanced
analysis of cancer omics datasets
Long-standing investigations using ICA in collaboration with
the group «Computational Systems Biology of Cancer» (Institute
Curie, France) allowed us to significantly expand the range of
scientific results on the application of ICA to cancer transcriptome
profiles and single-cell datasets, as well as to implement an
improved approach for data analysis and interpretation of the
results using ICA [9]. We have developed and released to public
application package for applying ICA methodology with a userfriendly interface and several modules that facilitate the biological
interpretation of calculated independent components — «BiODICA
— Independent Component Analysis of Big Omics Data» (http://
github.com/LabBandSB/BIODICA).
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BIODICA implements the protocol of Stabilised ICA to
transcriptomic and other omics data and provides both a command
line and a user-friendly Graphical User Interface (GUI) for highperformance ICA analysis, including bootstrapping and further
stability analysis (Fig. 3.4).

Figure 3.4 –The main initial interface of BIODICA with the available
modules

BIODICA is based on previous high-performing implementations
of fastICA and icasso algorithms, allowing to boost the ICA
computation time by order of magnitude compared to the existing
fastICA implementation in R. It provides the possibility to run ICA
decomposition of several orders. It computes the Maximally Stable
Transcriptome Dimensionality (MSTD) measure, which can be used
to determining the optimal number of independent components
[12]. Moreover, BIODICA provides several tools for downstream
interpretation of the resulting metagenes and metal samples (Fig.
3.5). This interpretation includes standard functional analyses
such as pre-ranked Gene Set Enrichment Analysis [37] and
hypergeometric tests using automated ToppGene web-service [38],
but also a built-in database of previously computed meta-genes
whose biological interpretation was already established.
BIODICA implemented in Java language with several modules
for:
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(1) automating deconvolution of large omics datasets with
optimization of deconvolution parameters;
(2) helping in interpretation of the results of deconvolution
application by automated annotation of the components using the
best practices;
(3) comparing the results of deconvolution of independent
datasets for distinguishing reproducible signals, universal and
specific for particular cancer/disease type or subtype.

Figure 3.5 – The general architecture of the BIODICA data analysis
workflow. Boxes of different colours separate different functional
modules of the system

ICs computation module
The automatic procedure for computing the given number of
independent components and storing the results in the format
suitable for further analysis has been implemented. The procedure
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for determining the optimal number of independent components to
compute has been implemented in this module.
GSEA computation module
Gene Set Enrichment Analysis (GSEA) is a powerful analytical
method for interpreting gene expression data. It evaluates
cumulative changes in the expression of groups of multiple genes
defined based on prior biological knowledge. It first ranks all genes
in a data set, then calculates an enrichment score for each gene set,
which reflects how often members of that gene set occur at the top
or bottom of the ranked data set (for example, in expression data, in
either the most highly expressed genes or the most underexpressed
genes)[37].
Meta-sample annotation module
An automated procedure for computing association p-values
with various types of clinical information (numerical, Boolean,
categorical) has been implemented.
Meta-gene Annotation module
An automated procedure for computing association p-values
with various types of annotation of genes (numerical, Boolean,
categorical) has been implemented. It includes automated GSEA
analysis of independent components, filtering the results of
GSEA applications for the most significant enrichment results,
representing the summary of the GSEA filtering in the form of an
html page.
OFTEN Analysis module
OFTEN (finding the Optimally Functionally Enriched
Network) analysis of the obtained components analysis has been
implemented for associating a ranked list of genes with a network
of protein-protein interactions. The genes forming this network
are not necessarily the most top-ranked genes in the list, but they
represent a compact functionally related group of genes having
relatively high scores. OFTEN networks represent the functional
“cores” found in the ranked lists of differentially expressed genes.
We can say this because the interaction between gene products or
their participation in the same complex is a natural indicator of
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functional proximity. Unlike the standard enrichment analysis,
the OFTEN network does not use pre-defined borders of pathways
and ontology gene sets but uses the whole global protein-protein
interaction network. OFTEN-analysis automatically detects the
optimal number of genes to select from the ranked gene list [39].
toppGene Analysis module
Functional annotation-based candidate gene prioritization
method for gene list enrichment analysis and candidate gene
prioritization based on functional annotations and protein
interactions network [38].
Visualization on molecular maps module
Visualizing independent components is performed by:
1) Using specific tools used to annotate metagenes and
metasamples (i.e., GSEA plots or survival plots).
2) Using data visualization tools developed in MineICA R
package available in BioConductor.
3) Using Cytoscape for visualization of graphs produced by
BIODICA pipeline (e.g., correlation graphs after meta-analysis).
4) Using VidaExpert software used for visualization of .dat files
produced by BIODICA pipeline (Windows only).
RBH graph Construction module
It is a new meta-analysis method, based on exploiting Reciprocal
Best Hit (RBH) relations between metagenes and clustering
the RBH network. The method allows extracting robustly
reproducible and biologically relevant features without imposing
thresholds on the correlation coefficients, unlike standardly
used correlation networks. The resulting RBH graph maps the
landscape of interconnected factors that can be associated with
biological processes or to technological artefacts. These factors
can be used as clinical biomarkers or robust and tumour-type
specific transcriptomic signatures of tumoural cells or tumoural
microenvironment [35].
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Conclusion
In recent years, essential experience has been gained in applying
nonnegative matrix factorization methods for the analysis of
various types of data to solve different problems, including
data preprocessing, deconvolution problem, and meta-analysis
of multiple datasets. ICA-based multiple research has shown
significant results achieved in cancer biology for investigation of
general and universal factors that control the processes of tumour
formation on the multi-omics level.
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CHAPTER 4. DYSFUNCTION OF CEREBRAL
ENDOTHELIUM IN ALZHEIMER’S DISEASE
Sholpan Askarova, Andrey Tsoy
Introduction
Alzheimer’s disease (AD) is a chronic neurodegenerative
disorder, which affects approximately 10% of the population at
age 65 and 40% of people over the age of 80. Clinical manifestation
of the disease includes cognitive impairments such as attention
deficit, spatial disorientation, speech disorders, and progressive
loss of memory. In the late stage of Alzheimer’s, people generally
lose the ability to communicate coherently, experience a decline
in physical abilities, and require total assistance with personal
care. AD is a terminal illness with an average life expectancy of
5-10 years after diagnosis.
Pathophysiologically, AD is characterized by the accumulation
of amyloid (senile) plaques and neurofibrillary tangles accompanied
by impairment of the neurons in specific regions of the brain (Figure
4.1). In particular, large neurons in the neurocortex, the entorhinal
area, hippocampus, amygdale, nucleus basalis, anterior thalamus,
and several brain stem monoaminergic nuclei are affected. In
damaged regions, the neurons exhibit multiple abnormalities
of cell structure and function, reduction in the level of synaptic
proteins followed by neuronal degeneration and death. By the final
stage, plaques and tangles spread throughout the brain, and brain
tissue shrinks significantly (Figure 4.1).
Aβ is derived from amyloidogenic cleavage of membrane-bound
amyloid precursor protein (APP) by β- and γ-secretase (figure4.2)
[1]. Amyloidogenic processing of the APP leads to the production
of Aβ peptides of different length, of which the Aβ1-40 is the major
species, and the Aβ1-42 is the most fibrillogenic and predominant
component in AD plaques [2]. Alternatively, APP can be cleaved by

108

Healthy brain

Alzheimer's brain

Figure 4.1 — Healthy ageing and AD brains. (Adapted from 2000
BrightFocus Foundation)

α-secretases between amino acids 16 and 17 within the Aβ domain
to produce neurotrophic and neuroprotective soluble APP (sAPPα)
in the non-amyloidogenic pathway [3].
Although the cause and progression of AD are still not well
understood, the amyloid cascade hypothesis is dominant and widely
accepted [4]. According to this hypothesis, increased deposition of
the amyloid-β peptide (Aβ), the main constituent of senile plaques,
is the main cause of neuronal dysfunction and death in AD. The rest
of the disease process, including the formation of neurofibrillary
tangles containing tau protein, is proposed to result from an
imbalance between Aβ production and Aβ clearance.
There is major evidence that supports the Amyloid Cascade
Hypothesis. The first comes from the link between AD and Down’s
syndrome. The APP gene is localized on chromosome 21, and
people with Down syndrome (trisomy 21) who, thus, have an extra
gene copy almost invariably develop AD-like neuropathology
by the age of 40. Secondly, inherited mutations in the APP on
chromosome 21 and presenilin genes (constitutes the catalytic site
of the γ-secretase) on chromosomes 14 (PSEN 1) and chromosome
1 (PSEN 2) cause early and aggressive forms of AD. And thirdly,
transgenic mice with a mutant form of human APP and PSEN
develop amyloid fibrillar plaques and Alzheimer’s like brain
pathology [5]. It was believed earlier that insoluble fibrillar Aβ is
a causative factor in the pathogenesis of AD. However, studies in
transgenic mice that overexpressed APP have indicated that the
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accumulation of insoluble Aβ is accompanied by minimal neuronal
death and that the amyloid plaques do not always correlate with
neurodegeneration and cognitive decline [6, 7].
In this regard, recent reports have suggested that the soluble
oligomeric form of the peptide is the most toxic and responsible for
the disruption of synaptic plasticity, neuronal death, and decline
of cognitive function [5, 8]. Although the precise mechanism of
Aβ oligomers neurotoxic effects remains unclear, numerous invivo and in-vitro studies have demonstrated that Aβ oligomers:
a) induce apoptosis; b) initiate oxidative stress and free-radical
degeneration in neuronal cells; c) disrupt calcium homeostasis and
long-term potentiation; d) cause neurodegeneration by forming
large, voltage-independent, and nonselective ion channels [9, 10].
Numerous epidemiological and laboratory studies have indicated
that the function of the blood-brain barrier (BBB) is impaired in AD
patients [11-15]. Although, there is evidence that the breakdown
of BBB functions in AD contributes to further progression of the
disease, the many aspects of molecular mechanisms underlying Aβ
induced damage of BBB cells have yet to be elucidated.
The BBB is formed by a complex cellular system consisting of
cerebral endothelial cells (CECs), astrocytes, pericytes, perivascular
macrophages, and a basement membrane [16] (Figure 4.3).
There is evidence that Aβ deposition at the endothelial cell
layer directly activates cerebral endothelial cells and enhances
the transmigration of monocytes across BBB [17, 18]. Thus,
increased transmigration of monocytes is thought to drive the
disease development towards an exacerbation of the inflammatory
conditions characteristic of the AD brain. Since the transmigration
of monocytes is both a mechanical and a biochemical process, the
expression of adhesion molecules and mechanical properties of
endothelial cells are the critical factors that require investigation.
Therefore, we studied how Aβ42 oligomers affect the expression of
adhesion molecules (P-, and E-selectin), actin polymerization, and
mechanical properties of CECs.
There is increasing evidence that oxidative stress is the main
mechanism leading to cerebrovascular dysfunction in AD[19-23].
The oxidative stress initiates a cascade of redox reactions which
trigger apoptosis[24-27] and downstream kinase cascades [28, 29]
leading to neurovascular inflammation and cellular death. In turn,
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Figure 4.2 — APP Metabolic Pathways: In the amyloidogenic
pathway, membrane-bound APP is cleaved by β-secretase to produce
sAPPβ and subsequent cleavage by γ-secretase releases Aβ 1-40 and Aβ
1-42. In the non-amyloidogenic pathway, α-secretase cleavage results
in the production of sAPPα followed by γ-secretase mediated release of
Aβ 17-40 and Aβ 17-42 peptides (Adapted from PerkinElmer “Selective
detection of sAPP and amyloid peptides using Alpha Technology”)

there is evidence that Aβ initiates oxidative stress and free-radical
degeneration in CECs through NADPH oxidase activation [22,
23, 30-33]. That activated NADPH oxidase is the central target of
the receptor for advanced glycation endproducts (RAGE)[34]. Aβinduced cytotoxic effects are also associated with the activation of
MAPK/ERK1/2 cascade and the phosphorylation of cPLA2[35-41].
Therefore, we aimed to study RAGE as a signal-transducing cell
surface receptor for Aβ1-42 oligomers in CECs.
Our findings demonstrating an effect of Aβ42 oligomers on CECs
selectin adhesion and the role of Aβ-RAGE interaction in BBB
dysfunctions provide insights into the mechanism of inflammation
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Figure 4.3 — The Blood-Brain Barrier. (Adapted from Expert
Reviews in Molecular Medicine, 2003 Cambridge University Press)

in AD brains and may offer new approaches for prevention and
treatment of the disease.
Effects of oligomeric β-amyloidpeptide on the adhesion
mechanics of cerebral endothelium
One of the features of AD brains is an accumulation of
monocytes in the vessel walls and of activated microglia cells in
the adjacent parenchyma, which has been found to correlate with
increased deposition of Aβ in the cerebral vasculature [42, 43]. It
has been shown that peripheral monocytes can migrate across the
BBB and differentiate into microglia within the brain parenchyma
[44]. In vitro studies have demonstrated that Aβ deposition at the
endothelial cell layer enhances the transmigration of monocytes
[45]. Thus, increased transmigration of monocytes past the BBB is
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thought to drive the disease development towards an exacerbation
of the oxidative and inflammatory conditions characteristic of the
AD brain.
Transmigration of monocytes is a sequential process with
three distinct adhesive events: 1) capture, tethering and rolling;
2) firm adhesion and arrest; and 3) crawling on the endothelial
surface to find an intercellular junction for transmigration to the
target tissue. Primary capture by the endothelium and rolling
are mediated by tethering to selectins and selectin ligands [4648]. Selectins belong to the type I transmembrane cell adhesion
molecules family and are comprised of three members, namely P,
E, and L-selectins. P-and E-selectin is expressed on the endothelial
cells surface upon exposure to different proinflammatory agents
such as TNF-α, interleukins, and lipopolysaccharides. Their roles
in immune cells rolling vary depending on the particular stimuli
and the type of tissue. The physiological ligands for selectins are
glycoproteins, including P-selectin glycoprotein ligand 1(PSGL1), E-selectin ligand 1 (ESL-1), andCD34. All these ligands carry
conjugated carbohydrate sailyl Lewixx (sLex) as an active binding
site [49, 50].
It is also important to note that cell-cell adhesion is governed
by the expression of adhesion molecules and their ligands as well
as the mechanical properties of the cells and cell membranes [5154]. Since the transmigration of monocytes across the BBB is
both a mechanical and a biochemical process, the expression of
adhesion molecules and mechanical properties of endothelial cells
are critical factors that require investigation. Because of recent
advances in the biological applications of atomic force microscopy
(pN level of resolution and ability to perform measurement closer
to physiological conditions), in this study, we applied atomic
force microscopy (AFM) with cantilever tips bio-functionalized by
sLex (Figure 4.4b)to study the direct effects of Aβ42 oligomers on
mechanical and adhesion properties of cerebral endothelial cells.
Typical force curves obtained from AFM measurement are presented
in the figures 4.4c and 4.4d. Quantitative immunofluorescence
microscopy was applied to study the effects of Aβ42 oligomers on
selectin expression and actin polymerization. In addition, we
examined if lovastatin, a cholesterol-lowering drug, attenuates Aβ
effects.
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Figure 4.4 — Schematic description of membrane tether formation
and biofunctionalisation for the AFM cantilever tip (modified from
Yves F. Dufrene, 2008): membrane tether formation mediated by sLexselectin bonding during a monocyte rolling on the endothelial layer
(a) and the strategy using AFM cantilever tips bio-functionalized by
sLex to characterize the mechanics of membrane tether adhesion (b).
Typical force curves obtained from AFM measurement: approach and
retraction force curves with adhesion (c) and without adhesion (d): the
cantilever approaches (1 to 2), touches (2), makes indentation (2 to 3)
and retracts (4) from the cell. The force of membrane tether formation
(Fmtf) was measured at the sudden drop of force when a rupture of a
membrane tether occurred (denoted by an arrow).

Results
Oligomeric Aβ42 enhanced P-selectin expression at the CEC
surface
To investigate the effects of Aβ42 oligomers on the expression of
P-selectin at the CEC surface, quantitative immunofluorescence
microscopy (QIM) of P-selectin was performed without cell
permeabilization in the immunostaining procedure. Consistent
with the notion that Aβ42 stimulates CECs for cellular adhesion and
transmigration, Aβ42 increased P-selectin expression at the surface
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of bEnd3 cells by 35–60% (Figure 4.5B) and primary human
CECs by 10–22% (figure 4.5C). Since histamine is known for its
ability to increase P-selectin at the endothelial surface [52, 5557], results with histamine were used as a positive control (Figure
4.5B). A previous study also reported the ability of lovastatin to
abrogate histamine-induced increase in P-selectin expression at the
endothelial surface [58]. In this study, lovastatin also suppressed
Aβ42 -induced increase in P-selectin expression at the CEC surface
(Figure 4.5B).

Figure 4.5 — Effects of Aβ, histamine, and lovastatin on P-selectin
expression at the CEC surface. (A) Fluorescent micrographs of
fluorescently-labelled P-selectin at the bEnd3 cells. (B) Relative
P-selectin intensity at the bEnd3 cell surface and (C) the human
primary CEC surface. ***p≤0.001, **p≤0.01 compare to the control;
ºººp≤0.001 compare to the Ab (1 µM) treatment group
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Aβ42enhanced actin polymerization
Aβ42 has been reported to enhance actin polymerization and
induce actin stress fibre formation in neuronal cells [59, 60].
Since the organization of cytoskeleton governs cell mechanics
and adhesion, we employed QIM of F-actin labelled with Oregon
green phalloidin to quantify actin polymerization induced by Aβ42
in CECs. As shown in figure 4.6A, B and C, QIM data showed that

Figure 4.6 — Effects of Aβ, and histamine on actin polymerization
in CECs. (A) Fluorescent micrographs of Oregon-green phalloidinlabelled F-actin in bEnd3 cells. (B) Relative F-actin intensity in bEnd3
cells and (C) primary human CECs. ***p≤0.001, ** p≤0.01, * p≤0.05
compared to the control; ººº p≤0.001 compared to the Aβ (1 µM)
treatment group
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Aβ42 and histamine promoted actin polymerization in both primary
human CECs and bEnd3 cells. In contrast, a significant reduction
of actin intensity was observed when cells were treated with
latrunculin A, an F-actin disruptive drug (Figure 4.6A). Lovastatin
also decreased actin polymerization (Figure 4.6B), but unlike
latrunculin, lovastatin did not cause dramatic disorganization of
the cytoskeleton structure (Figure 4.6A).
Adhesion probability and molecular specificity of adhesion
Consistent with QIM results showing that both histamine and
Aβ42 increased P-selectin at the CEC surface (Figure 4.5), AFM
data demonstrated that adhesion probability increased upon Aβ42
or histamine treatment (0.34±0.07 for control; 0.51±0.08 for
histamine; 0.55±0.06 and 0.66±0.07 for 0.5 µM and 1 µM of Aβ42
respectively), and inhibited after lovastatin treatment (0.28±0.08)
(Figure 4.7A).
To address whether these adhesion events are specific through
bonding with the selectin-sLex interactions, AFM data demonstrated
that in cells pretreated with histamine, the probability of adhesion
for cantilevers coated with the only biotin was at least twofold
lower as compared to those coated with sLex (Figure 4.7B). Lower
adhesion probabilities were also obtained when P-selectin at the cell
surface was blocked with its antibodies (Figure 4.7B). These results
indicated that adhesion events and membrane tether formation in
this study are facilitated by specific molecular interactions between
P-selectin and sLex.
Cell stiffness characterized by AFM
The part of the AFM force curves representing cell indentation
was used to measure the stiffness of the cells. As the cantilever tip
of the AFM approached and made contact at the endothelial surface
(2 in figure 4.4C), the continued approach makes an indentation
(3 in Figure 4.4C) at the cell surface. The relationship between
the force applied to make the indentation and the position of the
cantilever was recorded and fitted with the Hertz model to calculate
the elastic modulus, which characterized the mechanical stiffness
and had a value 6.8±1.9 kPa for control CECs (Figure 4.8).
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Figure 4.7 — Effects of Aβ, histamine, and lovastatin on adhesion
probability at the bEND3 cell surface with AFM cantilever tips
biofunctionalized by conjugating sLex at their surface. (A) Adhesion
probability was measured for cells treated with histamine, Aβ, lovastatin,
and Aβ and lovastatin alone. Adhesion probability was calculated
by normalizing the number of force curves with adhesion events by
the total number of force curves. ***p≤0.001, **p≤0.01compare to
the control; ººº≤0.001 compare to the Aβ (1 µM) treatment group.
(B) bEND3 was treated with histamine, and adhesion probability
was measured. The highest adhesion probability was obtained for the
cantilever coated with sLex; whereas lower adhesion probabilities were
obtained for the cantilever coated with biotin only, and cells treated
with the antibody of P-selectin, indicating that Fmtf measured in this
study are highly molecularly specific through sLex -P-selectin bonding.
***p≤0.001compare to the sLex x coating group
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Figure 4.8 — Cell stiffness. (A) Cell stiffness (Elastic modulus) for
bEND3 cells treated with histamine, Aβ, lovastatin and Aβ, lovastatin
alone, and latrunculin A. The elastic modulus was calculated by
fitting the cell indentation part of the force curves with Hertz model.
***p≤0.001, **p≤0.01 compared to the control; ººº≤0.01compare to the
Aβ (1 µM) treatment group

Both Aβ42 and histamine had a dramatic effect on CECs stiffness,
showing increases to 15.1±2.7 kPa, 12.2±2.6 kPa, 19.9±5.8
kPa for histamine, 0.5 µM and 1 µM of Aβ42, respectively. In
contrast, lovastatin and latrunculin A showed an opposite effect
and significantly decreased stiffness of the cells as compared
to the control (2.3±0.7 kPa and 2.4±1.8 kPa for lovastatin and
latrunculin). At the same time, the stiffness of the cells was not
significantly changed if lovastatin was applied prior to treatment
with Aβ42 (8.4±1.1 kPa).
The force of membrane tether formation characterized by AFM
To study the effects of Aβ42 oligomers on the force of membrane
tether formation (Fmtf)mediated by sLex-selectin bonding, AFM
with cantilever tips bio-functionalized by sLex were applied (Figure
4.4). In the force mode, the piezotransducer (PZT) was set to drive
the cantilever to approach, touch, make an indentation on the cell,
and retract from the cell. As the cantilever was retracted from the
cell, the surface of the cell was lifted and formed membrane tethers
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(an elongated cylinder of a cell membrane) from the cantilever
tip if adhesion between the cell surface and cantilever tip had
occurred [53]. As the cantilever moved further away from the cell,
the rupture of tether was detected; and the required to maintain
a membrane tether (i.e. force of membrane tether formation, Fmtf)
was recorded with a fixed retraction speed (1 µm/s). The adhesion
ruptures were detected in the retraction part of force curves as
evidenced by a sudden change in force acting on the cantilever
(Figure 4.4A). Retraction curves without adhesion did not exhibit
these rupture events (Figure 4.4B).
Figure 4.9 represents the Fmtf measurement for untreated
(control) and experimental groups of mouse CECs. The average
Fmtf was 44 ± 5 pN for control CECs. According to the theory
of membrane-cytoskeleton adhesion [61], Aβ-induced actin
polymerization, as shown in Figure 2.4 may increase membranecytoskeleton adhesion resulting in a greater Fmtf. Surprisingly,
opposite to results with histamine, Fmtf measured for cells treated
with 1 µM and 0.5 µM Ab was 34% and 18% lower compared with
the control, respectively, (i.e. 29±3 pN and 36±2 pN for cells
treated with respective 1 µM and 0.5 µM Aβ in Figure 4.9A). When
cells were treated with latrunculin A, similar results to those with
Aβ treatment were obtained. Interestingly, when lovastatin was
applied prior to treatment with Ab, Fmtf was similar to that of the
control (Figure 4.9A).
To further investigate the effects of Aβ on Fmtf, histograms
of Fmtf measured from different experimental groups (filled
bars) were plotted and superimposed with those from the control
group (unfilled bars). This comparison showed that in the control
group, the distribution of Fmtf with a major population peak at
Fmtf<32.5 pN was obtained (Figure 4.9B). Histamine enhanced
actin polymerization in cells and shifted the major population
peak to a higher Fmtf<44 pN, while Latrunculin A disrupted
F-actin, resulting in the peak at a lower Fmtf<22.5 pN (figure
4.9B). Interestingly, cells treated with 0.5 µM of Aβ produced two
population peaks at Fmtf<20 pN and 39 pN (Figure 4.9B). The major
population peak corresponding to the lower Fmtf produced by Aβ
suggests that Aβ disrupted subcellular connectivity between the
plasma membrane and cytoskeleton since the distribution at the
lower Fmtf was similar to that of cells treated with Latrunculin A.
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These mechanical alterations in response to Aβ are dose-dependent,
as the peak at the higher Fmtf subsided and only the major peak
at the lower Fmtf remained for cells treated with a higher dose
of Aβ (1 µM) (Figure 4.9B). Pretreatment of cells with lovastatin
suppressed these mechanical alterations induced by Aβ, as the Fmtf
distribution was almost totally overlapped with that of the control
experiment (Figure 4.9B).

Figure 4.9 — Aβ on the force of membrane tether formation (Fmtf)
mediated by sLex-selectin bonding. (A) Fmtf was measured at the sudden
drop of force when a rupture of a membrane tether occurred. A bar
graph summarizes Fmtf measured for cells treated with histamine, Aβ,
lovastatin and latrunculin A. ***p≤0.001, **p≤0.01, *p≤0.05 compared
to the control; uup≤0.01 compare to the Aβ (1 µM) treatment group.
(B) The distributions of Fmtf were plotted for different experimental
groups. Fmtf distribution for the control group is represented in unfilled
bars and superimposed with other experimental groups represented in
grey bars for comparison
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Characterization of Cell membrane stiffness
The Fmtf data suggests that the treatment of CECs with Aβ
caused lower connectivity between plasma membranes and the
cytoskeleton. It is believed that higher cytoskeletal connectivity
to membranes should provide additional mechanical strength to
plasma membranes; therefore, cell membrane stiffness can be
a measure for cytoskeletal connectivity to membranes (i.e. the
membrane-cytoskeleton adhesion). To quantify cell membrane
stiffness, we analyzed the ‘‘approaching’’ force curves when the
cantilever made a 5 nm indentation at the cell surface (Figure
4.10B). 5 nm is about the thickness of the bilayer membrane.
Consistent with data of actin polymerization and Fmtf, treatment
with histamine resulted in a higher cell membrane stiffness, while
Latrunculin A resulted in lower cell membrane stiffness. (Figure
4.10A) On the other hand, Aβ caused lower cell membrane stiffness
(Figure 4.10A), suggesting that Aβ produced lower cytoskeletal
connectivity to plasma membranes in cells. The lower cell membrane
stiffness resulted from Aβ was suppressed by lovastatin (Figure
4.10A).

Figure 4.10 — Membrane stiffness. (A) Membrane stiffness for cells
treated with histamine, Aβ, lovastatin and Aβ, lovastatin alone, and
latrunculin A. (B) Membrane stiffness is measured by calculating the
slope (denoted by the arrow) from 5 nm indentation at the cell surface.
***p≤0.001, **p≤0.01 compare to the control; ººp≤0.01, ºººp≤0.001
compare to the Aβ (1 µM) treatment group
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Discussion
The primary capture of circulating monocytes from a bloodstream
mediated by membrane tethering is the initial mechanical step in
transmigration. This dynamic process requires special mechanisms
for establishing stable cell-cell contact. The P- and E-selectins are
the adhesion molecules that specialize in mediating this process
on activated endothelium. P-selectin is stored in Weibel-Palade
bodies inside the endothelial cells and can be mobilized to the cell
surface within minutes [49]. Earlier studies showed upregulation
of P-selectin expression in brain ECs associated with enhanced
transmigration of immune cells across the BBB in pathological
conditions, such as ischemia and atherosclerosis [62, 63]. There
is also evidence that Aβ soluble aggregates selectively activate
cerebral vascular endothelium and increase the transmigration of
monocytes across the BBB [17, 45]. Our data here show that Aβ42
oligomers promoted the expression of P-selectin at the surface of
the CECs. Since E-selectin induction occurs on the transcriptional
level, the duration of Aβ treatment (20 min) did not lead to a
detectable change of E-selectin expression.
In addition to adhesion molecules, such as selectin, the
mechanical properties of the cell membrane are a critical factor
influencing the cell-cell adhesion [51, 52,54]. Earlier works have
confirmed that lower tether extraction force favours rolling.
It has been shown that tether formation reduces the adhesion
force between the endothelial cells and leukocytes, assisting
the formation of new bonds and stabilizing rolling [64, 65].
Enrichment of endothelial cells with cholesterol has been found
to increase tether length and reduce force bond, and increase the
bond lifetime, which resulted in an increased chance of adhesion
[54]. We found that Aβ42 oligomers decrease Fmtf and increase the
probability of adhesion. Taken together, our data suggest that Aβ
facilitates the primary capture of monocytes and rolling adhesion
at the brain endothelial cell surface through promoting P-selectin
expression, and lowering Fmtf, which favours adhesion.
Membrane tether extraction strongly depends on the F-actin
network condition and membrane-cytoskeleton integrity [6668]. It has been shown that disruption of the actin cytoskeleton
and glycocalyx backbone removal leads to a decrease of adhesion
energy [53, 69]. Latrunculin A, a well-known inhibitor of actin
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polymerization, has been reported to decrease the cell’s average
elastic modulus and adhesion force [53, 70-72]. It is also observed
that statins can significantly impair F-actin stress fibre formation
[35]. Our data are in good agreement with those reported in the
literature showing that latrunculin A and lovastatin lower the
amount of F-actin in the CECs. Consistent with the QIM results,
our AFM study demonstrated that both lovastatin and Latrunculin
A resulted in a decrease of cell stiffness, membrane stiffness,
and Fmtf. Consistent with those from others showing the ability
for histamine to induce cytoskeletal F-actin polymerization and
increase the cell adhesion force [52, 55, 73], our AFM study also
showed histamine to increase cell stiffening and higher Fmtf.
Although Aβ has been found to increase actin polymerization
and cause the formation of actin stress fibres [59, 60], Aβ42
treatment surprisingly decreased Fmtf mediated by sLex-selectin
bonding. Previous studies have demonstrated that variability in
tether extraction force could also provide information in membrane
cytoskeleton association: enhanced membrane-cytoskeleton
interactions make tethers less homogeneous, and, vice versa, no
significant difference is observed in the case of low connectivity
[53, 54]. Our force distribution analysis indicated that in contrast
to histamine, Aβ42 (1 µM), significantly decreased force range
variability (Figure 4.9B). Therefore, despite that both histamine
and Aβ42 enhance P-selectin expression, increase the probability of
adhesion, and promote actin polymerization, their effects on Fmtf
are different. Interestingly, two distinct populations of Fmtf were
observed for 0.5 µM Aβ42 treatment. The presence of two populations
of Fmtf and lower cell membrane stiffness indicates the ability of Aβ42
oligomers to weaken the locally subcellular membrane-cytoskeleton
association. Taken together, these mechanical results lead to a new
hypothesis that Aβ induces dissociation of the adhesion between
the cytoskeleton and the lipid bilayer membrane by disrupting
the cytoskeletal linkage to plasma membranes or altering the
attachment of transmembrane proteins (e.g., cadherins, integrins)
to F-actin.
QIM and AFM data have demonstrated that Aβ42 oligomers
promoted expression of P- selectin, induced stress fibres formation,
increased cell stiffness but decrease membrane stiffness, increased
the probability of adhesion, and lower Fmtf; and these effects were
suppressed by lovastatin. Statins are the inhibitors of hydroxy124

3-methylglutaryl coenzyme A reductase (HMG-CoA), an enzyme
that catalyzes the cholesterol synthesis in the liver and other
tissues [74]. In addition, statins have been demonstrated to have
anti-inflammatory effects independent of cholesterol reduction.
They attenuate vascular inflammation, upregulate nitric oxide
expression in endothelial cells, microglia, and monocytes, inhibit
leukocytes recruitment to vascular cells, and significantly decrease
the migration of monocytes and lymphocytes across the human
BBB [75-78]. Furthermore, statins are potentially therapeutic for
AD by inhibiting Aβ-stimulated expression of interleukin-1β and
reduce the levels of Aβ [79-81]. A retrospective epidemiological
study recently demonstrated that long-term treatment of
hypercholesterolaemic patients with lovastatin, simvastatin,
and pravastatin lowered the risk of developing AD [79, 82-84].
However, the mechanisms linking Aβ and statins on CEC function
remain poorly understood. Our findings show the effects of Aβ42 on
the membrane tether adhesion of cerebral endothelial cells, and how
lovastatin counteracts these effects provide evidence of the direct
effect of Aβ42 oligomers on mechanical and adhesion properties of
CECs (Figure 4.11), which brings new insights into the mechanism
of neuroinflammation in AD brains and may offer alternative
approaches for preventive treatment of the disease. This study
should prove to provide insights into new therapeutic strategies
since microglial cell activity is a crucial factor in Aβ clearance and
immunotherapy for the treatment of AD.
Role of ROS in Amyloid Beta Peptide Mediated Cell Surface
P-Selectin Expression and Actin Polymerization
In the previous section, we have demonstrated that Aβ42
oligomers promote expression of P- selectin and increase actin
polymerization at the surface of CECs. In this chapter, we examine
the role of ROS in actin polymerization and P-selectin expression
on the surface of the endothelial cells that are activated by Aβ42.
Results
Aβ42 stimulated ROS generation in the bEnd3 cells
To investigate intracellular ROS production, we measured
DHE fluorescence. Figure 4.12A shows the images of DHE-stained
bEnd3 cells treated with Aβ42 oligomers and the ROS scavenger
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Figure 4.11 – Schematic mechanism of Aβ1-42 alters mechanical and adhesion
properties of CECs

NAC. Quantitative analysis was accomplished by the integration of
fluorescent intensity for each cell. Figure 4.12B shows significant
time-dependent ROS accumulation in each group exposed to 5 µM
Aβ42. We observed 34.5%, 61%, and 83% average increases in
fluorescence intensity after 10 min, 30 min, and 60 min of Aβ42
treatment, respectively. Aβ42stimulated ROS production in bEnd3
cells was attenuated by pretreatment with the antioxidant NAC.
Aβ42 stimulated mobilization of P-selectin on the bEnd3 cell
surface
To investigate the effect of Aβ42oligomers on the expression
of P-selectin, quantitative immunofluorescence microscopy of
P-selectin stained with primary and secondary antibodies, and
Western blot analysis for total P-selectin expression was performed.
Aβ42 increased P-selectin fluorescence at the surface of bEnd3 cells
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Figure 4.12 – Aβ42 induced ROS generation in bEnd3. Images of DHE-stained
bEnd3 (A); relative DHE fluorescent intensity (B).** – p ≤ 0.01 compared to the
control in each experimental group (unpaired T-test analysis). ••• – p ≤ 0.001, •• –
p ≤ 0.01 (One Way ANOVA)

in a time-dependent manner and parallel to ROS elevation (Figure
4.13A, B). We observed 28%, 46%, 54% increased P-selectin
plasma membrane expression after 10 min, 30 min, and 60 min
of Aβ42 treatment. However, total expression levels of P-selectin
were not changed following exposure to Aβ42 (Figure 4.13C).
Pretreatment with NAC attenuated Aβ42 induced P-selectin
localization, while NAC alone did not significantly affect P selectin
localization. As a positive control, H2O2 (0.5 mM) also increased
P-selectin expression on the cell surface, which peaked after 30 min
of H2O2 treatment. Likewise, Western blot analysis did not reveal
any change in total P-selectin levels after 10 min, 30 min, and 60
min of H2O2 treatment (not shown). These results support our
hypothesis that within this time frame, Aβ42 regulates localization,
but not a total expression of P-selectin through elevated ROS. In
addition, Aβ42-induced P-selectin expression at the CEC surface
was suppressed both by NAC and antibodies to the receptor for
advanced glycation endproducts (RAGE) (Figure 4.14A, B).
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Figure 4.13 – Aβ42 enhanced P-selectin fluorescence on the cell
surface but did not affect P-selectin expression on the translational
level. Fluorescent images of anti-P-selectin labelled bEnd3 cells (A);
relative P-selectin intensity in the mouse bEnd3 cells (B); Western blot
analysis of total P-selectin (C). ** – p ≤ 0.01, *- p ≤ 0.05 compared to
the control in each experimental group (unpaired T-test analysis) •••
– p ≤ 0.001, •• – p ≤ 0.01(One Way ANOVA)
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Figure 4.14 – Polyclonal antibody to RAGE suppressed oligomeric
Aβ42 –induced upregulation of P-selectinat the bEnd3 cell surface.
Fluorescent images of anti-P-selectin labelled bEnd3 cells (A);
relative P-selectin intensity in the mouse bEnd3 cells (B); *** – p ≤
0.001compare to the control; ººº – p ≤ 0.001 compare to the Aβ treatment
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Actin polymerization in bEnd3 cells treated with Aβ42
To investigate the effect of Aβ42 oligomers on the actin
polymerization, we then measured cytoskeleton dynamics by
quantitative immunofluorescence microscopy experiments with
Oregon-green phalloidin staining (Figure 4.15A,B). Exposure
of bEnd3 cells with Aβ42 promoted actin polymerization, which
peaked after 10 min of Aβ42 treatment, while no significant
increase of F-actin intensity was observed when cells were
pretreated with NAC. H2O2 was able to mimic Aβ42 induced
oxidative stress, causing increased actin polymerization with
similar timing.

Discussion
The results of this study have demonstrated that, in bEnd3
cells, Aβ42oligomers induce F-actin polymerization, promotes
the translocation of P-selectin in a time-dependent manner and
in parallel to direct stimulation with exogenous ROS, and these
effects can be attenuated by pretreatment with the antioxidant
NAC. P-selectin is the largest of the known selectins at 140
kDa. It contains nine consensus repeats (CR) and extends
approximately 40 nm from the endothelial surface. P-selectin
is expressed in α-granules of activated platelets and WeibelPalade bodies (WPb) of endothelial cells. It has been reported
previously that in normal conditions, P-selectin is not presented
on the surface of endothelial cells. At the same time, thrombin or
histamine promotes rapid mobilization of P-selectin to the cell
surface, peaking after ten minutes. Within 30 min, almost all
the receptors are eliminated by clathrin-dependent endocytosis
[49]. Additional synthesis of P-selectin is brought about within
two hours by cytokines such as interleukin-1 (IL-1) or tumour
necrosis factor α (TNF-α). In our experiment, the duration of Aβ
treatment was 10 to 60 min and didn’t lead to a noticeable change
of P-selectin expression at the translational level. However,
quantitative immunofluorescence microscopy of P-selectin has
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Figure 4.15 – Aβ42 induced actin polymerization in mouse bEnd3 cells.
Fluorescent images of Oregon-green phalloidin-stained bEnd3 cells (A);
relative F-actin intensity in mouse bEnd3 cells (B). ** – p ≤ 0.01; * – p
≤ 0.05 compared to the control in each experimental group (unpaired
T-test analysis). •• – p ≤ 0.01, • – p ≤ 0.05 (One Way ANOVA)
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demonstrated that Aβ42 induces translocation of P-selectin to
the bEnd3 cells surface within 10 min of exposure. Moreover,
we observed a time-dependent accumulation of P-selectin on the
cell’s surface.
One of the possible regulatory mechanisms of P-selectin
release in bEnd3 cells is Aβ-induced ROS overproduction. There
is evidence that in endothelial cells of the human umbilical
vein, ROS plays an active role in thrombin activated P-selectin
expression [85]. This research has demonstrated dose-dependent
inhibition of P-selectin expression and ROS generation in
response to the administration of antioxidants and NADPH
oxidase or xanthine oxidase inhibitors. In the present study,
we have demonstrated that Aβ42 induced time-dependent
accumulation of ROS and cell surface P-selectin expression. We
also observed similar dynamics of P-selectin fluorescence upon
exposure of the bEnd3 cells by H2O2. In turn, the ROS scavenger
NAC reduced both ROS production and P-selectin expression.
Additionally, polyclonal antibody to RAGE suppressed the Aβ42induced increase in P-selectin expression at the CEC surface.
These findings lead us to the conclusion that Aβ42-induced
upregulation of P-selectin in bEnd3 cells is mediated, at least
in part, by ROS, and via RAGE-related cellular signalling
pathways.
As mentioned before, P-selectin is stored in WPb inside the
endothelial cells [49, 86]. Recent research has shown a direct
and active role of ROS in the different stages of WPb release
[85, 87-90]. It was shown that WPb exocytosis in endothelial
cells is a rac1-dependent ROS regulating mechanism [91]. One of
the mechanisms controlling exocytosis of WPb is the regulation
of the N-ethylmaleimide-sensitive factor (NSF) [92]. NSF is the
cytosolic ATPase playing a key role in the fusion of WPb with
the plasma membrane. There is evidence that S-nitrosylation
of this protein by NO inhibits the activity of NSF.[93] In turn,
ROS can block NO action by modifying target proteins of this
messenger or by direct interaction with NO [94, 95], and it may
lead to activation of WPb exocytosis.
Actin filaments are involved in the later stages of WPb
exocytosis as well. Some part of cellular WPbs is associated
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with actin cortex, and, as suggested, this pool of vesicles can
be rapidly released upon stimulation [96-98]. Furthermore,
inactivated endothelium actin-based cytoskeleton reorganizes
into stress fibres leading to a reduction of the interendothelial
contacts, induction of vascular leak, and increases
transendothelial leukocyte trafficking [99]. Several studies
have shown that Aβ oligomers can alter actin polymerization
within neurons and cerebral endothelial cells [59, 60, 100]. Our
data are in good agreement with previously reported results and
demonstrate that Aβ42 promotes F-actin formation in bEnd3
cells. Moreover, our data confirm the hypothesis that ROS is a
regulatory mediator of actin remodelling [101-103]. According
to previously reported data, ROS affects the speed of actin
polymerization through the regulation of barbed end uncovering
or by directly controlling the activity of actin-depolymerizing
agents and decreasing filament depolymerization [101, 102].
In our study, we have demonstrated that Aβ42, as well as H2O2,
increased F-fibres formation similarly, with a peak after 10
min of treatment, while antioxidants could counteract Aβ42induced actin polymerization. These findings lead us to the
conclusion that Aβ42 induces actin polymerization through
ROS dependent pathways, which, in turn, may also represent
one of the regulatory mechanisms of P-selectin release and
transendothelial trafficking of the white blood cells.
In conclusion, the results of our study have indicated
that Aβ42 induced accumulation of P-selectin on the surface
of bEnd3 cells and promote actin polymerization, and all
these events were correlated with ROS generation. The rapid
posttranslational cell signalling response mediated by ROS
may well represent an important physiological trigger of the
microvascular inflammatory response in AD and requires
further investigations.
Role of Oligomeric Aβ-RAGE Interaction In Oxidative
Stress And Downstream Pathways in Astrocytes And Cerebral
Endothelial Cells
In the previous chapter amyloid-β oligomers have been
reported to mediate the upregulation of P-selectin in bEnd3
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cells by ROS and via the receptor for advanced glycation
endproducts (RAGE). In this chapter, RAGE is postulated to
function as a signal-transducing cell surface receptor for Aβ
to induce ROS generation from NADPH oxidase and trigger
downstream pathways for the phosphorylation of extracellularsignal-regulated kinases (ERK1/2) and cytosolic phosphorilase
A2 (cPLA2).
As previously mentioned, Aβ-induced oxidative stress
is associated with the overproduction of reactive oxygen
species (ROS) [30, 31, 104,105]. Several enzymatic systems
can generate ROS, but there is evidence that the superoxideproducing enzyme, NADPH oxidase, is a major source of ROS
in CECs and astrocytes [22, 23,30-33]. Although these studies
demonstrate that Aβ mediates oxidative damage to astrocytes
and CECs mainly through the activation of NADPH oxidase,
how Aβ activates NADPH oxidase has yet to be elucidated.
Aβ-induced cytotoxic effects are also associated with the
activation of MAPK/ERK1/2 cascade and the phosphoryla
tion of cytosolic phosphorilase A2 (cPLA2) [35-41]. The
ERKs(extracellular-signal-regulated kinases) are widely
expressed protein kinases, part of a signal transduction system,
through which extracellular stimuli are transduced. Activation
of the ERKs occurs in response to growth factor stimulation,
cytokines, virus infection, transforming agents, carcinogens,
and after the activation of high-affinity IgE receptors [40].
Phospholipases A2 (PLA2s) are ubiquitously distributed enzymes
that catalyze the hydrolysis at the sn-2 position of phospholipids
to produce lysophospholipids and release arachidonic acid [106,
107]. PLA2s are classified into three major families: calciumdependent cytosolic PLA2 (cPLA2), secretory PLA2 (sPLA2) and
calcium-independent PLA2 (iPLA2). cPLA2 has been implicated in
diverse cellular responses such as mitogenesis, differentiation,
inflammation and cytotoxicity, and the overproduction of
this enzyme is involved in many neurodegenerative diseases,
including AD [36, 108, 109].
Recent studies have indicated that the receptor for advanced
glycation endproducts (RAGE) is a binding site for Aβ [110-114].
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RAGE is a multiligand cell surface receptor that is normally
expressed in brain endothelium and, at low levels, in microglia
and neurons [12, 113, 114]. However, in AD brains RAGE
expression is increased by several-fold in cerebral endothelial
cells, astrocytes, microglia, and neurons [113, 114]. Aβ binding
to RAGE has been demonstrated to regulate Aβ transport across
BBB, upregulate pro-inflammatory cytokines and adhesion
molecules in CECs, and contribute to the transport of Aβ from
the cell surface into the intracellular space in cortical neurons
[17, 114, 115]. Since RAGE has been postulated to function as a
signal-transducing cell surface receptor for Aβ, it is reasonable to
hypothesize that Aβ1-42 oligomers (Aβ42) to surface RAGE results
in activation of NADPH oxidase to induce ROS generation, and
activate downstream pathways, including phosphorylation of
ERK1/2 and cPLA2.
Results
Oligomeric Aβ42 interacts with the RAGE
It has been reported that the binding of soluble Aβ42to soluble
RAGE inhibits further aggregation of Aβ peptides, while
membrane-bound RAGE-Aβ interactions elicit activation of
the NF-kB transcription factor promoting sustained chronic
neuroinflammation [112]. To further provide evidence of the
Aβ-RAGE binding, we examined the immunofluorescence
microscopy of RAGE for primary astrocytes, and CECs
pretreated with 2 and 5 µM of oligomeric Aβ42at 37ºC and 4ºC
(in which conditions the internalization of surface receptors
is suppressed). A lower fluorescent intensity of labelled RAGE
was observed for cells pretreated with oligomeric Aβ42 in both
temperature conditions (Figure 4.16), suggesting that Aβ42
oligomers compete with AbRAGE to bind to RAGE at the surface
of the astrocytes as well as CECs.
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Figure 4.16 – Oligomeric Aβ42 reduced the fluorescent intensity of RAGE
staining at the primary astrocytes and CECs surface. Cells were treated with 2 and
5 µM of Aβ for 1 hr at +4ºC and 37ºC, fixed and incubated with rabbit polyclonal
to RAGE overnight. Control cells were kept in the same conditions but without Aβ
treatment. *- p ≤ 0.05, ** – p ≤ 0.01, *** – p ≤ 0.001 compared with the control
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Polyclonal antibody to RAGE and NADPH inhibitor suppress
Aβ1-42-induced ROS production in astrocytes and CECs
To investigate ROS production in the cells, we applied
fluorescent microscopy of DHE, which reacts with O2 •- to
produce oxyethidium (oxy-E) with a higher quantum yield.
Figure 4.17 shows the images of DHE-stained CECs (A) and
astrocytes (B) treated with Aβ42 oligomers, AbRAGE, ROS
scavenger (tiron), and NADPH oxidase inhibitor (gp91ds-tat).

Figure 4.17 – Representative images of dihydroethidium (DHE)-stained CECs
(A) and astrocytes (B) treated with Aβ42 oligomers, polyclonal antibody to RAGE,
ROS scavenger, an NADPH oxidase inhibitor. Relative DHE fluorescent intensity in
primary astrocytes and CECs (C and D). Polyclonal antibody to RAGE (C), gp91dstat (D), and tiron (D) significantly suppressed oxidative stress induced by Aβ in
primary astrocytes and CECs. * – p≤0.05; ** – p ≤ 0.01; *** – p ≤ 0.001 compared
with the control; ºº – p ≤ 0.01 compared with the Aβ treatment
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Quantitative analysis was accomplished by the integration
of fluorescent intensity for each cell. Figure 4.17C, D show
that 5 µM of Aβ42 oligomers increased the DHE fluorescence in
both primary astrocytes as well as in CECs by ~ 75% compared
to the control. Menadione has been reported previously to
induce ROS generation in astrocytes[33]; therefore, results
from the treatment of menadione served as a positive control
(Figure 4.17A, C). As a negative control, reversed Aβ42-1 did not
increase ROS generation (Figure 4.17A, C). At the same time,
Aβ42 stimulated ROS production in CECs and astrocytes were
attenuated by blocking the cell surface RAGE with its antibody
(Figure 4.17A, C), or by the pretreatment with NADPH oxidase
inhibitor (figure 4.17B, D). AbRAGE, or the inhibitor, alone did
not affect DHE intensity. As a control, scrambled sequence
peptide sr-gp91ds-tat (sr-gp) did not suppress Aβ42-induced
ROS overproduction. To verify this technique of measurement
for superoxide anions, we demonstrated that ROS scavenger
suppressed an Aβ-mediated increase in DHE intensity. This data
suggest that Aβ42 oligomers induce ROS production through
their binding to RAGE leading to NADPH oxidase activation.
Polyclonal antibody to RAGE suppresses Aβ42-induced
colocalization of cytosolic subunit p47-phox of NADPH oxidase
with its membrane subunits gp91-phox
AbRAGEas well as NADPH oxidase inhibitor suppressed Aβ42induced ROS production in CECs and astrocytes (Figure 4.17B,
D). NADPH oxidase is a membrane-bound enzyme that catalyzes
the production of ROS from oxygen and NADPH. NADPH
oxidase is a complex system consisting of two membrane-bound
elements (gp91-phox and p22-phox), three cytosolic components
(p67-phox, p47-phox and p40-phox), and a low-molecular-weight
G protein [116]. Activation of NADPH oxidase is associated with
the migration of the cytosolic components to the cell membrane
and assembling with its membrane subunits. To confirm the role
of Aβ42-RAGE interactions in NADPH oxidase activation and
subsequent ROS generation, we quantified the effect of Aβ42
and AbRAGE on the colocalization of p47-phox with gp91-phox
by analyzing confocal images of double immunofluorescent-
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labelled gp91-phox and p47-phox in astrocytes and CECs (Figure
4.18). Our results indicate that Aβ42 significantly increased the
colocalization of cytosolic subunit p47-phox of NADPH oxidase
with its membrane subunits gp91-phox, suggesting that Aβ
enhances NADPH oxidase complex assembling. At the same
time, pre-treatment with AbRAGE significantly suppressed the
colocalization of p47-phox with gp91-phox induced by Aβ42.
To validate the fluorescent confocal microscopy method for
measurement of the colocalization between these two subunits,
we demonstrated that NADPH oxidase inhibitor (gp91 ds-tat)
suppressed Aβ-mediated increase in colocalization (Figure
4.18). The inhibitor alone, as well as AbRAGE, did not affect the
colocalization. This data indicated that Aβ42 oligomers induced
colocalization of cytosolic subunit p47-phox of NADPH oxidase
with its membrane subunits gp91-phox and subsequent ROS
generation through binding to RAGE.
Polyclonal antibody to RAGE inhibits Aβ42-induced
phosphorylation ERK1/2 and cPLA2α in primary astrocytes
and CECs
Aβ42 has been shown to induce MAPK/ERK downstream
signalling pathways, including the activation of extracellularsignal-regulated kinases (ERK), which further leads to
phosphorylation of cPLA2 [24-27, 41]. Here, we tested if
Aβ42 binding to RAGE induced ERK1/2 activation and
phosphorylation of cPLA2 in CEC and astrocytes.
Figure 4.19A-D has shown that incubation of astrocytes
and CECs with Aβ42 significantly increased phosphorylation
of ERK1/2 and cPLA2, which were suppressed by the
pretreatment with AbRAGE. Additionally, AbRAGE alone did not
affect phosphorylation of ERK1/2 and cPLA2 in both cell types.
Our data suggested that Aβ42 binding to RAGE required for the
activation of ERK1/2 and further phosphorylation of cPLA2
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Figure 4.18 – Polyclonal antibody to RAGE and NADPH oxidase
inhibitor suppressed Aβ42 induced colocalization of p47-phox to gp91phox. Representative confocal images of gp91-phox (green) and p47phox (red) in astrocytes (A). The images of colocalization (yellow)
were obtained from merged confocal images of corresponding p47phox (red) and gp91-phox (green) by suppressing all colours except
yellow in Matlab. (60X, NA 0.95 objective). Quantitative analysis
of colocalization between gp91-phox and p47-phox (B). * – p ≤ 0.05;
** – p ≤ 0.01compared to the control; º – p ≤ 0.05 compared to the Aβ
treatment
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Figure 4.19 – Polyclonal antibody to RAGE inhibits ERK1/2 and
cPLA2α phosphorylation in primary astrocytes and CECs. Aβ-induced
phosphorylation of ERK1/2 (A,B) and cPLA2α (C,D) was suppressed
by the pretreatment with a polyclonal antibody to RAGE (AbRAGE ).
*- p≤0.05;**- p ≤ 0.01, *** – p ≤ 0.001 compared to the control; º – p ≤
0.05, ºº – p ≤ 0.01, ººº, – p ≤ 0.001 compared to the Aβ treatment
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Effects NADPH oxidase inhibitor and ROS scavenger on
ERK1/2 and cPLA2 phosphorylation in CECs and primary
astrocytes
ROS from NADPH oxidase has been shown to induce the
activation of ERK1/2 and phosphorylation of cPLA2 in
primary neurons [41]. Our data suggested that Aβ42 oligomers
induce ROS production through their binding to RAGE and
the activation of NADPH oxidase, and blocking of cell surface
RAGE with its antibody suppresses Aβ-induced phosphorylation
of ERK1/2 and cPLA2 in CECs and primary astrocytes.
Therefore, we hypothesized that Aβ42 binding to RAGE induces
phosphorylation of ERK and cPLA2through activation of
NADPH oxidase and ROS production.
In support of our hypothesis, Figure 4.20B,C,E,F have shown
that pretreatment of CECs with NADPH oxidase inhibitor
or ROS scavenger significantly suppressed Aβ42-induced
phosphorylation of ERK1/2 and cPLA2. Surprisingly, only
AbRAGE, but not NADPH oxidase inhibitor or ROS scavenger,
inhibited Aβ-induced ERK1/2 and cPLA2 phosphorylation in
primary astrocytes (Figure 4.19A,B; 4.20 A,C,D,F). NADPH
oxidase inhibitor alone, as well as ROS scavenger, did not
affect phosphorylation of ERK1/2 and cPLA2 in both cell types
(Figure 4.20A-F).
These data suggest a presence of two different downstream
pathways in the CECs and astrocytes (Figure 4.21). Although
Aβ42 binding to RAGE is required to induce phosphorylation of
ERK1/2 and cPLA2 both in CECs as well as in primary astrocytes,
NADPH oxidase inhibition does not suppress phosphorylation
of ERK1/2 and cPLA2 in primary astrocytes.
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Figure 4.20 – Effects of NADPH oxidase inhibitor and ROS scavenger on
ERK1/2 and cPLA2α phosphorylation in primary astrocytes and CECs.
Aβ-induced phosphorylation of ERK1/2 and cPLA2α was suppressed
by the pretreatment with NADPH oxidase inhibitor (gp91ds_tat)
and ROS scavenger (tiron) in CECs (B, C, E, F), but not in primary
astrocytes (A, C, D, F). *- p≤0.05;**- p ≤ 0.01, *** – p ≤ 0.001 compared
to the control; º – p ≤ 0.05, ºº – p ≤ 0.01, ººº, – p ≤ 0.001 compared to
the Aβ treatment
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Figure 4.21 – Schematic RAGE – dependent downstream signaltransducing pathways in CECs and astrocytes.
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Discussion
Results from this study provided support for the involvement
of RAGE in Aβ-mediated oxidative stress and downstream
MAPK/ERK pathway in CECs and astrocytes. Specifically,
we demonstrated that Aβ42 oligomers directly bind to RAGE
at the surface of the cells to induce colocalization between
NADPH oxidase subunits gp91-phox and p47-phox, mediate
the generation of ROS, and trigger two slightly different signal
transduction events leading to phosphorylation of ERK1/2 and
cPLA2.
In agreement with impairments of BBB structure and
functions in AD, many studies have indicated a decrease in
cerebral blood flow, reduced microvascular density, and low
immunoreactivity of endothelial markers CD34 and CD31 in
AD brains [117-122]. Although there is evidence that oxidative
stress is a major factor leading to BBB cell dysfunction in AD,
the mechanism for the production of Aβ-induced ROS has not
been clearly elucidated[123-129]. Recently, RAGE has been
postulated to function as a signal-transducing cell surface
acceptor for Aβ [110-114]. The possible links between RAGE
and oxidative stress have been reported [110-114]. ROS has
been demonstrated to be generated by the advanced glycation
end products (AGE)-RAGE interaction in human endothelial
cells [34]. Inhibition studies have indicated that anti-RAGE IgG
significantly suppressed oxidative stress induced by Aβ both in
the vascular and neuronal cells [110]; however, the relationship
between Aβ-RAGE interactions and NADPH oxidase has yet to
be elucidated.
It is suggested that NADPH oxidase is the primary source
of superoxide in astrocytes and CECs [22, 23, 30-33]. We have
previously reported that Aβ42 oligomers induce ROS generation
through activation of NADPH oxidase in primary astrocytes
[35]. It has been shown that inhibition of NADPH oxidase
significantly suppressed ROS released in rat astrocytes [32]. Aβinduced ROS overproduction and mitochondrial depolarization
were absent in astrocytes cultured from gp91phox knockout
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transgenic mice [23]. In a model of AD, inhibition of NADPH
oxidase has been found to abrogate Aβ-induced ROS production
and alteration of cerebrovascular functions [30]. APP
transgenic mice lacking the NADPH oxidase subunits gp91phox or phagocytic NADPH oxidase (Nox2) did not develop
oxidative stress, cerebrovascular dysfunction, and behavioural
deficits [30, 31]. Our results suggest that Aβ42 oligomers induce
ROS production through binding to RAGE and activation of
NADPH oxidase.
Aβ-induced ROS generation, in turn, triggers the downstream
pathway of cPLA2 in astrocytes and neurons [33, 41]. It has
been reported that the immunoreactivity of cPLA2 (group IVA)
increased in reactive astrocytes in severe AD patient brains
[36, 108]. In vitro, treatment of astrocytes with Aβ increased
ROS production from NADPH oxidase and activated cPLA2
[35, 130]. Furthermore, cPLA2 was shown to cause a decrease
in mitochondrial membrane potential (ΔΨm) and resulted in
more ROS production[35]. In primary rat cortical astrocytes,
menadione induced ROS production mediated by NADPH
oxidase and the activated cPLA2 [33]. In neurons, Aβ induced
ROS generation led to phosphorylation of cPLA2 and arachidonic
acid (AA) release [41]. In turn, hydrolytic products of cPLA2
enhanced NADPH oxidase activity [131, 132]. Our data showed
that Aβ42 induced phosphorylation of cPLA2, which was totally
suppressed by AbRAGE (Figure 4.19).
There are several cell-specific mechanisms identified for the
activation of cPLA2. In primary astrocytes, along with ROS,
phosphorylation of cytosolic cPLA2 and the subsequent release of
AA can be activated by G-protein-coupled receptor agonists [25,
109]. In cortical neurons, protein kinase C (PKC), extracellular
signal-regulated kinases (ERK1/2), and p38 mitogen-activated
protein kinase have been involved in the activation of cPLA2 and
ROS production [109]. In turn, there is a link between Aβ, RAGE,
and MAPKs. Several studies have indicated that Aβ induced
apoptosis signal-regulating kinase1 (ASK1) dephosphorylation
and p38 MAPK activation in CECs [24-27]. Similarly, stimulation
of RAGE has also been demonstrated to mediate alterations in
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the phosphorylation state of MAPKs [133]. Our data provided
a link between these studies and demonstrated that binding of
Aβ42 to RAGE mediated alterations in the phosphorylation state
of ERK1/2 and cPLA2 both in primary astrocytes as well as in
CECs.
Although Aβ42 binding to RAGE is required to induce
phosphorylation of ERK1/2 and cPLA2 in both cell types,
we found the existence of two slightly different downstream
pathways for CECs and astrocytes. In CECs, NADPH oxidase
inhibitor gp91 ds-tat and ROS scavenger Tiron attenuated
Aβ42-induced ROS production, ERK1/2 activation, and cPLA2
phosphorylation. In primary astrocytes, inhibition of NADPH
oxidase and ROS production did not affect Aβ42-induced ERK1/2
and cPLA2 phosphorylation.
The previous study of ERK1/2 and cPLA2 phosphorylation
in astrocytes has shown some contradictory results [33, 35].
In these observations, Aβ1-42 and menadione induced ERK1/2
and cPLA2 phosphorylation through the activation of NADPH
oxidase. Differences in the effects of Aβ could result from
different chemicals used. In earlier experiments, apocynin
was used for NADPH oxidase inhibition studies. Nevertheless,
several studies are indicating that apocynin acts as an inhibitor
of NADPH oxidase only in blood-derived cells (leukocytes,
microglia, etc.) [134]. In other cell types, the compound could
act as an antioxidant [134], or, in some cases, even exerted an
oxidant effect [135]. These results suggest that some effects
of apocynin in vitro and in vivo experimental models should
be interpreted with caution. Differences in effects of NADPH
oxidase inhibition on ERK1/2 and cPLA2 phosphorylation could
also result from the preparation of astrocytes and the purity of
the cell culture. Therefore, more investigations are required to
unravel the mechanism(s) underlying the Aβ-RAGE interaction
resulting in activations of ERK1/2 and cPLA2 in astrocytes.
In summary, this study demonstrates the important role of
Aβ-RAGE interaction for NADPH oxidase complex assembling,
resulting in subsequent ROS generation, activation of MAPK/
ERK pathway, and the phosphorylation of cPLA2 in CECs and
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primary astrocytes. Our results also revealed two possibly
different RAGE-dependent signal-transducing pathways:
one of them requires the involvement of NADPH oxidasemediated generation of ROS to activate ERK1/2 and cPLA2 in
CECs, another one does not occur in astrocytes. Understanding
the precise molecular mechanisms underlying Aβ-mediated
oxidative stress should prove to provide new insights into the
development of preventive and treatment strategies for AD.
Summary
Chronic neurovascular dysfunction is observed in all
stages of AD and may even precede neuron degeneration
in AD brains. Numerous in vivo and in vitro studies have
demonstrated that vascular deposition of Aβ leads to enhanced
transmigration of monocytes across BBB, induces oxidative
stress in CECs and astrocytes (the main neurovascular cells)
and triggers inflammatory processes. In the presented work
we investigated the effects of Aβ42 on the factors that could
affect the transmigration of monocytes, such as expression of
the adhesion molecules (P-selectin), actin polymerization, and
cellular mechanical properties of CECs. We also studied RAGE
as a possible binding site for Aβ42 to induce ROS generation
and trigger MAPK/ERK downstream pathways in CECs and
astrocytes.
We have reported that Aβ42 oligomers promote the expression of P- selectin at the surface of CECs. We found that even a
short duration of treatment with Aβ42 decreases the tether force
for CECs and increases the probability of sLex-selectin adhesion.
Since both increased expression of adhesion molecules as well as
decreased tether extraction force favour rolling, we suggested
that Aβ42 can directly initiate primary capture of monocytes and
rolling adhesion at the brain endothelial cell surface.
Tether extraction energy depends on the F-actin network
condition, as well as on cell mechanical properties. Therefore,
we studied the effects of Aβ42 on actin polymerization and
cell stiffness. We found that Aβ42 oligomers induce actin
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polymerization and increase overall cell stiffness, but decrease
cell stiffness in the vicinity of the plasma membrane. This
finding led us to the hypothesis that the decrease in tether force
could be a consequence of the dissociation of adhesion between
the cytoskeleton and the bilayer membrane induced by Aβ42. In
support of our hypothesis, latrunculin A, a well-known inhibitor
of actin polymerization, has been shown to reduce the amount of
F-actin and decrease tether extraction energy and cell stiffness
in the vicinity of the plasma membrane, similar to the effects
of Aβ42. Moreover, Aβ42, as well as latrunculin A, significantly
decreases force range variability, which also supports the notion
that Aβ42 affects membrane-cytoskeleton interactions. Yet, how
Aβ42 induces dissociation of adhesion between the cytoskeleton
and the bilayer membrane is not understood and requires
additional research.
We also demonstrated that lovastatin suppresses Aβ-induced
P-selectin expression, actin polymerization, and decreases
adhesion probability. Surprisingly, we observed a similar
reducing effect of Aβ and lovastatin on tether extraction force
and CECs membrane stiffness. Additionally, statin treatment
reversed these effects. Since the duration of the statin treatment
was only 1 hr, the observed changes in membrane biophysical
properties were most likely not a consequence of a change in
membrane cholesterol content. Yet, the mechanisms linking Aβ
and statins to changes in membrane mechanical properties are
poorly understood and require further investigation.
We have reported that Aβ42 induced accumulation of
P-selectin on the plasma membrane and actin polymerization
was correlated with increased reactive oxygen species (ROS)
generation. Additionally, polyclonal antibody to RAGE
suppressed Aβ42-induced increase in P-selectin expression at the
CEC surface. These findings lead us to the conclusion that Aβ42induced upregulation of P-selectin in bEnd3 cells is mediated, at
least in part, by ROS and via RAGE-related cellular signalling
pathways.
We have also demonstrated that Aβ42binds to CECs as well as
to astrocytes through RAGE, and this interaction has resulted in
overproduction of ROS in both cell types. Furthermore, NADPH
149

oxidase inhibition and colocalization studies indicated that Aβ42
induces the activation of NADPH oxidase and ROS production
by binding to RAGE. However, the downstream mechanisms
linking RAGE and NADPH oxidase are not clear yet and require
further study.
Since ROS produced by NADPH oxidase has previously
been shown to induce the MAPK/ERK downstream signalling
pathway, we hypothesized that blocking cell surface RAGE
would also suppress Aβ42-induced phosphorylation of ERK1/2
and cPLA2. We found that in CECs, Aβ42–induced ERK1/2
and cPLA2 phosphorylation is attenuated by blocking RAGE,
as well as by the suppressing of ROS production or inhibiting
of NADPH oxidase. Also, the inhibition of NADPH oxidase
and ROS production in astrocytes did not affect Aβ42–induced
ERK1/2 and cPLA2 phosphorylation. This data suggests the
presence of two different downstream pathways in CECs and
astrocytes. Although the binding of Aβ42 to RAGE is required
to induce phosphorylation of ERK1/2 and cPLA2 in both CECs
and primary astrocytes, NADPH oxidase inhibition does not
suppress phosphorylation of ERK1/2 and cPLA2 in primary
astrocytes. Therefore, more investigations are required to
unravel the mechanism(s) underlying the Aβ-induced activation
of ERK1/2 and cPLA2 in astrocytes.
In conclusion, in this work we applied applied bioengineering
approaches in combination with biochemical techniques to
the study of the effects of Aβ42 oligomers on neurovascular
cells. Our findings provided evidence of the direct effect of
Aβ42 oligomers on mechanical and adhesion properties of
CECs and demonstrated the role of Aβ-RAGE interaction in
CECs dysfunctions (Figure 4.22). The information derived
from this study provides insight into the mechanisms of
neuroinflammation in AD and may offer new approaches for
the prevention and treatment of the disease.
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Figure 4.22 – Effect of Aβ42 oligomers on cerebral endothelial cells
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CHAPTER 5. METAGENOMIC ANALYSIS OF GUT
MICROBIAL COMMUNITIES IN KAZAKHSTAN
POPULATION
Samat Kozhakhmetov, Almagul Kushugulova
Introduction
Microorganisms, make up approximately 50% of the Earth’s
biomass [1]. Moreover, human microbial communities exceed
our human cells by 10 times and contain at least 100 times more
genetic information than the human genome [2]. In addition,
the human gut has been identified as one of the most densely
populated econiches with more bacterial cells than all our other
microbial communities combined [3]. It comprises hundreds
of microbial species, and contributes substantially to human
metabolic processes, about 40% of small molecules in human
blood are of the gut microbiome origin [4]. The gut microbiome
influences drug metabolism and defines diet preferences.
The first comprehensive metagenomic study of the human
intestine was carried out in 2005 [5]. Mucosal biopsy and faecal
samples from three healthy adults were collected, and 13,333
16S rRNA sequences were generated, resulting in the largest
amount of sequencing data generated in a single study of any
environment at that time. Of the 395 phylotypes identified,
48% were Bacteriodetes, and 51% were Firmicutes, with the
remaining microflora containing members of the Proteobacteria,
Verrucomicrobia, Fusobacteria, Cyanobacteria, Spirochetes,
and VadinBE9V. Two years later, the Human Microbiome
Project (HMP) was initiated by the NIH as a worldwide initiative
to gain a greater understanding of the genetic information
contained within the gut microflora and what effect, if any, this
information might have on human health and disease [6]. In
2010, Nelson et al. published the results of an initial reference
genome study of 178 genomes from the human gut microflora;
this resulted in 30,867 polypeptides, of which 29,987 (~97%)
were considered novel, providing a tantalizing glimpse into the
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potential treasure trove of novel genetic loci that exists within
the gut microbiome [7]. In 2020, the IHMC announced the new
Million Microbiome Initiative, which will feature all of Central
Asia.
The human gut microbiome plays an important role in daily
physiological processes in our body. All the impacts of gut
microorganisms on human life can be grouped into the following
items: digestion, metabolism of endogenous and exogenous
compounds, immunological defence mechanisms, and prevent
the colonization of the gastrointestinal tract by pathogenetic
microorganisms.
The intestine is a giant unique filter that recycles and
processes everything that enters our bodies through the mouth.
The holoorganism, the joint community of human and microbial
cells, thus resulting, often mutually benefits both types of cells.
Microbial cells produce many of the necessary enzymes for
digesting carbohydrates and proteins in the colon, whereas the
human host cells cannot produce these enzymes. Digestion thus
provides nutrients such as vitamin K, vitamin B12, thiamin,
and riboflavin. Alcock J. et al. (2014) asserts that microbes
in the gastrointestinal tract are under selective pressure to
manipulate host eating [8]. Conversely, the host diet influences
microbial composition and diversity [9]. This factor plays a
greater role than any other, including climatic and geographical
characteristics, or host genetics. Therefore, the development
of nutritional advice, taking into account the features and
reactivities of the gut microbiome is a promising direction for
personalized medicine. This will allow the body to maintain
homeostasis, to prevent and even treat diseases through control
of intestinal microbial composition and activity by what daily
meals are taken.
The traditional diet of Kazakh people is very different from
either European or East Asian cuisine. It involves a high intake
of red meat (especially horse), following established traditions.
Most Kazakh individuals also drink black and green tea, on
average 6-10 cups a day, and further common is the regular
consumption of fermented milk products (curd, koumiss,
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shubat, buttermilk, sour cream), and large amounts butterfried baked products. All these factors could potentially affect
the intestinal microbiota and determine the features of the
pathogenesis and course of several diseases, an understanding
of the gut microbiome and its role in the etiopathogenesis of
diseases, and the possibility of its control are a promising tool.
We attempted to characterize the gut microbiomes of Kazakh
individuals, to learn any features characteristic of these
microbiomes, including the potential influence of diet. We here
present the first metagenomic studies of gut microbiota from
Kazakh individuals. We compare these microbiomes with other
cohorts from around the world, and likewise, evaluate how
these microbiomes shift under variation of clinical and lifestyle
parameters.
This is a non-interventional cohort study. 149 individuals of
both sexes aged 25-75 years were recruited from Nur-Sultan,
the administrative centre of Kazakhstan from 2015 up to 2019
in autumn and winter season months, September – January.
The exclusion criteria were any evidence of taking antibiotics
for three months or less prior to sampling. A stool sampling
kit consisting of a sample collection tube, cotton swabs, and
sterile tissue papers was given to each subject together with a
questionnaire about each individual’s consumption behaviour
and a consent form.
All participants signed the consent documents before the
faecal collection. The study protocol and consent documents
were approved by the Ethics Committee of Centre for life sciences
National Laboratory Astana Nazarbayev University with ethical
approval number 311/2537.
Human faecal samples were collected and frozen immediately,
and all samples were maintained at 80°C until they were used for
metagenomic studies.
Total DNA was extracted from all faecal samples using an
adapted G’NOME kit (BIO 101) protocol as described in [10].
Samples were sequenced at the EMBL GeneCore facility using an
Illumina HiSeq 2500. On average, 2.7±1.1 Gbp of 100 bp pairedend shotgun sequencing reads were generated for each sample.
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Data processing and data analysis were done, as described
in [11]. Reads were processed using the MOCAT pipeline,
community ecological indices, including taxonomic richness and
evenness as well as Shannon diversity, were determined based on
rarefaction analysis of the mOTU data. Computer analysis thus
provides the taxonomic composition of samples with respect to
metagenome-derived taxonomic units (mOTUs), to a reference
database of known microbial genomes; taxonomic distance
between samples (Bray-Curtis and log-transformed Euclidean
distances between. mOTU profiles); ecological diversity of
samples; gene richness of samples; enterotypes of samples;
functional profiles of samples with respect to KEGG (Kyoto
Encyclopedia of Genes and Genomes) modules and pathways.
The habitual dietary intakes of participants during the past
12 months were assessed using a food-frequency questionnaire
(FFQ) consisting of 217 questions, of which 132 questions
differentiating the summer-winter diet. The analysis of the FFQ
was performed using the FETA software [12].
For alpha-diversity analysis, the abundance of the community
(Chao1 and Ace indices) and the measure of biodiversity (Shannon
index) was assessed. Non-parametric Mann-Whitney (MW) and
Kruskal-Wallis (KW) tests were used when comparing two or
more Shannon index comparison groups, respectively. To test
normal distribution within samples, the Shapiro-Wilk normality
test was used. The determination of the influence of individual
parameters such as gender, vaccination status, and patient age
on the relative biodiversity and abundance of taxa was calculated
using ANOSIM and PERMANOVA statistical tests upon BrayCurtis, UniFrac, weighted and unweighted distances using the
vegan package (v.2.5.3). The random dispersion affecting betadiversity statistics was tested using betadisper. All graphs were
generated using ggplot2 (v.3.0.0) [11].
We compared the distal gut microbiota of 149 Kazakhstan
individuals aged 25-65 years. Our studies have shown
that microbiomes are different depending on climatic and
geographical features, lifestyle, social factors, age. The present
studies of the microbiome of Kazakhs as representatives of the
Central Asian population are the first in the world.
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As we see from Figure 1 (detailed describing were done in
research on metagenome with metabolic syndrome) [11], a
comparison of Kazakh samples of the intestinal microbiome with
samples of other populations, USA HMP [13], Spain, Denmark
(MetaHIT samples) [14], Sweden [15] and China [16] showed a
clear difference.

1a

1b

Figure 5.1 – Analysis of samples of the gut microbiome of the
Kazakhstan population with data from international databases. 5.1a –
Betta diversity different nationals group; 5.1b – Heatmap indicates the
degree of change. Asterisks indicate statistical significance. FDR <0,1;
*:. FDR <0,05; **: FDR <0,01; ***: FDR <0,001.

A breakdown of these results at the level of bacterial
taxonomic families is shown in Figure 5.1b. Along with
significant differences, similar characteristics are observed with
the intestinal microbiome of the Mongolian population, which
is explained by traditionally developed dietary preferences, as
well as with the intestinal microbiome of the peoples of Siberia,
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which in turn is explained by similar climatic and geographical
characteristics, lifestyle and eating habits.
The data obtained, as well as the data of other researchers on
European countries, countries of East Asia, and the American
continent, allow us to conclude that the characteristics of the
microbiome of Kazakhstanis are the same for all populations of
Central Asia.
Microbial DNA sequencing analysis showed that at the phylum
level, the most common are Actinobacteria, Proteobacteria,
Firmicutes, Bacteroidetes, Archei, and Verrucomicrobia. Other
bacterial phyla widely represented in the population included
Chlorobi, Chloroflexi, Cyanobacteria, Deinococcus-Thermus,
Fusobacteria, Lentisphaerae, Spirochaetes, Synergistetes, and
Tenericutes. At the genus level, the dominance of Blautia,
Bifidobacterium, Ruminococcus, Bacteroides, Eubacterium,
Faecalibacterium, Prevotella, and Clostridium are demonstrated.
For all participants, the ratio of Firmicutes to Bacteroidetes
(F/B) ranges from 0,2 to 21.
mOTU analysis (The Molecular Operational Taxonomic Unit)
showed that in 90-100% of all analyzed samples microbial cells
belonging to the genera Faecalibacterium, Bacteroides, Dorea,
Collinsella, Oscillibacter, Ruminococcus, Subdoligranulum,
Coprococcus, Escherichia, Eberichia, Eberichia Roseburia,
Parabacteroides, and Prevotella. Most of these belong to the
Firmicutes fil. This group of microorganisms forms a microbiome
core that does not change throughout life, and their ratio
determines the human enterotype. Like typing by blood group,
which is genetically determined and does not change throughout
life, the enterotype is strictly individual, unchanged regardless
of a change in geographical location, diseases, lifestyle, changes
in eating habits, etc. Moreover, it is enterotypes that determine
the risks of developing microbiome-associated diseases.
Projecting the Kazakh samples into enterotype principal
component space (showing also 110 MetaHIT samples for
comparison) reveals Kazakh samples mostly belong to Enterotype
3. Metabolic syndrome case or control samples do not separate
strongly in enterotype space. Eleven (6%) of the 172 samples
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were assigned to enterotype 1, 71% were assigned to enterotype
2, and the rest (23%) were assigned to enterotype 3 (Figure 5.2).

Figure 5.2 – Enterotyping
Table 5.1 shows the comparative data on the distribution of
enterotypes among the studied population and the MetaHIT
(METAgenomics of the Human Intestinal Tract) data, which
presents data on the European population. The table shows that
the distribution of enterotypes among the Kazakh and European
populations is significantly different.
Table 5.1
Comparative analysis of the enterotypes distribution
Enterotype

Kazakh (%)

MetaHIT (%)

Bacteroidetes-rich
Prevotella-rich
Firmicutes-rich

6%
71%
23%

27%
26%
48%
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The compositional structure of the microbiome depends on
a number of factors, and the leading ones are genotype and
nutrition.
An analysis of the Russian cohort (Tyakht et al.) showed that
the enterotype I Bacteroidetes is rare in this population, and
we thus observe the same trend in Kazakh samples. Despite the
fact that the first enterotype combines mainly those who prefer
red meat in their diet. Moreover, most Europeans belong to the
first enterotype, while in our study, this number is small. It
is generally accepted that in the world, red meat is consumed
the most in Kazakhstan and Argentina. Why do not Kazakhs
belong to the first enterotype? Processing technology matters
and what exactly gets into the digestive system. Kazakh cuisine
is characterized by careful processing of meat, while in the
European cuisine only insignificant heat treatment.
For diet analysis, all study participants completed standard
FFQ (Food Frequency Questionnaire) questionnaires. The
questionnaire is data on the list of food products and dishes
and the frequency of their use by the respondent. All data
using a computer program was converted into a quantitative
expression of the macro- and microelements consumed.
Converting the dietary information available for these
samples into a uniform format, the metagenome-derived gut
taxonomic composition was tested for significant (Spearman
test, BH FDR < 0.1) correlations with dietary features. While
a more in-depth analysis of these results is needed to determine
what drives each correlation and to what extent it may be of
relevance to any application, already an initial survey reveals
significant dependencies of the gut taxonomic composition on
host diet, though whether this influence is direct or indirect
is unclear. Analysis at the level of large taxonomic groups
showed a relatively low level of association. At the same time,
at the mOTU level, we found significant (Spearman FDR <0.05)
associations to one or more categories of nutrients (Figure
5.3). Figure 3 shows these correlations as a network view at the
level of bacterial taxonomic families. In the panel, significant
positive correlations are shown, with the clearest features being
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Prevotellaceae increasing in relative abundance in a mineraland vegetable-rich diet, as well as several families, increased in
relative abundance with higher consumption of various sugars,
fats, and alcohol. Panel b shows negative correlations instead,
with a set of bacterial families anticorrelated with many of the
Prevotella-associated nutrients and food groups. These patterns
may reflect overarching bimodal distributions in the gut
ecosystem such as Prevotella as an enterotype driver bacterium.
Beyond these larger patterns, several smaller features are
seen, such as an anticorrelation between iodine intake and
Fusobacteraceae abundance.
This reveals a broad pattern of dependencies wherein many
microbial taxa share similar correlations or anticorrelations
with dietary features. Given this structure, a clearer view of
the network becomes possible in the form of a power graph,
wherein nodes are grouped together as “power nodes” based
on the similarities of their interactions with other nodes – a
power network made from links between nutrient measures
and microbial taxa hence will contain power nodes representing
groups of taxa with similar nutrient dependencies and groups of
nutrients with similar effects on the microbiome. This graph is
shown in Figure 5.3.
Most associations are negative, indicating that higher
consumption of certain foods is associated with a decrease in the
number of certain types of bacteria. The central node (a) includes
information on the main nutritional components: proteins,
fats, carbohydrates, a number of minerals, and the total energy
value of consumed products. Increased consumption of fats,
sugars, increased total calorie content of foods is inversely
proportional to the content of such groups as Prevotellas,
Bacteroidetes, Clostridiales. The amount of consumption of
fish dishes is negatively correlated with representatives of
Clostridia. Consumption of vegetables and vegetable dishes is
inversely proportional to cluster 1103: Bacteroides intestinalis.
Another block, combining representatives of Firmicutes,
Methanobrevibacter smithii, and Alistipes, correlates on the
one hand with the consumption of nuts and seeds, on the
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Figure 5.3 – Visualization of the network of consumed micromacro nutrients and the composition of the gut microflora
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other hand with essential fatty acids. Total carbohydrate
intake is negatively correlated with the block of Prevotella,
Eubacterium, and Bacteroidetes. Only two associations were
directly proportional, namely between the consumption of
alcohol-containing products and cluster 973: Bifidobacterium
catenulatum-Bifidobacterium pseudocatenulatum complex.
To study the functionality of bacterial genes, the KEGG
database (Kyoto Encyclopedia of Genes and Genomes) was used.
44 KEGG pathways showed significant differences and allowed to
be grouped according to clinical and laboratory characteristics,
as well as an anamnesis. These data will allow in the future to
develop non-invasive screening tests for early diagnosis. The
most significant differences were determined for the CMP-Kdo
biosynthesis (lipopolysaccharide biosynthesis) (P≤0.01) and
KdpD-KdpE (potassium transport) genes of the two-component
regulation system (P≤0.03), gluconeogenesis, oxaloacetate =>
fructose-6P (P ≤0.04), phosphate transport system (P≤0.053),
reduced sulfate assimilation (P≤0.05).
The obtained data and knowledge of the metagenome of the
Kazakhstan population allowed us to develop recommendations,
diets, and functional foods for manipulating the intestinal
microbiota, increasing/decreasing certain populations of
microorganisms to control some physiological processes,
prevent the development of diseases and their treatment.
The fact of the absence of significant seasonal changes in
the intestinal microbiome is also noteworthy. The city of NurSultan is considered the second coldest capital in the world. In
general, the Nur-Sultan climate is sharply continental and is
characterized by sharp daily temperature fluctuations of 2-20
degrees throughout the year. Absolute maximum temperature:
+41.6 °C, Absolute minimum temperature: -51.6 °C [17]. Perhaps
the body of Nur-Sultan residents is so adapted to such changes
in temperature and atmospheric pressure that the approach
to studying the response of the intestinal microbiome should
be different. This is confirmed by the data on the study of the
intestinal microbiome of the Mongol among residents of Ulan
Bator, characterized by similar climatic conditions (Mongolians
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core gut microbiota and its correlation with seasonal dietary
changes). The analysis was carried out in comparing data for
several months of January, March, June, September, and
November, and little change was noted in their intestinal
microbiota composition throughout the year [18]. However, a
similar analysis for other Khentii regions of Mongolia, TUW,
showed significant seasonal differences. The authors found that
the intestinal microbiome in the regions of Khentii, TUW is
characterized by a similar pattern in March, June, September
and significantly differs from the data for January, November.
Emily R. Davenport et al. in their study of the intestinal
microbiome among the Hutterites found seasonal differences
in both (i) the abundance of particular taxa (false discovery
rate, 0.05), including highly abundant phyla Bacteroidetes
and Firmicutes, and (ii) overall gut microbiome diversity (by
Shannon diversity; P = 0.001). Zhang J. et al. (2014) associate
it with significant seasonal changes in diet [18].
Today, not only the relationship of the microbiome and
pathologies such as diabetes type 2, cardiovascular diseases [19],
neurodermatitis [20], bronchial asthma [21], neurodegenerative
pathologies [22] are determined, and also identified markers
that allow highly accurate detection and prediction of disease.
Studies by P. Bork showed that markers are not universal, but
specific and depend on the genotype, climatic and geographical
characteristics, and nutrition [23]. Along with this, it should be
mentioned that the metagen is plastic and easily controlled with
the help of diet, biological products, including probiotics, as
well as new technologies of faecal transplantation and synthetic
stool. However, all of these technologies apply to the knowledge
of the characteristics of the microbiome.
This study is the first metagenome study of representatives
of the Central Asian population and demonstrated similarities
and differences in the comparison between European and nonEuropean populations. An in-depth study of the microbiome
is important for early detection, development of prevention
and treatment tools, as well as for the effective selection of
probiotic.
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CHAPTER 6. DEVELOPMENT OF INNOVATIVE
TECHNOLOGIES FOR TARGETED DRUG DELIVERY TO
THE SITES OF SURGICAL INFECTIONS.
Zhaxybay Zhumadilov, Kulzhan Berikkhanova,
Alexander Gulyayev, Sholpan Askarova
Introduction
Targeted delivery of drugs to the site of pathological foci is
very desirable for the treatment of many diseases to minimize
drug side effects and increase the efficacy of drugs.
The dominant tendency of clinical pharmacology of the last
decades is the development of targeted drug delivery systems
that will provide a locally high concentration of medicine in
pathological tissue without affecting healthy organs. Selective
distribution of drugs by targeted delivery can provide the
greatest effect on the inflammatory site and decrease toxicity
[1,2].
The most promising method is the creation of transport
systems using cellular carriers derived from blood cells because
of their safety, ease obtaining, effective application in clinical
practice. Convenient, physiological, a simple variant of
transports for targeted delivery are systems based on autologous
erythrocytes [1,2,3,4,5,6].
Antibacterial treatment is most effective if it provide
accumulation of the antibiotic in high concentration and for a
long period of time at the affected area of the body.
And, of course, the targeted delivery can promote the
greatest impact in the purulent-inflammatory area and reduced
toxicity with the selective distribution of these drugs [3,4,5].
According to the literature, the most promising approach
is the use of autologous erythrocyte ghosts for targeted drug
delivery directly to the areas of inflammation.
179

The use of autologous cells has many advantages versus
artificial systems in terms of immunological susceptibility. The
targeted moiety of erythrocytes is associated with the nature of
purulent inflammation, where a large amount of erythrocytes is
phagocyted and drugs encapsulated in the erythrocytes’ ghosts
could be easily released.
Targeted delivery of cytokines and antibiotics directly to
inflammatory focus with the creation of high concentrations
in it with the prolonged effect is the most actual, yet unsolved
objective of treatment of surgical infection [1,2,3,4,5,6].
Modifications of drug pharmacokinetics, in particular their
incorporation into transport systems, allow more selective
distribution of drugs in the body, increased antimicrobial
activity, reduced toxicity [1,2,7,8,9,10,11].
Cellular transport systems for drugs, including erythrocytes,
have been studied in recent decades as potential carriers for
biopharmaceuticals, especially, for antibiotics and cytokines
[1,9,10,11]. The ability of autologous erythrocytes to biological
degradation, biocompatibility, significant circulation period in
the body allows the creation of transport systems on their basis
[4,12,13,14,15,16,17,18].
In real clinical practice in many countries, transport systems
based on pharmacocytes have been introduced. An illustrative
example is a decision of the European Medical Agency (EMA)
to register as orphan technology use of “Erythrocytes-Mediated
Delivery of Dexamethasone 21-Phosphate in Steroid-Dependent
Ulcerative Colitis” [19].
In Kazakhstan, the development of targeted delivery systems
based on erythrocytes has been conducted for at least 20 years.
These studies have been aimed at delivering various antibiotics,
hepatoprotectors in treatment of cholecystitis, peritonitis, etc.
[20,21,22]. The need to develop targeted delivery of cytokines
has been theoretically substantiated in the past 10 years.
However, only a few studies [3,4,16] describing the technology
of obtaining transport system for cytokines are found in the
available literature.
The process of wound healing reflects the exact balance
between proteolytic activity and matrix synthesis, which leads
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to uncomplicated, rapid wound healing. In chronic wounds, this
balance is violated. Understanding the imbalance of growth
factors in chronic wounds allows us to conduct proper treatment.
In the wound process, exogenously introduced cytokines
to perform a dual function. On the one hand, they initiate
migration of blood cells to wound, which is confirmed by an
increase of mononuclear and granulocytes by 1.5-2 times,
stimulates phagocytosis, leads to purification of wound surface
from necrotic masses and acceleration of regeneration. On
the other hand, exogenous cytokines trigger local cytokine
cascade involving wound cells, stimulating collagen synthesis,
the proliferation of fibroblasts, endothelial cells, and neural
formations [23,24].
Consequently, due to the application of complex natural
cytokines in the treatment of purulent wounds, it is possible to
achieve more rapid decontamination of a wound from microflora,
an earlier cleansing of the wound, activation of reparation,
early epithelization. This opens the possibility for clinicians to
develop new methods for treating wounds by targeting impacts
on impaired parts of the immune system.
Plenty of publications have shown that local immune
correction in purulent diseases contributes to decrease duration
of treatment and frequency of recurrences [24,25,26,27,28,29,
30,31,32,33]. Currently, a randomized clinical trial in the US
has successfully completed three growth factors: PDGF-BB,
bFGF, and GM-CSF.
Effectiveness of IL-1β use is quite contradictory, although
extensive clinical trials have not yet been carried out that meet
requirements of evidence-based medicine, most reports indicate
a high effect in the treatment of chronic infections in the
background of antibiotic application [30,31,32,33].
However, after intravenous administration, IL-1β is rapidly
removed from the blood, and half-life of IL-1β is short – 27.5
minutes with intravenous, up to 1.59 hours with subcutaneous
administration [31,32,33].
Any pharmacotherapy is more effective if high concentrations
of the drug are kept for a long time in the inflamed area.
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Immunomodulatory activity of cytokines is very short
because of the short half-life, which requires continuous
intravenous infusion over 5-8 hours. In this case, the highest
drug concentration is created in blood, and only a minimal
concentration of the drug can reach the focus of inflammation.
Despite the growing number of clinical studies demonstrating
a positive effect of topical application of growth factors, they
do not contribute to the healing of chronic wounds unless
bioavailability of cytokines and possibility of their admission
to wound site rather than to systemic blood flow is considered.
For solving this problem, one of the perspective directions of
modern medicine is the use of targeted drug delivery systems.
Therefore, optimization of the use of cytokines for the
acceleration of wound healing is associated with the use of
transport systems for targeted delivery of them to affected foci
[32,33].
Traditional intravenous and intramuscular administrations
of drugs not always provide the necessary therapeutic
concentration of a drug in the areas of inflammation. In the
case of the distribution of the drug throughout the body, the
insignificant concentration of antibiotics, which will reach the
purulent area, cannot provide sufficient influence to purulent
microflorae.
The worldwide increase in the incidence of inflammatory
diseases and post-operative complications and reducing the
effectiveness of their treatment is due to the rapid increase in the
number of microorganisms, which are resistant to antibiotics.
Alteration of the pharmacokinetics of antibiotics by the
targeted transport of drugs may enable the creation of high
concentrations of antibiotics in blood plasma or in certain
tissues of the body for a long period of time, which is important
for the treatment of surgical patients with purulent diseases.
Transport systems based on autologous red blood cells for
the targeted drug delivery can be considered as a promising
approach in the treatment of surgical infections.
Also, the increase in chronic and recurrent purulent surgical
infection in the era of antibiotics is associated with inhibition of
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the immunological processes by antibiotics. The use of vehicles
for the delivery of high concentrations of antibiotics and
cytokines directly into the purulent necrotic areas is a radically
new technology that can improve outcomes in patients with
chronic purulent-inflammatory diseases, especially in patients
with secondary immunodeficiency caused by social diseases
(diabetes, HIV, tuberculosis), where is especially important the
creation of high local concentrations of the drug. Transport
systems based on autologous red blood cells for the targeted
drug delivery can be considered as a promising approach in the
treatment of surgical infections.
In this context, the erythrocytes can be potentially exploited
as drug carriers for the effective delivery of interleukins and
antibiotics to the wound site.
Results
Results of a preclinical study of autologous red blood cell
ghosts containing antibiotics, as a targeted transport system
for the drug delivery
Targeted drug delivery to the zone of the pathological
process can reduce the therapeutic concentration of a drug and
frequency of administration, as a result, can decrease toxicity
and undesired reactions of the organism.
Biopharmaceutical characteristics of autologous red blood
cell ghosts containing antibiotics
We have conducted studies to assess the prospects of the use
of erythrocytes to create a targeted transport system for drugs
based on the example of the rifampicin antibiotic.
Purpose: to study biopharmaceutical characteristics
of autologous erythrocyte ghosts containing antibiotics
(erythrocyte pharmacocytes): to develop and validate clinically
applicable bioengineering methods for erythrocytes used in
targeted drug delivery as targeted transport systems for drugs
based on the example of the rifampicin antibiotic.
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Materials and methods: in accordance with current clinical
practice requirements, we have modified the procedure of
antibiotic encapsulation in erythrocyte ghosts using hypoosmotic dialysis. We have labelled the erythrocyte ghosts
containing antibiotics as “erythrocyte pharmacocytes”.
Features of entrapment and pharmacokinetics of selected
antibiotics in erythrocyte ghosts as well as in animals modelling
acute severe soft tissue infections were detected by using liquid
chromatography and microbiological method diffusion in an
agar medium, using the test microbe Bacillus Subtilis ATCC
6663. The determination of ADME, transmission electron and
scanning electron microscopes were applied as well.
Human red blood cells containing antibiotics were obtained
by the method of hypotonic hemolysis, using human red blood
cells.
Association and dissociation indicators of antibiotic
substances and red blood cell ghosts were conducted using
standard methods. The concentration of drugs was measured by
HPLC (Chromatography Agilent 1200, spectrophotometer PD303 UV, Elisa).
Electron microscopy was carried out during the preparation
stage of pharmacocytes with rifampicin. The sections were
examined and photographed with the electron microscope Libra
120.
“Rifampicin-Ferane” (ZAO “Brinsalov-A”, Russia, Series
No. 500812) was investigated in current experimental work.
Drug assay. To perform quantitative analysis rifampicin was
extracted from blood serum with acetonitrile. Chromatographic
separation and optic density were detected at 254 nm. However,
since chromogenic pharmacocytes do not influence rifampicin
analysis in investigating concentrations, the chromatographic
separation was not performed. For in vitro evaluations of
the carrier cells, we used spectrophotometric analysis to
characterize rifampicin. The absorbance of rifampicin was
measured at 237, 255, 334, and 475 nm. To prepare samples
for drug assay, 0.2 ml of wash loaded erythrocytes were
diluted with 1.8 ml of acetonitrile to produce rifampicin
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Containing solution. Later, samples were centrifuged
at 7000×g for 10 min, and absorbance of the supernatant
was measured. Next, the concentration of rifampicin
loaded in erythrocytes was determined, and a solution of
free rifampicin of the same concentration was used as for
Comparison.
Preparation of human erythrocytes. Blood samples were
drawn by venipuncture from healthy volunteers aged from 20
to 35 years and transferred to pre-heparinized polypropylene
test tubes. After centrifuging at 1000×g for 10 min, plasma
and buffy coat were separated by aspiration, and the remaining
packed erythrocytes were washed three times with phosphatebuffered saline (PBS; Sigma). Encapsulation of rifampicin
in human erythrocytes has been conducted by the hypotonic
preswelling method.
A hypotonic preswelling method described and validated by
Tajerzadeh and Hamidi (2000) [34] was used for loading human
and rat erythrocytes with rifampicin. For this, 1 ml of washed
packed erythrocytes was transferred gently to a polypropylene
test tube. 4 ml of a hypotonic solution of sodium chloride with an
osmolarity of 0.65 was added, and the resulting cell suspension was
mixed gently. The swollen cells were then separated by
centrifuging at 600×g for 5 min, and the supernatant was
discarded. Rifampicin was added to the erythrocyte suspension
to a final concentration of 1 mg/ml. Then the erythrocytes were
resealed by the addition of 4 ml of a hypertonic solution of sodium
chloride with an osmolarity of 1.1. The suspension was mixed
gently by several inversions. The resulting mixture was
incubated at 37 °C for 30 min. After centrifuging at
1000×g for 10 min, the resulting carrier erythrocytes were
washed with PBS to remove the unenclosed during the
loading process rifampicin, the released haemoglobin and
other cell constituents. It was important to use shamencapsulated erythrocytes that were prepared similar to other
pharmacocytes with one major change – aqueous solution of
rifampicin was replaced by distilled water.
Characterization of loaded erythrocytes – “pharmacocytes”
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Rifampicin is introduced into the suspension at a concentration
of erythrocyte ghosts 104 μg/ml, after 30 minutes of incubation
in pharmacocytes mean concentration of rifampicin was
525,0 ± 53,0 μg / ml. Shape and surface morphology of the
rifampicin loaded erythrocytes pharmacocytes is shown on the
photomicrograph (optical microscopy) (Figure 6.1-6.3).

Figure 6.1 – Intact erythrocytes after washing three times with PBS

Figure 6.2 – Erythrocytes after adding a hypotonic solution and
centrifugation.

Figure 6.3 – Rifampicin-encapsulated erythrocytes
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Different magnifications (45× and 100×) were used while taking
these photomicrographs. Average particle size rifampicine
resealed erythrocytes were found to be similar to that of normal
erythrocytes (7.2 μm). In Figure 4, the process of start and end
of phagocytosis of pharmacocytes can be seen.
All preparation stages of the drug incorporated pharmacocytes
were observed by the electron microscopy (Figure 5 A-G).

Figure 4 – Phagocytosis of pharmacocytes. A-start of phagocytosis.
B- end of phagocytosis.

Figure 6.5 (A-G) – Preparation stages of drug incorporated
pharmacocytes by Electron microscopy.
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On the electron microscopy photographs, pharmacocytes
appear as spherocytes with irregular shape protrusions, with a
well-preserved plasma membrane.
Rifampicin penetrating through the pores occupied areas of
decreased electron density.
The stroma of the cells is filled with the remaining haemoglobin
with a granular structure.
Investigation of the antibacterial activity of rifampicin
encapsulated in the pharmacocytes
Objective: determining the antimicrobial activity of
rifampicin encapsulated in the erythrocyte ghosts by the method
of agar diffusion.
Material and methods: Concentration of rifampicin was
measured by microbiological diffusion method in an agar
medium, using the test microbe Bacillus Subtilis АТСС 6663.
Method of hypotonic hemolysis in the original modification has
been used for obtaining erythrocyte ghosts with rifampicin [35].
A basic solution of 1000 µg/ml rifampicin in the distilled water
was taken for the control, the solutions with a concentration of
0.5 µg/ml in the FSB buffer are a standard test concentration. It
was used the spore suspension of Bacillus subtillis ATCC 6633.
It was determined by the antimicrobial activity by the method
of agar diffusion. Rifampicin concentrations 0,5mkg / ml with
erythrocytes ghosts were added per hole in agar with a volume of
0.1 ml. Samples were taken from the bottom of the hole and the
supernatant after centrifugation of the suspension of rifampicin
with erythrocyte ghosts. 10mg/kg dose of the antibiotic. It was
incubated on agar 16-18 hours at 370C. The inhibition zone
diameters of the growth of microbes were measured in mm on all
the investigated plates. The average values were found for each
test dose of free rifampicin and rifampicin with erythrocyte
ghosts.
The inhibition diameters of growth of microbes by cell
suspension of rifampicin with erythrocyte ghosts and free
rifampicin are shown in Figures 6.
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Figure 6.6 – Antibacterial activity of free rifampicin and erythrocyte
pharmacocytes loaded with rifampicin (0.5 mg/ml).

The inhibition zone diameter of growth of microbes by
erythrocyte pharmacocytes is 2.5-3.0 folds higher than
the inhibition zone diameter of growth of microbes by free
rifampicin.
Antibiotics incorporated into erythrocyte pharmacocytes can
effectively inhibit the growth level of microbes.
Determination of the concentration of rifampicin in the
erythrocyte pharmacocytes and supernatant has been evaluated
by HPLC and spectrophotometrically. The experiments have
been conducted to evaluate the distribution of rifampicin in the
ghosts of red blood cells and the supernatant.
The concentration of rifampicin in the pharmacocytes
was 2,5-3,0 fold higher than the concentration of drug in
supernatant, 21,07±0,37 and 7, 7±0,15mg/ml, respectively
(p <0,001). The given research has revealed the possibility of
increasing antibacterial activity of rifampicin by 2,5-3,0 fold
when it is included in the erythrocyte pharmacocytes.
Investigation of the possibility of reducing the cytotoxic
effect of rifampicin by encapsulating into erythrocyte ghosts
The study was aimed at obtaining erythrocyte carriers
containing antibiotic rifampicin and studying the possibility of
reducing the cytotoxic effect of rifampicin by encapsulating it
into erythrocytes.
We have considered the possibility of the use of autologous
human red blood cells for the development of the carriers for
drug transport as one of the options for reducing the toxicity of
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rifampicin. Rifampicin has an average level of acute toxicity,
but repeated administration of rifampicin causes an increase in
the toxicity levels.
Isolated leukocytes and erythrocytes were obtained from
venous blood samples of healthy volunteers ages 23-30 years old.
The erythrocyte carriers were prepared by hypotonic preswelling.
Rifampicin was added to the suspension of erythrocytes (104 µg/
ml). Cytotoxicity of rifampicin was determined by MTT assay in
culture leukocytes (rifampicin – 20 µg/ml 106 cells). Four study
groups were formed: 1) leukocytes with rifampicin encapsulated
in erythrocyte carriers, 2) leukocytes with erythrocyte carriers
not containing the antibiotic, 3) leukocytes with free rifampicin,
and 4) leukocytes in the incubation medium. The incubation
period of cells with test groups was 24 hours in a CO2 incubator
at 37°C.
Cytotoxic activity of rifampicin-encapsulated erythrocytes
was determined using MTT assays (MTT-test) in the human
peripheral blood leukocytes.
Free rifampicin and rifampicin-encapsulated erythrocytes
induced cytotoxicity in both cases, as shown in Table 6.1.
Rifampicin-encapsulated erythrocytes have lower cytotoxicity
than free drug in the same concentration. In the group treated
with sham-encapsulated erythrocytes, cell viability was the
same as in the untreated group.
Table 6.1 – Toxicity of rifampicin-encapsulated erythrocytes
obtained by the hypotonic pre-swelling method, shamencapsulated erythrocytes and rifampicin solution on human
peripheral blood leukocytes (MTT-test)
The
analyzed
parameters
Absorbance
Relative
values,%

Rifampicinencapsulated
erythrocytes
0,092 ±
0,007*+
24,8

Shamencapsulated
erythrocytes
0,472 ±
0,008*
127,1

Rifampi- Control
cin
(untreated
cells)
0,064 ± 0,371 ±
0,003*
0,011
17,3
100,0

Erythrocyte carriers (pharmacocytes) prevent the cytotoxic
effects of rifampicin in the MTT assay.
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On the first line, data is reported as the average of three
experiments. On the second line, data is reported as a percent
of control, thus providing percent cell viability after 24-h
exposure to the test agents. Differences between treatment
and non-treatment groups were analyzed by Student’s t-test
(*p<0.05). Differences between free rifampicin and rifampicinencapsulated erythrocytes groups were analyzed by Student’s
t-test (+p<0.05).
As shown in the table, free rifampicin at concentrations of
20 µg/ml and 24 hours incubation in the culture of leukocytes
of human peripheral blood shows the cytotoxic effect, the rate
of cell viability decreases substantially, which is in principle not
contrary to the reports on the toxicology of rifampicin [34,36,37].
If rifampicin is present in the incubation medium in the form
of pharmacocytes, the viability of cell culture is also reduced.
Still, the degree of cell viability inhibition is significantly
smaller than in the case of free rifampicin not incorporated into
pharmacocytes. There is a reason to believe that the cytotoxic
effect of rifampicin is balanced out to a certain extent by the
ghosts of erythrocytes. This assumption can be made based on the
results of experiments on incubation of leukocytes with ghosts
of erythrocytes: upon introduction of ghosts of erythrocytes
into the incubation medium of leukocytes, the vitality level of
leukocytes increases. Thus, ghosts of autologous erythrocytes
used to create pharmacocytes, transport carriers, have several
properties that can significantly reduce cytotoxicity of the
antibiotic rifampicin included in pharmacocytes. This property
can be expected to be important for clinical practice to reduce
the manifestation of drug toxicity and to avoid life-threatening
complications in clinical use.
The influence of pharmacocytes on the apoptosis indicators
in the leukocytes culture
The qualitative test for the detection of apoptosis with the
response to annexin V has been determined. The fluorescent
conjugate of annexin V was used for the detection of apoptosis.
Non-induced cells were stained with CDFA. Apoptotic cells were
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stained both with CDFA and annexin V-Cy3.18, while necrotic
cells were stained with annexin V-Cy3, but not with CDFA.
In the qualitative response to annexin V (Figure 6.7) the
apoptosis marker is present to a greater extent in a culture of
human leukocytes in the presence of free rifampicin, and to a
much lesser extent in the culture of leukocytes that contains
pharmacocytes.
Thus, it can be assumed that rifampicin can stimulate
apoptosis in cell culture, but the inclusion of rifampicin into
erythrocytes (pharmacocytes) significantly reduces this ability
(or levels out).
The results of determination of annexin V

Figure 6.7 –Detection of apoptosis using a fluorescent conjugate of
annexin V:
1. – Control (intact cells), 2. – Pharmacocytes without rifampicin,
3. – Pharmacocytes with rifampicin, 4. – Free rifampicin
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The free antibiotic stimulates apoptosis, whereas the
erythrocyte ghosts and pharmacocytes inhibit apoptosis.
Determination of total glutathione
We have conducted experiments to analyze rifampicinencapsulated erythrocytes’ effect on glutathione synthesis in
cell culture of alveolar macrophages. It was established that
the level of total glutathione reduced when free rifampicin was
incorporated into the cell culture of alveolar macrophages, as
shown in Table 6.2. Pharmacocytes with rifampicin prevents the
deterioration of the total glutathione levels, unlike as observed
in the groups with rifampicin.
Table 6.2
Effect of rifampicin-encapsulated erythrocytes, shamencapsulated erythrocytes and rifampicin solution on total
glutathione level in rabbit alveolar macrophages
The
analyzed
parameter
Total
glutathione
level, nmoles
GSH
per ml of
sample

Rifampicin- ShamRifampiencapsulated encapsulated cin
erythrocytes erythrocytes

Control
(untreated
cells)

0,572 ±
0,008

0,645 ±
0,105

0,740 ±
0,065

0,472 ±
0,040

As shown in Table 2, when incubated with alveolar
macrophages, rifampicin can reduce the concentration level of
glutathione in cells, which is one of the key factors of antioxidant
defence. At the same time, the presence of erythrocyte ghosts
in the cell incubation medium enhances antioxidant activity. If
the option of incubation of cells with rifampicin encapsulated
in erythrocytes is considered, it is seen that rifampicin in this
form is not able to inhibit antioxidant activity. We can assume
that erythrocyte ghosts prevent the pro-oxidant activity of
rifampicin.
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Figure 8 –Effect of rifampicin-encapsulated erythrocytes, shamencapsulated erythrocytes, and free rifampicin solution on the total
glutathione level in rabbit alveolar macrophages.
Experimental results show the possibility of reducing cytotoxicity
of rifampicin by encapsulation into erythrocyte carriers. This finding
may be important in reducing the toxicity of rifampicin during
administration in high doses when treating serious infections.

Pharmacokinetics of the antibiotics encapsulated in red
blood cell ghosts
The maintaining of high concentrations of rifampicin in
blood plasma and certain tissues of the body for a long period
of time is a crucial point for the effective treatment of patients
with multidrug-resistant tuberculosis. It might be achieved by
using a targeted delivery method based on the incorporation of
the drug into autologous erythrocyte ghosts. In this study, we
analyzed pharmacokinetic profiles of rifampicin encapsulated
into erythrocyte ghosts (“pharmacocytes”) in comparison to the
administration of a free form of rifampicin.
Material and methods: the experiments were conducted on
albino rats with a mass of 150.0-180.0 g (n = 148). Animals were
randomly divided into two groups. Each group was receiving a
different type of intravenous injection via the tail vein. Group A
(control) received intravenously 40 mg of free rifampicin, while
group B received an injection of 1 ml of pharmacocytes loaded
with 40 mg of rifampicin. At fixed time points after injection
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(30, 60, 180, 360, 720, 1440, and 2160 min) serum samples were
collected. Homogenates of liver, spleen, lung, heart, kidney,
and skeletal muscle were obtained in the control group 12 hours
after injections, and in the study group 36 hours after injections
respectively. The ELISA test measured the concentration of
the tested substance in the collected organs and blood plasma.
Modelling was performed using Borgia 1.03 software.
We observed an increased half-life period (T1/2) for rifampicin
encapsulated into erythrocyte ghosts comparing to the control
group. T1/2 for free rifampicin was 3.08 ± 0.5 hours, while the
administration of pharmacocytes with loaded rifampicin led to
an increase of the half-life period up to 5 fold (15.86 ± 1.6min).
The increased time of presence of rifampicin in the body
(administered in the form of pharmacocytes) could be explained
by the reduction of clearance (CLel) by 5 fold, and augmentation
of the mean residence time (MRT) by more than 9 fold.
It has been revealed that the pharmacocytes help to maintain
the concentration of rifampicin in the serum during a long
period (from 3 to 18 hours after intravenous administration).
The highest level of concentration of rifampicin was observed
when it was administered in the form of a free drug (16 µg/
ml). In contrast, for pharmacocytes loaded with rifampicin, the
maximal level was 12.8 µg/ml. The concentration of rifampicin
administered in the form of pharmacocytes in the first 6 hours
was below the level that was detected after the injection of free
rifampicin and subsequently exceeded that.
Based on the calculation of the level and therapeutic activity
of the drug (>4 µg/ml), the therapeutic range of rifampicin
administered in the free form is maintained up to 8 hours. At
the same time, the administration of rifampicin in the form of
pharmacocytes can prolong its therapeutic range in the blood of
up to 30 hours. Rifampicin concentration level (μg/ml) in the
serum of rats after a single intravenous introduction is shown
in Figure 6.9.
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Figure 9 – Rifampicin concentration level (μg/ml) in the serum of
rats after a single intravenous introduction in the pharmacocytes and
free form.

The steady release of rifampicin from keeps the concentration
of rifampicin in blood at higher levels for a long period. In
contrast, free rifampin injected by the traditional method does
not stay in the blood for a long time.
In addition, we have observed an increased concentration of
antibiotic in the liver, spleen, and lung during at least 24 hours,
when it has been administered in the form of pharmacocytes.
When rifampicin administered in free form, antibiotics
disappeared from these organs within 6 hours.
Pharmacocytes have shown to improve pharmacokinetic
profiles of antibiotics by increasing the half-life period, reducing
its clearance and elimination as well as increasing the deposition
of the drug in the liver, spleen, and lungs.
These data suggest that pharmacocytes are effective drug
carriers for targeted delivery of antibiotics to the sites of
inflammation, and have a potential for improving the treatment
outcomes of purulent diseases.
Pharmacokinetics of this drug is fundamentally changing –
there is a selective increase in drug concentration in infection
foci, and simultaneously, toxic concentration decreases in
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target tissues. The therapeutic effect is increased, and the toxic
effect is reduced.
The application of pharmacocytes can lead to a significant
increase in antibacterial activity of the rifampicin, which might
have a direct effect on the treatment of patients with multidrugresistant tuberculosis.
Results of a preclinical study of autologous red blood cell
ghosts containing cytokines, as a targeted transport system for
the drug delivery
Biopharmaceutical characteristics of autologous red blood
cell ghosts containing cytokines
Using autologous erythrocytes as drug carriers for targeted
delivery of cytokines to the sites of inflammation could
potentially provide new opportunities for the treatment of
patients with purulent diseases. The targeted elevation of the
concentration of growth factors in the wound can promote tissue
repair and control of inflammation.
Characterization of red blood cell ghosts containing IL-1-β
Photomicrograph (optical microscopy) of cytokine loaded red
blood cell ghosts is shown in Figure 6.10 (A-B).

Figure 6.10 (A, B) – Micrographs of the erythrocytes before
(A) and after (B) loading of IL-1β.
The electron-microscopic photographs of pharmacocytes
obtained using the hypoosmotic hemolysis method is shown in
Figure 6.11.
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Red blood cell ghosts containing cytokine IL-1β have a
biconcave shape and the electron density of the content is low,
but not uniform.

Х 400

Х 1200

Figure 6.11 – Red blood cell filled with IL-1β. The encapsulation of
drugs in erythrocyte ghosts was done by the method of hypoosmotic
hemolysis.

Determination the amount of IL-1β irreversibly bound to
RBCs
The extent of drug encapsulation into RBCs was determined
using the dialysis-based method. The amount of bound drug (Ci)
was calculated as the difference between the concentration of
drug in the dialysis system and the concentration of unbound
drug in the dialysate:
Ci = L0 — Li (V1 + V2) / L0

(1)

where L0 – is the total concentration of drug-loaded into
the dialysis system with RBCs, Li – is the concentration of
unbound drug, V1 and V2 – are volumes of internal and external
chambers respectively. Drug-loaded RBCs were washed with
saline solution thrice: each time with a determined amount of
eluted drug. The value
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Ci – Li
(2)
for the irreversibly bound drug was calculated, where Ci – is
the amount of RBCs-bound drug, Li – is the amount of unbound
drug after three times of washing. The concentration values of
IL-1β in PBS were determined by the ELISA method, using the
ELISA kits (Sigma-Aldrich).
Assessment of binding efficiency of IL-1β loaded into RBC
ghosts. To assess the binding efficiency of IL-1β, concentrations
of IL-1β were detected by ELISA method in washed-out PBS
and supernatant (unbound drug), and calculated according to
formulas (1) and (2). Our data demonstrate a binding efficiency
of IL-1β as 13.6% ± 3.7, which is comparable to the values
reported in the literature for a variety of peptides [35,37].
We also found that the hypotonic preswelling method used for
loading the erythrocytes does not significantly affect the shape
and quantity of the erythrocytes (Figure 10).
Pharmacokinetics of Interleukin-1 beta, encapsulated into
the autologous erythrocyte ghosts
Alteration of the pharmacokinetics of cytokines and
antibiotics by targeted transport of drugs may enable the
creation of high concentrations of drugs in blood plasma or in
certain tissues of the body for a long period of time, which is
important for the treatment of surgical patients with purulent
diseases.
Due to short elimination half-life of cytokines in the blood
(5-7 minutes) the continuous intravenous infusions are
required (over 5-8 hours) for the treatment of various
disorders. Targeted delivery of cytokines directly to the area
of inflammation can solve this problem. Such a strategy can
promote the accumulation of cytokines in high concentrations
in the affected area of the body.
Purpose: to study the pharmacokinetics of Interleukin-1 beta
(IL-1β) incorporated into the autologous erythrocyte ghosts.
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In this study, we analyzed pharmacokinetic profiles of IL1β encapsulated into erythrocytes’ ghosts (pharmacocytes) in
comparison with intravenously injected free IL-1β.
Material and methods. The experiments were conducted
on albino rats with a mass of 200.0-220.0 g. Albino rats were
randomly divided into two groups, each group receiving a
different kind of IV injection via the tail vein. Group A (control)
received 500 µg of free IL-1β, group B received an injection of
1 ml of pharmacocytes loaded with 500 µg of a test substance.
At fixed time points after injection (15, 30, 60, 180, 540, 720,
and 1440 min) serum samples were collected; homogenates of
liver, spleen, lung, heart, kidney, adipose tissue were obtained
24 hours after injections. ELISA measured the concentration of
the tested substance in the collected organs and blood plasma.
Pharmacokinetic curves of IL-1β concentration changes
in the blood of rats after a single intravenous administration
of the free drug and the drug deposited in RBCs are shown in
Figure 6.12.

Figure 6.12 – Typical pharmacokinetic curve for intravenous
administered free IL-1β and IL-1β in the form of pharmacocytes
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As can be seen from the graph, the concentration-time curve
is biphasic and fits into the least-squares fitting of the standard
two-compartment pharmacokinetic model.
A comparison of this analysis and major pharmacokinetic
parameters of IL-1β after a single intravenous administration of
the free drug and the drug deposited in autologous erythrocyte
carriers are shown in Table 3.
Table 6.3
Averaged pharmacokinetic parameters of IL-1β after a
single intravenous administration
Parameter,
dimension

Half-life (T1/2, min)
Elimination constant (Cel)
Stationary distribution
volume, (Vss, ml)
Clearance (CLel tot ml/min)
Area under curve (AUC 0-∞ )
Mean residence time
(0-Infinity)

Mean and standard deviation (M±SD)
IL-1β deposited
Free IL-1β
into carrier
erythrocytes
31.1 ± 4.7
486.3 ± 50.6*
0.06 ±0.008
0.002 ± 0.0005*
1.5 ± 0.3
36.2 ±4.0*
0.205 ± 0.04
14714.5 ±
2340.0
43.1 ± 8,2

0.04 ± 0.007*
10455.6 ± 2656.8
565.2 ± 41.9*

Note: * P ˂ 0.05
The data shows typical characteristics for IL-1β
pharmacokinetics such as a fairly short half-life period, a
relatively high rate of elimination, that characterizes the
rate of disappearance of the drug from the blood as a result
of elimination and metabolism and, accordingly, high total
clearance. Additionally, the volume of stationary distribution
considerably exceeds the volume of rat blood, indicating the
ability of the drug to leave the vascular bed into peripheral
tissues, which is evidenced by the large area under the
concentration-time curve.
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At the same time, we have observed a significantly increased
half-life period (T1/2) for encapsulated IL-1β compared to the
control. T1/2 for free IL-1β is half an hour, while administration
of loaded RBCs ghosts allowed the half-life period to increase by
more than 15 fold preserving a high level of IL-1β activity in the
blood samples up to 19 hours (Fig. 4).
The increased time of IL-1β presence in the body when
administered in the form of RBC ghosts could be explained by the
reduction of elimination constant (Cel) by 30 fold, and clearance
(CLel) by more than 5 fold. At the same time, the apparent
volume of distribution decreases. This shows that when the
drug is administered in loaded erythrocytes, the distribution
region is significantly reduced and the drug is likely deposited
in peripheral structures with respect to the central chamber
model.
The concentration of IL-1β in peripheral tissues. Prolonged
retention time in the blood provides drugs with a chance to
distribute to their target tissue/organ, leading to an increase
in the duration of their pharmacological activities. This
hypothesis was tested in experiments to determine the level of
IL-1β concentration in the liver, spleen, lung, heart, and kidneys
of rats 24 hours after intravenous administration of either free
IL-1β or loaded IL-1β.
It was determined that when IL-1β was administered as a
free drug, the presence of the drug in serum samples 24 hours
after injection could not be detected using the ELISA method,
however, in peripheral tissues 24 hours after administration
IL-1β was revealed. When IL-1β was administered in the form
of loaded RBCs, trace amounts of the drug were detected in the
serum 24 hours after injection. At the same time, in peripheral
tissues, accumulation of IL-1β took place in tissue homogenates
of liver, spleen, lung, kidney (cortex and medulla), heart, and
subcutaneous fat. The results are shown in Table 6.5.
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Table 6.5
IL-1β concentration level of IL-1β in peripheral rat tissues
24 hours after intravenous administration
Tissue
homogenate

Concentration, pg/g
Free drug
Drug loaded in carrier
erythrocytes

Blood serum
Kidneys
Liver
Spleen
Heart
Lungs
Subcutaneous fat

155.8 ± 45.8
27.0 ± 3.9
25.0 ± 11.3
17.8 ± 2.6
22.5 ± 5.7
23.1 ± 2.4

trace amounts
183.0 ±11.2
1211.0 ± 102.7*
492.8 ± 58.1*
25.1 ± 3.8
359.6 ± 29.6*
34.9 ± 4.1

Note: * P ˂ 0.05

As can be seen from the data above, when IL-1β was
administered as a free drug, the highest concentration was
detected in the extracted tissue homogenate of the kidney (both,
cortex and medulla layers), which indicates the final stage of
elimination. Further, the distribution of the drug goes to the
liver, heart, spleen, and subcutaneous fat. When IL-1β loaded
carrier erythrocytes were administered, major loci of deposition
of the drug in the body were liver and spleen. We also observed
a significant increase in the IL-1β concentration in lung tissues.
At the same time, a slight increase in IL-1β in subcutaneous fat,
kidney, and heart tissue was not statistically significant.
Conclusions. Investigation of the pharmacokinetics of
pharmacocytes with incorporated IL-1β showed significant
differences in bio-distribution compared to the administration
of the free form of the drug. Pharmacocytes provide the
prolonged activity of IL-1β in an organism by increasing the
half-life and reduction of elimination and clearance. Moreover,
they can stabilize the level of the drug in serum, and facilitate
re-distribution with the maximum accumulation of IL-1β in the
liver, spleen, and lungs.
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These data suggest that pharmacocytes are effective drug
carriers for targeted delivery of cytokines to the sites of
inflammation, and have a potential for improving the treatment
outcomes of purulent diseases. These findings can be utilized
for enhancing therapeutic effect and developing new clinical
strategies.
Application of erythrocyte ghosts as drug carriers to treat
severe soft tissue infection
The study aims to increase the effectiveness of the treatment
of purulent wounds of soft tissues by the targeted delivery of
drugs directly to the areas of inflammation based on autologous
red blood cells.
The targeted elevation of the concentration of growth
factors in the wound can promote tissue repair and control
of inflammation. In this context, the erythrocytes can be
potentially exploited as drug carriers for the effective delivery
of interleukins and antibiotics to the wound site.
In the present study, we have investigated the healing
potential of RBC ghosts loaded with cytokine IL-1β and
antibiotic.
Material and methods: allocation of erythrocyte ghosts
and inclusion of drugs in erythrocyte shadows was spent by
a method hypo-osmotic hemolysis. The experiments were
conducted on albino rats with a mass of 200.0-220.0 g with a
model of purulent wounds. The experimental rats were used for
the creation of the model of purulent focus where a suspension
of Staphylococcus aureus was placed into a surgical cut of the
skin and subcutaneous tissue in the femoral region.
To monitor the progression of the wound repair processes,
wound swabs or aspiration biopsies were taken for analyses
on the 1st–6th days. Animals in the first control group were
treated with a local injection of free drugs. Animals in the second
control group were treated with the standard method, including
the intramuscular administration of the antibiotic ceftriaxone
(0.01 g twice a day, during seven days) and topical application
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of ointment “Levomecol” (the combination of Chloramphenicol
and Methyluracil).
The animals from the experimental group were treated by
the following technique: after standard surgical treatment
of the purulent wound, the sterile autologous erythrocyte
pharmacocytes were injected to the edges and bottom of the
wound. The injection contained a single dose of ceftriaxone and
cytokine interleukin-1β. Then the wound cavity was sutured
layer by layer. After 24 and 48 hours, autologous erythrocyte
pharmacocytes loaded with ceftriaxone and cytokine interleukin1β were reintroduced to the wound edges.
The efficacy of the treatment was evaluated by clinical signs
of the progress of inflammatory processes: time of disappearance
of pus and infiltration around the wound, the suppression
of the activity of pathogenic microorganisms, the period of
normalization of the cytological picture and completing of
wound healing.
Visual observations, as well as microbiological and cytological
analysis of wound exudates, demonstrated significant
acceleration of healing processes in a group of animals treated
with a local injection of IL-1β and ceftriaxone encapsulated into
RBC ghosts when compared to the animals treated either with a
local or IM injection of free drugs. The dynamics of the wound
healing processes in the study and control groups of the animals
are shown in Figure 6.13.
The results of treatment indicate the speeding of the healing
process in the experimental group. The disappearance of signs of
the inflammation (local hyperemia, edema, pain) was observed
on 2-3 days. In the control group, the process of wound healing
took a long time, which is common for such type of wound
treatment. The application of the novel system of drug delivery
resulted in the accelerating of regeneration processes and early
formation of granulation tissue (on the fourth day). The data of
microscopic investigation revealed a higher degree of fibroblasts
differentiation and all signs of correct tissue remodelling in the
study group.
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Figure 6.13 – Wound repair dynamics in the study and control
groups of animals.

Cytological pictures of the wound healing process in the
animals of the study and control groups are shown in Figure
6.14.

Figure 6.14 – Microscopic images of aspiration biopsies taken from
wounds. (Azur-eosin staining, 20X, NA 0.95 objective)
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Analysis of treatment outcomes revealed that the efficiency
of the treatment is significantly better in comparison with
common treatment protocols.
The given research has revealed the possibility of the creation
of transport systems based on autologous erythrocytes.
These data suggest that pharmacocytes are effective drug
carriers for targeted delivery of cytokines and antibiotics to the
sites of inflammation, and have a potential for improving the
treatment outcomes of purulent diseases.
The treatment of purulent wounds by erythrocytes
(pharmacocytes) provides a high therapeutic concentration of
the antibiotic and cytokines in the wound, without general toxic
effects on the entire body. This leads to a more rapid arresting
of the exudative phase and early start of the maturation of
granulation tissue. The use of erythrocytes (pharmacocytes)
provides favourable conditions for wound healing by primary
intention, which facilitates the imposition of the sutures and
promotes fast recovery.
Summary
In preclinical research, we have created cellular systems for
targeted delivery of antibiotics and cytokines (pharmacocytes)
and developed a new technique for local treatment of purulent
wounds by pharmacocytes containing antibiotics and cytokines
in experimental animals.
The proposed technology can improve the treatment of
patients with purulent surgical diseases (abscess, paraproctitis,
mastitis, furuncle, and carbuncle) through targeted delivery of
antibiotics to the affected areas.
The presence of high concentrations of antibiotics in the
wound tissue plays an important role in accelerating the healing
process of wounds. At the same time single and the daily dose
of a drug is reduced, which decreases the toxicity of the drugs
compared with the traditional methods of treatment, which also
allows reducing the consumption of drugs, has good economic
and functional effects.
We have not found contraindications to this method of
treatment.
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The usage of transport systems for the delivery of high
concentrations of antibiotics and cytokines directly into the
purulent-necrotic wounds is a radically new technology that
will significantly expand the boundaries of treatment in surgery
and all areas of medicine.
Effectiveness of newly developed technique for the treatment
of purulent wounds by using pharmacocytes containing cytokines
and antibiotics is proved (patent № 31606, dated 04.03.2016; №
33870 dated 08.28.2019; № 704 dated 03.05.2018).
Successful experimental results show the possibility of clinical
implementation of the developed methods to treat patients with
severe soft tissue infections and at high risk of invasive surgical
procedures. The proposed treatment approach permits the
closing of to close surgical wounds by primary suturing without
any drainage right after surgical debridement, and accelerates
wound healing by primary intention.
Studies have shown the possibility of using autologous
erythrocyte ghosts for the delivery of high concentrations
of cytokines directly into the wound, thus facilitating the
reduction in toxicity and adverse systemic effects of cytokines.
The targeted delivery of the autologous erythrocyte ghosts
containing cytokines and antibiotics (pharmacocytes) to
the affected areas can attract and modulate the function of
macrophages, accelerate wound healing, and improve the
treatment of purulent wounds.
Study results validated the safety and efficacy of the
proposed method. Based on a review of literature data and own
research, we suppose that the creation of transport systems
based on erythrocyte pharmacocytes for targeted delivery of
cytokines and antibiotics directly to inflammation foci can
provide new opportunities for improving results of treatment
of inflammatory diseases, especially on the background of
secondary immune deficiency.
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CHAPTER 7. ANTI-AGEING POTENTIAL OF
POLYPHENOLIC EXTRACTS OF CABERNET SAUVIGNON
GRAPES AND DARK-COLOURED NORTHERN BERRIES
Shynggys Sergazy, Zarina Shulgau, Elena Kryvih, Lyudmila
Kovalenko, Bahkhytgul Yermekbayeva,
Talgat Nurgozhin, Alexander Gulyayev
During the twentieth century, advances in medicine and
pharmacology have significantly increased the human lifespan.
A sharp increase in the proportion of people over 60 years of age
is observed worldwide – from 9.2% in 1990 to 11.7% in 2013
with an expected 21.1% (> 2 billion) in 2050 [1]. International
experts recognize a society or state as ageing if the share of the
elderly, that is, over 65, exceeds 7% in the population of a given
country or society. In addition, speaking of Kazakhstan, the
share of people over 65 years of age in 2018 amounted to 6.8%
as a whole. That is, Kazakhstan is very close to this threshold,
after which the state or society refers to the ageing [2]. Such
a global picture of the world determines the prevalence of
age-related diseases, which most often include cardiovascular
diseases, cancer, type 2 diabetes, neurodegenerative diseases,
cognitive impairment, and dementia, and this trend is
generally accepted as payment for increasing life expectancy.
Elderly patients experience a daily struggle with many chronic
diseases, leading to the disability of a significant proportion of
older people. Known as an ageing-related secretory phenotype
(SASP), it is considered a hallmark of age-associated diseases
that cause functional decline [3]. In an applied sense, it must be
the secretory SASP phenotype that is the target for developing
anti-ageing exposure strategies.
Nonpharmacological approaches to delaying the age-related
decline in physiological functions, including diet and physical
activity, have been carefully studied and evidence has appeared
that a certain degree of reduction in the risk of age-associated
pathology is possible [4,5].
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Any strategies for prolonging life and at the same time
maintaining health remain tempting ideas.
Recent studies focused on extending the life of models
of organisms, and humans have mainly focused on known
pharmacological agents as well as nutrients [6].
Although it has long been known that nutrients affect human
health, the molecular mechanisms by which food can affect
health are not yet well known. An interesting hypothesis that
biologically active compounds contained in food can modulate
SASP [7] points to new research prospects. In general, intensive
research work is underway to identify nutraceuticals that can
help prevent pathological age-associated conditions and/or
mimic the “anti-ageing” effects of resveratrol, metformin, or
rapamycin, but without their adverse effects.
In our studies, we focused on the role of nutrients, or at
least on edible and medicinal plants, as correctors for the
course of ageing processes and the development of age-related
pathologies. Our attention was focused on concentrates of
polyphenols of dark-coloured berries – grapes, blueberries,
blueberries, cranberries, lingonberries.
The main hypothesis can be represented as follows: the
polyphenolic components of certain foods have a certain
potential of “anti-age” action, which is realized in reducing the
risk of age-associated pathology due to the correction of the
following pathophysiological processes:
a) oxidative stress;
c) chronic inflammation;
c) mutagenesis;
d) cytotoxicity
This fragment of our book contains evidence of the main
hypothesis obtained in experimental conditions at the in vitro
and in vivo levels.
The hypothesis was based on the free-radical, oxidative theory
of ageing [8, 9], and the theory of the possibility of inhibiting
ageing by correcting chronic oxidative stress [10, 11].
The objects of study in our studies were the polyphenolic
extract of Cabernet Sauvignon grape of Kazakhstan selection,
as well as extracts of wild berries of cranberries, lingonberries,
blueberries, and blueberries, prepared in laboratory conditions
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using standard technology of water-alcohol extraction and
vacuum concentration to the target level of common phenolic
compounds. The component composition of the extracts
was described to the extent that a correlation could be made
between the content of one or another known polyphenolic
component or their sum and the antioxidant effect. To obtain
extracts, Cabernet Sauvignon grapes were obtained from the
Almaty region of Kazakhstan, northern dark-coloured berries
(Vaccinium berries), namely cranberries (Vaccinium oxycoccos
L.), blueberries (Vaccínium myrtíllus), lingonberries (Vaccínium
vítis-idaéa) and blueberries (Vaccínium ) were collected in the
summer-autumn period in the Surgut region of the KhantyMansiysk Autonomous Okrug of the Tyumen Region of the
Russian Federation.
Analysis of the polyphenol composition of grape polyphenol
extract showed the presence of the following polyphenols:
catechin – 303.5 mg / l; epicatechin – 136.4 mg / l; gallic acid
– 105.1 mg / l; quercetin – 32.5 mg / l; myricetin – 26.6 mg / l;
campferol 3-glucoside – 19.7 mg / l; epicatechin gallate – 13.9
mg / l; caffeic acid – 12.4 mg / l; catechin gallate – 5.4 mg / l;
piceid – 5.1 mg / l; kempferol – 4.0 mg / l; p-coumaric acid – 2.9
mg / l; resveratrol – 2.1 mg / l; chlorogenic acid – 1.3 mg / l.
In the prepared water-alcoholic extracts of northern berries,
the highest concentration of polyphenols was found in blueberry
extracts, the concentration of polyphenols in the blueberry
extract is slightly lower, and cranberry and lingonberry
extracts contain polyphenols of lower and approximately the
same concentration. The concentration level of flavonoids
is maximum in the blueberry extract, and the concentration
of anthocyanidins in blueberry extract significantly exceeds
the concentration level of this group of polyphenols in other
northern berries.
In general, we consider it necessary to indicate that the
grapes of Kazakhstan selection and Siberian dark-coloured
berries are characterized by a significant content of polyphenolic
components, which makes it possible to predict the likelihood of
a high antioxidant effect.
The evidence of the potential of the antiradical and antioxidant
effect in polyphenolic extracts of grapes and northern berries
was carried out in vitro and in vivo.
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Since there are two main mechanisms for the removal of free
radicals, namely, hydrogen atom transfer or electron transfer,
the reduction in the number of ABTS + radicals and the DPPH
radical due to hydrogen transport, as well as the reduction of
iron ions from Fe3 + to Fe2 + due to electron transfer in the
FRAP test, used to assess the antiradical potential of extracts
of northern berries in vitro. For grape, cranberry, lingonberry,
blueberry and blueberry extracts, pronounced antiradical
activity against free radicals was established in all tests used.
Moreover, the severity of the anti-radical effect of grape and
blueberry extracts is the greatest. It is noteworthy that it was in
grapes and blueberries that we also recorded the highest content
of anthocyanins in the study of the component composition
of berries and their extracts. This circumstance allows us to
assume that this group of polyphenols determines the severity
of the antiradical effect.
Our studies of the component composition and antioxidant
action allowed us to confirm the general position on the
relationship between the level of antiradical activity and the
concentration of anthocyanins.
The task of the next stage of the work was to assess the
probability of interference of grape, blueberry, cranberry,
cranberry, blueberry extracts in antioxidant processes at the
level of the organism in vivo. The state of antioxidant protection
was assessed in two variants of experiments on healthy male
Wistar rats of 8 months of age who received extracts for 10
days by mouth: a study of oxidative status in blood plasma and
a study of oxidative hemolysis of red blood cells. Two tests were
used – the D-ROMs test, which quantifies the status of oxidative
stress by measuring free radicals – hydroperoxides (reactive
oxygen species – ROS) and the PAT test, which measures the
antioxidant potential of blood plasma. Under the conditions of
our experiment, against the background of the administration
of extracts of northern berries to rats, the concentration of
ROS practically did not change, a certain tendency (statistically
unreliable) to a decrease in the level of ROS manifests itself upon
administration of the bilberry extract. But we got a significant
increase in the level of PAT test, which indicates a significant
activation of the antioxidant system. The greatest increase
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in the antioxidant system is caused by extracts of grapes and
blueberries, their effect exceeds the effect of other studied
extracts by 20-25%.
Thus, we can ascertain the presence of a certain antioxidant
potential in extracts of grapes, cranberries, lingonberries,
blueberries, and blueberries, which is realized at the ex vivo
level of the body in increasing the antioxidant potential of blood
plasma.
Potential cytoprotective properties of polyphenolic extracts
were evaluated by the MTT test in rabbit alveolar macrophage
culture and HEK293 epithelial cell culture. In both experiments,
both with primary cell culture and with transplanted cell culture,
when the cells with the studied extracts were incubated for 2 to 48
hours, the ability of the extracts to prevent a decrease in viability
in the presence of a cytotoxic agent, which was doxorubicin, was
revealed. We believe that these results give us reason to assume
the presence of a cytoprotective potential in polyphenolic
extracts of grapes and northern berries. We assume that the
antiradical, antioxidant effect of the polyphenols contained in
the extracts is probably a mechanism of cytoprotective action.
We completely agree with the opinion of K.S. Bhullar and H.P.
Rupasinghe [12] regarding the fact that natural antioxidants –
polyphenols of berries, fruits, and a number of other plants –
can exhibit a cytoprotective effect. Thus, we believe that there
is a reason to consider the in vitro cytoprotective effect as part
of the mechanism of action of polyphenolic extracts of grapes
and northern berries.
After a series of in vitro experiments to obtain more evidence,
experiments were performed on in vivo models of age-associated
pathology.
The intoxication of rats with carbon tetrachloride at various
concentrations was used as a model of pathology accompanied
by oxidative stress. The ability of grape, cranberry, cranberry,
blueberry, and blueberry polyphenol extracts to assess the
survival of laboratory animals with lethal doses of CCL4
(400 mg/kg) was evaluated. Animals were randomly divided
into five groups of 10 animals each, in the control group,
5 ml of physiological saline was administered to the rats
intragastrically 5 days before administration of CCl4 and 5
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days after administration of CCl4, and the rest of the group
within 5 days before the introduction of CCl4 and within 5
days after the introduction of CCl4 were introduced extracts
of the northern berries. In the control, the death of 100% of
the animals was observed within 4 days. But, if the rats were
injected with cranberry extract, then the mortality rate during
the observation period was 60%, if the cowberry extract was
administered, then the mortality rate was 70%, and when
using the extract of blueberries, blueberries, and grapes, this
indicator was 40%. That is, when using polyphenolic extracts,
mortality due to CCl4 intoxication in no case was 100% but
ranged between 40% and 70%.
A model of acute but not fatal intoxication was reproduced
by intraperitoneal administration to CCl4 rats at a dose of
300 mg/kg of animal body weight. The studied extracts were
administered intragastrically daily for 5 days before the
introduction of the toxin and 5 days after, as a comparison drug
used hepatoprotector silymarin. In the blood serum, liver damage
indicators — AST, ALT, bilirubin — were determined, and the
effectiveness of the anti-radical action was determined through
the so-called “trolox equivalent antioxidant effectiveness” –
TEAC (Trolox Equivalent Antioxidant Capacity). The activity
of catalase, malondialdehyde, was determined in the liver tissue
homogenate. Morphological changes that occur in the liver
tissue were also described.
It was determined that after administration of
tetrachloromethane to rats, acute toxic active hepatitis
developed in the liver, which was accompanied by an increase
in the activity of aminotransferases and an increase in
the level of total bilirubin, high content of free radicals in
the blood serum, a decrease in catalase, and an increase in
malondialdehyde in the liver tissue, and a picture of acute
hepatitis were morphologically recorded with foci of necrosis.
At the same time, the use of the studied extracts against the
background of acute tetrachloromethane hepatitis, as well as
the silymarin comparison drug, prevented an increase in the
activity of aminotransferases, although it did not significantly
affect the elevated serum bilirubin concentration, limited the
ROS level, increased the level of the enzyme of the catalase
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antioxidant defence system and reduced the level of the product
of peroxidation of malondialdehyde in the liver tissue. When
experimental animals are injected with grape or northern berry
extracts, some correction occurs in the pathomorphological
picture of liver tissue, similar to the effect of the standard
hepatoprotector silymarin.
In the pathogenesis of acute toxic liver damage, oxidative
stress is of great importance [13]. One of the possible mechanisms
of the revealed hepatoprotective effect of polyphenols of grapes,
blueberries, blueberries, cranberries, and lingonberries is to
increase the protective function of the liver and kidney cells due
to the antioxidant and cytoprotective effects of the anthocyanins
and flavonoids that make up the extracts.
The liver fibrosis model was also induced by the relatively
long-term administration of low doses of CCl4. The studied
polyphenolic concentrates and the reference preparation were
administered daily intragastrically utilising a probe for 14
days. It was found that the extracts to some extent prevented
the development of hepatomegaly, reduced the level of AST,
ALT, reduced the concentration of triglycerides and total
cholesterol, which in total can be regarded as a therapeutic
effect in liver fibrosis. The hepatoprotective effect of the
extracts was accompanied by an obvious anti-inflammatory
effect, manifested in a decrease in the concentration of
inflammatory biomarkers (IL-6, TNF-α, and IFN-γ) in the blood
and a decrease in the expression level of the cyclooxygenase
gene (COX-2 mRNA). The mechanism of such hepatoprotective
action can be considered the antioxidant effect revealed in this
experiment, which manifests itself in a decrease in the level of
lipid peroxidation (in malondialdehyde) and an increase in the
expression level of the superoxide dismutase gene (Cu / Zn-SOD
mRNA and Mn-SOD mRNA) of the catalase gene (CAT mRNA).
In all tests, the advantage of grape and blueberry extract was
noticeable.
For grape and blueberry extracts, an additional study was
conducted on another model of intoxication – cardiomyopathy,
which occurs when high doses of doxorubicin are administered.
Evidence for a cardiomyopathy model was provided by an
increase in AST levels as well as data from light and electron
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microscopy. In this model, we were able to establish the
cardioprotective effect of grape and blueberry extract when
administered within 7 days after doxorubicin injection. The
protective effect of the extracts was manifested in a decrease in
the level of the AST cytolytic enzyme, restoration of the level
of previously reduced haemoglobin, a decrease in the severity
of vacuole and ischemic dystrophy of myocardial tissue, the
disappearance of fragmentation of cardiomyocytes under light
microscopy, and normalization of the ultrastructure of blood
capillaries and cardiomyocytes after toxic effects of electron
doxorubicin. At the same time, in the same model, it was found
that blueberry extract limits the development of oxidative stress
and significantly limits the increase in the level of free radicals
in rat blood plasma when exposed to doxorubicin.
The effects obtained by us on the described models of
intoxication give reason to talk about the protective effect of
polyphenolic extracts, cytoprotective, or organ protective.
Since diabetes mellitus belongs to the category of ageassociated pathology and at the same time it is known that
oxidative stress plays a significant role in the pathophysiology
of the disease [14], diabetes models served as a platform for
studying the likely effect of northern berry extracts.
It is generally accepted that alloxan-induced pancreatic
damage models insulin-dependent type I diabetes. Regarding the
mechanism of action of alloxan, it is known that many authors
call the formation of hydroxyl radicals one of the main causes of
toxic damage to ß cells by alloxan [15, 16].
A study of the likely antihyperglycemic activity of grape and
northern berry extracts was carried out on a model of type I
diabetes caused by alloxan in male Wistar rats. It was determined
that with a 5-day course of administration of the extracts under
the conditions of this model, all the studied extracts exhibit
sufficiently pronounced hypoglycemic properties (for the
bilberry extract, there was no statistically significant difference
with the control, only a tendency to a decrease in glycemic level
was revealed). The most significant decrease in blood glucose
was obtained using grape, cranberry, and blueberry extracts.
When conducting the d-ROMs Test on this model, we found that
diabetes is accompanied by judging by an increase in the level
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of free radicals (D-ROMs test) by oxidative stress, although the
decrease in the level of antioxidant activity is not so noticeable
(PAT test). All tested polyphenolic extracts to one degree or
another increase the level of antioxidant activity and reduce the
level of free radicals in the blood plasma of rats with a model of
diabetes mellitus. This circumstance gives us reason to assume,
firstly, the participation of the lipid peroxidation system, as
the main supplier of free radicals and the antioxidant defence
system in the pathophysiological processes of diabetes mellitus,
and, secondly, the participation of the antiradical effect and
the prooxidant effect of grape and northern berry extracts in
hypoglycemic effect on this model.
Histological results indicate that in the liver tissue of rats
with a diabetes model under the influence of extracts, some
changes occur, indicating the course of recovery processes, the
regeneration, and protection of the tissue from damage by the
toxin, which is alloxan. Morphological studies in this fragment
of the work demonstrate that the administration of extracts
of northern berries to rats with a diabetes mellitus model has a
beneficial effect on β-cell regeneration in the damaged pancreas.
It is believed that a β-cell can regenerate by replication of preexisting β-cells or regeneration from stem cells and progenitor
cells inside or outside the islet [17]. The regenerative effect of
polyphenolic extracts on β-cells can be associated with their
antioxidant potential.
The antidiabetic effect of resveratrol is described. The
antihyperglycemic effects of resveratrol are believed to be the
result of the enhanced activity of the glucose transporter in the
cytoplasmic membrane. Studies in rats with diabetes caused
by streptozotocin showed that the expression of the insulindependent glucose transporter, GLUT4, increases after taking
resveratrol, in addition, resveratrol increases adiponectin levels,
which may be one of the potential mechanisms for increasing
insulin sensitivity [18]. A hypoglycemic effect of blueberries
anthocyanins was shown in a model of diabetes similar to our
model of diabetes against the background of a diet with an excess
of fats and carbohydrates [19], suppression of adipogenesis and
stimulation of lipolysis were established [20].
For polyphenolic extracts of grapes of Kazakhstan selection
and polyphenolic extracts of these berries of West Siberian
220

origin, we first demonstrated the possibility of a hypoglycemic
effect, combined with anti-inflammatory effect and correction
of lipid metabolism, for the first time based on experimental data
it was assumed that the basis of these effects is a suppression of
oxidative stress.
Thus, the results of a comprehensive study of the polyphenolic
extracts of Cabernet Sauvignon grapes of Kazakhstani selection
and wild berries of North-Western Siberia, cranberries,
lingonberries, blueberries, and blueberries, carried out in this
work, allow us to conclude that the hypothesis of the possible
presence of an “anti-age” action can be considered proven.
The first thesis of the hypothesis of anti-ageing potential
of extracts of dark-coloured berries is justified in vitro (the
polyphenolic component composition of grape, cranberry,
lingonberry, blueberry, and blueberry extracts determines the
possibility of an antiradical antioxidant effect, both in cell
culture and in the body)
The second thesis: the antiradical – antioxidant effect of
the extracts is realized in the cytoprotective effect and, most
importantly, in the effect of suppressing the manifestations of
oxidative stress.
The third thesis: reducing the risk of age-associated diseases
is ensured by correcting the pathophysiological processes
associated with oxidative stress and chronic inflammation,
which is proved in models of diabetes, osteoporosis and obesity,
hepatopathy, cardiomyopathy.
The probability of reducing the risk of age-associated
pathology when using extracts of grapes, cranberries,
cranberries, blueberries, and blueberries can be considered a
manifestation of an anti-ageing effect.
The polyphenolic extract of grapes and blueberries can become
the prototype of the drug, and on its basis, the development
of anti-ageing drugs is promising. Polyphenolic extracts of
dark-coloured berries of grapes, cranberries, lingonberries,
blueberries, and blueberries can be considered as the basis for
biologically active food additives or functional foods.
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Conclusion
In general, we believe that a new scientific discipline,
nutrigerontology, which studies the influence of nutrients,
food, the ratio of macronutrients and eating habits, can help
achieve the grandiose goal of healthy ageing and longevity, not
burdened by age-related diseases.
Of course, this goal also implies the use of a strategy to avoid
all factors that contribute to ageing, and of course, the use of a
strategy for finding products whose components can help delay
the ageing process.
The information on polyphenolic compounds and
concentrates of polyphenols from dietary berries presented
above demonstrates that, as natural components, polyphenols
of grapes and northern berries can have anti-SASP and/or
senolytic activity.
Although considerable work is still required to study the
efficacy and toxicity of the polyphenolic components of food, a
significant degree of benefits provided by natural polyphenolic
concentrates is already evident, more and more evidence is
accumulating that nutritional approaches to nutrition, as a
means of reducing the risk of age-associated pathology, are
being obtained the acceptable degree of evidence.
Further plans for clinical trials of polyphenol concentrates
will form the essence of our team’s further work in the field of
anti-age pharmacology.
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CHAPTER 8. MINIMALLY INVASIVE THERMAL
ABLATION OF TUMOURS: PRESENT AND FUTURE
PERSPECTIVES
Daniele Tosi, Sanzhar Korganbayev,
Zhannat Ashikbayeva, Madina Jelbuldina
Introduction
The medical and technological advances in minimally
invasive techniques have provided an alternative to surgical
resection, and other invasive technologies, for cancer care
[1], [2]. An important range of mini-invasive treatments for
tumours is represented by thermal ablation (TA) [3], which uses
temperature (high or low) as a physical driver to damage cancer
cells after a tumour has been diagnosed and localized [4].
The goal of TA is to use electromagnetic energy, and a mini
mally invasive applicator (usually percutaneous, endoscopic, or
external) positioned relative to the tumour location, to deliver
a spatially selective heat field in the tissue [1]–[4]. Cell death
is a function of thermal dosimetry, which accounts for the
absolute value of the temperature and the duration of exposure
in each location [5], [6]. Temperature values higher than 4244 C are cytotoxic, while a one-minute exposure to 52 °C is
considered a reference value for high cell mortality. For rapid
ablation phenomena, like most of the procedures included in
this chapter, the threshold condition for cell mortality is 60 °C,
whereas cells death is nearly instantaneous due to coagulation
[5]. Conversely, temperatures up to 100-120 °C are considered
to be safe for the tissue.
The three main TA procedures make use of electromagnetic
waves at a different wavelength with a percutaneous applicator.
Radiofrequency ablation (RFA) makes use of a low-frequency
(450 kHz) generator coupled into a percutaneous device with
electrodes mounted on the tip(s) [7]–[9]. In RFA, the tissue acts
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as a resistor, dissipating the power induced by the difference
of potential between the electrode on the tip(s), and a passive
electrode usually mounted on the patient’s spine. RFA can
provide treatment of hepatic tumours [7] and breast cancer [8],
among others, and is an efficient treatment for mid-sized solid
tumours, whereas the tissue impedance falls in the 70-150.
Microwave ablation (MWA) operates around 2.4 GHz, and the
applicator serves as a transmission line that delivers an electric
field to the tissue, which in turn acts as a near-field antenna [10],
[11]. When the tissue impedance is matched with the applicator
characteristic impedance, we achieve the maximum efficiency of
MWA. Overall, MWA is more suited than RFA in treating larger
solid tumours because the tissue impedance is more stable when
the temperature is changing; in both cases, treatments can be
performed in few minutes [11].
Laser ablation (LA) uses a mid-power solid-state laser or fibre
laser, coupled into a large-core optical fibre serving as light
delivery, and placed in contact with the tissue [12]–[14]. Usually,
LA is performed around 1060 nm, and it is appreciated for the
mini-invasive form factor of the fibre used for delivery [13]. LA
is used often for thyroid and brain tumour treatments, and its
performance is substantially dependent upon the absorption
coefficient of the tissue [14].
The two alternative methods to RFA, MWA, and LA are a
high-intensity focused ultrasound (HIFU) which makes use of
an array-shaped applicator for ultrasound [15], and cryoablation
which uses cold temperature to freeze the tumour cells [16].
In modern treatments, it has become increasingly important
to improve the efficiency and the repeatability of the treatment,
by ensuring that the tumour has been treated on its entire
shape, and also improving the effectiveness of the treatment
by mitigating the tissue properties. For this reason, two key
enabling technologies are becoming predominant in modern
TA: (1) fibre optic sensors, which provide real-time detection
of the temperature fields in situ and therefore can estimate the
amount of treated tissue [17]; (2) nanoparticles introduced in
situ, which can mediate the thermal treatment by stabilizing
and modifying the thermal, electrical, and optical properties of
the tissue and increase the size of treatable tumours [18].
226

In this chapter, we will outline the main contributions
carried out by the authors at Nazarbayev University / National
Laboratory Astana in the field of thermal ablation [17]–[20]. In
Sect. 2, we will review the TA methods and their implementation;
in Sect. 3 we will discuss fibre-optic sensors and their role in
detecting the temperature in real-time; in Sect. 4 we will discuss
the role of magnetic nanoparticles in enhancing the effects of
RFA and MWA; finally, in Sect. 5 we will discuss the perspective
towards future TA procedures.
Minimally invasive thermal therapies for tumour removal
Thermal ablation is a general term encompassing minimally
invasive techniques used to treat benign and malignant
tumours by locally applying extreme (low or high) temperatures
to destruct cancer cells. Minimally invasive thermal ablation
techniques employ various kinds of physical energy and can be
classified into five categories as follow: radiofrequency ablation
(RFA), laser ablation (LA), microwave ablation (MWA), highintensity focused ultrasound (HIFU), and cryoablation. These
methods are summarized in a schematic diagram shown in
Figure 8.1.

Fig. 8.1 – Minimally invasive thermal treatments for tumour
removal: laser ablation (LA), microwave ablation (MWA),
radiofrequency ablation (RFA), high intensity focused ultrasound
(HIFU) and cryoablation. Image from [19].
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The main advantages of minimally-invasive thermal therapies over surgical procedures are in minimizing the physical
trauma to the patient, avoiding postoperative complications,
and reducing the demand for general anaesthesia [4]. Moreover,
such therapies allow for better cosmetic outcomes, reduced mortality, morbidity, hospital stay, cost, and, in general, improved
quality of life for cancer patients.
In delivering high-temperature thermal therapy, most
devices are used to generate target temperatures typically
over 48–50 °C up to 95–100 °C. Temperatures above 60 °C cause
irreversible damage and coagulation of critical cellular proteins,
tissue structural components, and the vasculature leading to
immediate tissue destruction [21]. The duration of thermal
exposure varies, depending upon the type of heating modality,
target location and dimensions, temperature distributions, and
treatment strategy.
While multiple techniques provide hyperthermia therapy,
they all rely on several physical principles on delivering heat
energy to the body:
(i) Thermal conduction of heat, which flows from higher to
lower temperature at a rate dependent on the thermal gradient
and thermal properties of all contacting material.
(ii) Resistive or dielectric losses from an applied
electromagnetic (EM) field. At radio frequencies below 20 MHz,
an electric potential difference between inserted and surface
contacting electrodes creates an electric current. The amount of
induced heat is defined by Joule law and is proportional to the
tissue impedance and the electric current: P = I2R.
(iii) Mechanical losses due to molecular oscillations induced
by an applied ultrasound (US) acoustic wave.
Below are considered the main thermal ablation procedures,
their physical principles, and applications in cancer treatment.
Radiofrequency ablation
Percutaneous radiofrequency ablation (RFA) system
comprises two electrodes: a percutaneous metal rod that is
directly placed into the target tissue, and the grounding pad
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positioned on the patient’s skin. RF generator, operating
typically below 1 MHz, generates an electric field between two
electrodes. The mechanism of tissue heating with RFA is based
on resistive energy loss due to impedance of the biological tissue.
This resistive heating leads to temperature increase and the
following coagulative necrosis. RFA is most widely applied for
the treatment of hepatic malignancies but has also demonstrated
promising results in the removal of breast, kidney, and lung
tumours [22], [23]. A major strength of the RFA technique is the
feasibility of adapting the geometry of the electrode to the shape
of the tumour, as well as the use of multi-probes to increase the
ablation area [9].
Laser ablation
In laser ablation temperature elevation is achieved through
the absorption of laser light guided by a thin optical fibre that
is placed in contact with the target tissue [12]. A portion of
the light that is absorbed by the tissue induces thermal injury
which, under certain conditions, will result in tumour necrosis.
The amount of thermal damage during such therapy is defined
by the optical properties of the target tissue [24], as well as
the laser parameters, such as type of fibre applicator, laser
wavelength, and power. Diode laser (laser wavelength 980 nm)
and Nd:YAG laser (working at 1064 nm) are commonly used
for the hyperthermia application [19]. Clinical application of
laser ablation includes treatment of hepatic tumour [12], breast
carcinoma [25], benign prostatic hyperplasia, and cancer of the
pancreas. In addition, modern LA systems can be incorporated
with MRI and US tools to improve the safety and efficacy of
the procedure through tumour localization, targeting, and
monitoring of the ablation [26].
Microwave ablation
Microwave ablation (MWA) relies on the use of electromagnetic
energy in the range of 900–2500 MHz to maintain lethal
hyperthermia conditions; the energy is delivered to the target
region through a percutaneous antenna. The electric field
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oscillations induce rotative motions of water dipole molecules,
which in turn, cause the rise of the tissue temperature, leading
to irreversible cell damage.
The heat propagation mechanism during MWA does not rely
on conduction or impedance of the tissue, which makes this
technique suitable for the treatment of bone, and generally,
more attractive than LA and RFA [27]. Moreover, modern
technology allows integration of mechanisms of control into the
ablation system: thermal control, field control, and wavelength
control, that serve the goal of achieving a more reproducible
and controlled ablation [11]. Reports show utilizing MWA for
the treatment of liver and renal tumours, and some data are also
available about lung and pancreatic cancer [28], [29].
High-Intensity Focused Ultrasound
High-intensity focused ultrasound (HIFU) is often
considered as a non-invasive ablative therapy. During HIFU,
an ultrasound (US) beam generated by a piezoelectric crystal
propagates through tissue as a high-energy acoustic wave [30].
HIFU transducers operate typically in the range of 0.2 MHz to
3.5 MHz and deliver ultrasound energy with power densities
in the range of 100–10000 W·cm-2 to the focal region. Such
short but high-intensity pulses induce temperature increase up
to 60–95 °C within a few seconds without damaging adjacent
tissues [30], [31]. The predominant mechanism of coagulative
necrosis is thermal, i.e. conversion of acoustic energy into heat.
In addition to the thermal mechanism, cell death can be achieved
through non-thermal effects, known as (boiling) histotripsy.
For histotripsy, very short (micro- or millisecond long)
acoustic pulses of high intensity (>5 times as high compared
to thermal ablation) force bubbles in the tissue to oscillate and,
subsequently, burst, causing mechanical damage to tissues at a
subcellular level [31]. Currently, HIFU is used for the ablation
of tumours in the liver, prostate, breast, and kidney, and benign
thyroid nodules [32].
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Cryoablation
In contrast to high-temperature thermal ablation techniques,
cryoablation provides the destruction of a tumour by freezing.
It has been used for cancers of the retina, skin, prostate, kidney,
liver, breast, lung, and bone [33]. This technique utilizes
liquefied cryogenic gases (e.g., argon) injected inside the
cryoprobe. There is a small chamber at the end of the cryoprobe;
under low pressure inside the chamber, the gas undergoes
adiabatic expansion, resulting in a temperature drop to as low
as –160°C and the formation of an iceball around the probe tip.
Cell death is associated with cellular dehydration, as freezing
of extracellular medium causes an osmotic gradient, cell
shrinkage, and distortion of the plasma membrane [34]. During
the thaw, the intracellular compartment becomes hypertonic,
and fluid shift causes the cell to burst [34]. Cell mortality occurs
–40°C and –20°C, and studies show that this temperature needs
to persist to 10 mm beyond the tumour boundary [35].
Fibre-optic sensors and their role in temperature
detection in real-time
Recently, different sensing technologies were developed for
temperature measurement during minimally invasive thermal
ablation treatments, which were discussed in the previous
section. The most frequently used technologies are thermocouple
(TC), imaging (infrared imaging, computed tomography), and
different variations of fibre optic sensors (FOS) [19].
Thermocouples consist of two metallic wires forming
electrical junctions at different temperatures, they are accurate
(~1°C), cheap and have short response time (less than 1 s) [36].
However, the main disadvantages of thermocouples are the
following:
1) Point measurement at the tip of the electrode, where the
temperature is maximum, does not allow temperature profile
measurement at the edge of the tumour, which is essential to
guarantee effective ablation treatment [37].
2) The large size and cabling footprint for TC that can reduce
and change shape ablation pattern [38][13].
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3) MRI or radiation can cause heat absorption and related
temperature overestimation error [13].
The next approach for temperature measurement during
ablation is non-invasive: using ultrasound, computed
tomography, or magnetic resonance imaging. For these methods,
measurements are based on the analysis of images of temperaturedependent tissue properties. The main disadvantages of this
approach are lack of accuracy and the necessity of the line of
sight to the tumour for precise measurement [39].
Another widespread technique is fibre optic sensing (FOS)
that has significant advantages over previously discussed
sensing methods. The main types of fibre optic sensors: extrinsic
or hybrid (sensing takes place outside of fibre) and intrinsic or
“all-fibre” sensors (sensing within a fibre). In other words, the
second type relies on the properties of the fibre to transform
an environmental action to modulation of spectrum passing
through it (altering power, phase, polarization or guided modes)
[17], [40], [41].
According to Kersey [40], Udd and Spillman [41], optic
sensors offer considerable advantages such as EMI immunity,
electrically passive operation, multiplexing capabilities, high
sensitivity and capability to measure in high temperatures,
large bandwidth, small size and lightweight [41]–[44],
environmental ruggedness. Therefore, the all-passive dielectric
approach of optic sensors can be used in medical applications
due to the electrical isolation of patients and biocompatibility,
according to the ISO 10993 [45] standard in use by Food and
Drug Administration and the European Union. Another main
advantage of fibre sensors is the fact that they can be embedded
in different materials with minimal effect on the properties of
the material.
One of the most interesting properties of FOS is the possibility
to enclose a plurality of sensing elements in the same fibre, that
allows measuring temperature (or strain) maps or profiles in
space and time [46], [47]. There are two main approaches for
spatially distributed sensing of different physical parameters:
(1) set of spatially resolved sensing elements on the same fibre
each having specific properties, and (2) distributed sensing,
that does not have specifically fabricated sensing elements, but
the whole fibre acts as a sensor.
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Fibre Bragg gratings
One of the most popular technology for fibre sensing is fibre
Bragg grating (FBG), type of optical fibre which has periodic
index modulation profile of the core which can be produced
by exposing it to UV radiation [48]. When broadband light is
injected into a Bragg grating fibre, a narrowband spectral
component is reflected by the grating at a specific wavelength,
called Bragg wavelength λВ (FBG acts as wavelength-selective
notch filter) [49]. The main principle of FBG is the fact that
external environment changes (strain, temperature, etc.) cause
a shift of Bragg wavelength (with constant sensitivity ~10
pm/°C), that can be analyzed to measure temperature along the
grating. Moreover, since the FBG reflection spectrum occupies
only a narrow wavelength range, an array of multiple FBGs can
be fabricated on the same fibre, each having different Bragg
wavelengths, hence proving wavelength division multiplexing
(WDM) property. For example, Figure 8.2 shows the results of
the experiment when an array of five FBGs were used to measure
temperature during RF ablation. FBG array parameters are the
following: grating length equal to 0.5 cm, 1 FBG/cm sensing
capacity, and 1.8 nm between each peak [37].

Figure 8.2 – Application of FBG array (five FBGs) during RF
(heating and cooling stages); spectra on the chart after every 20 s of
application. Image from [19].
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Chirped fibre Bragg gratings
Another type of FOS is chirped Bragg grating (CFBG), which
has index modulation of the core with non-constant period and
behaves as a continuous array or cascade of FBGs, each one
having Bragg wavelength that depends on temperature and/or
strain (Figure 8.3) [47]. Effect of different temperature profiles
on the CFBG spectrum shown in Figure 8.4. As a result, it is
possible to measure temperature with CFBG spectrum analysis,
which is not performed with the peak detection method (which is
used for uniform FBGs), but with the CFBG spectrum modelling
and consequent reconstruction algorithm discussed in detail in
[50], [51]. Thus, CFBG allows a short-length distributed sensing
with sub-millimetre spatial resolution, which is extremely
important for biomedical applications, mechanical engineering,
and shock wave analysis.

Figure 8.3 – Schematic of CFBG and its behaviour as a cascade
of FBGs: (a) index modulation of the core with a linearly increasing
period; (b) CFBG discretization into M uniform FBGs, each having
specific Bragg wavelength, λВ,i. Image from [52].
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Figure 8.4 – Simulation of different temperature profiles and their
effect on CFBG spectra: (a) temperature profiles along a 50-mm long
CFBG; (b) model of temperature profiles affect on CFBG reflection
spectra. Each profile is displayed with the same colour in the two charts.
Image from [52].

Distributed sensing
The next approach of OFS is distributed sensing based
on optical frequency-domain reflectometry (OFDR), which
measures the Rayleigh backscattering pattern of standard
fibre [53]. As a result, there is no need in an inscription of
any gratings, that significantly reduces the cost of the sensor
(standard single-mode fibres are extremely cheap), but the
cost of the OFDR interrogator is high ($50-120k) [19]. OFDR
performance is limited by a trade-off between accuracy, spatial
resolution, scanning rate, and sensing length. For real-time
temperature measurement OFDR was used in [54], achieving 1
Hz rate, 0.5°C accuracy, and 0.2 mm spatial resolution.
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Fluorescence-based sensors
The next type of FOS is fluorescence-based sensors,
incorporated in optical fibres, that measure fluorescence decay
time of phosphor materials (alexandrite, thulium, ruby),
from which measuring parameters (temperature or strain)
are obtained [55], [56]. Fluorescence sensing consists of two
steps: (1) light excitation of the sensing element, and (2) time
measurement of exponential decay after the excitation, which
time constant depends on the temperature. Approximate cost of
fluorescence probes about $100. A fluoroptic sensor proposed
in [57] has been widely used in different thermal ablation
procedures since 1995.
The role of magnetic nanoparticles in enhancing the effects of
RFA and MWA
The combination of nanoparticles with the thermal ablation
procedure has tremendous potential in overcoming the existing
limitations in conventional treatment therapies. The drawbacks
of current treatment techniques are in the failure of dealing
with the tumour of size higher than 2-3 cm, and difficulties
in the differentiation of damaged cancerous and healthy cells.
Radiofrequency ablation (RFA) and Microwave ablation (MWA)
both actuate the death of cancerous cells via coagulation necrosis
by elevating heat. Nowadays, nanoparticle assisted therapy
in combination with RFA and MWA techniques gaining great
research interest. Nanoparticles are the colloidal particles with
the unique optical and magnetic properties due to their small
size and high surface to volume ratio with dimension varying
between 1 nm and 100 nm. Nanoparticles can be categorized
depending on the size, morphology, physical, chemical
properties, and classified as carbon-based nanoparticles, metal
nanoparticles, ceramic nanoparticles, polymeric nanoparticles,
semiconductor nanoparticles, and lipid-based nanoparticles
[58]. Moreover, nanoparticles can vary in shape and classified as
spherical nanoparticles, nanocomposites, nanoshells, nanorods,
and carbon nanotubes, as illustrated in Figure 8.5.
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Figure 8.5 – Different types of nanomaterials for biomedical
applications.

Among various types of nanoparticles developed for the
biomedical application, magnetic nanoparticles gain great
attention in the thermal ablation therapy due to the ability to
generate heat locally by absorbing the Near-Infrared Light
(NIR) when submitted to the external magnetic field [59].
The nanoparticles can be designed to have superparamagnetic
properties that are superior in the quick reorientation of
the magnetic moment, leading to losing power to heat the
surrounding tissue when the frequency and strength of the
magnetic field change. Superparamagnetism occurs in singledomain magnetic particles with size ranging from 3-50 nm
and found application in drug and gene delivery, local thermal
therapy, and magnetic resonance imaging (MRI) [60], [61], [62].
Superparamagnetic particles have zero coercively and have
no hysteresis because of the strong thermal fluctuations leading
to the spontaneous demagnetization of a previously saturated
assembly. Hence, nanoparticles are magnetic when the external
magnet is present and can return to a nonmagnetic state when
the external magnet is removed. This property allows utilizing
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the magnetic nanoparticles in biological tissue by controlling
the behaviour of the particles in the presence and absence of
nanoparticles [63].
The possibility of surface modification of magnetic
nanoparticles by polymers, ligands, DNAs, antibodies,
aptamers, and other functional groups provides an opportunity
to bind specifically and selectively to the targeted region and
induce the heat. A general procedure for the radiofrequency
thermal ablation combined with nanomaterials consists of the
following stages: binding of nanoparticles with cancer tumour,
validation of attachment, and application of heat to the specific
region by applying external electromagnetic field [64]. The
schematic representation of the combination of nanoparticles in
thermal therapy is illustrated in Figure 8.6.

Figure 8.6 – Combination of nanomaterials with thermal therapy
heat sources.

Iron oxide magnetic nanoparticles are mostly preferred to
use in the biomedical purposes, because of the high magnetic
moment density, about 220 emu/g and biocompatibility
compared to nickel and cobalt magnetic nanoparticles that are
known as toxic and susceptible to oxidation [63].
Iron oxide nanoparticles are the most widely used magnetic
nanomaterial that differentiated by its structure as -Fe2O3
(hematite), -Fe2O3, (maghemite), and Fe3O4 (magnetite)
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crystalline polymorphs [65]. However, only magnetite and
maghemite materials found use in magnetic thermal therapy
because of the possibility of exhibiting the ferrimagnetism
properties at room temperature [66]. The generation of heat
by magnetic nanoparticles is governed by the Neel relaxation
mechanism and/or Brownian motion of the particles, which are
a rotation of the magnetic moment within a nanoparticle or of
the entire nanoparticle within its surroundings, respectively.
The magnetic moment of a particle changes orientation to align
in parallel with the applied alternating magnetic field. And
when the particle moment returns to its equilibrium position,
the magnetic energy dissipates as thermal energy [67], [68],
[69].
The main factor in estimating the rate of heat dissipated in
tissue is called the specific absorption rate (SAR). The specific
absorption rate is proportional to temperature elevation and
defined as the electromagnetic energy absorption rate by a unit
mass of biological material. The value of SAR is estimated,
according to Equation 1 [69], [67].

SAR = ∆ T · 32λ
c·R

(1)

where, ∆ T – required temperature increase, λ – thermal
conductivity of the tissue, c – concentration of nanoparticles,
R – radius of the spherical tumour.
The first pioneering work in the investigation of heat increase
by 140 C in three minutes when RFA applied using iron oxide
magnetic nanoparticles was performed by Gilchrist et al. in
1957 on dog’s lymph nodes [70].
Hilger et al. 2001 demonstrated the effect of magnetic
nanoparticle size on the SAR value during the breast cancer
treatment on mice, and the highest value reached the 211 W/g at
10 nm size, while 80 W/g achieved with 80 nm size nanoparticle.
The highest temperature value was 79 0C at the tumour centre
when mice were exposed 242 seconds to an alternating magnetic
field with the range of frequency at 400 kHz and the amplitude
at 6.5 kA/m [71].
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Further investigation of thermal therapy of breast cancer
by Hilger et al. 2005 was carried out utilizing the magnetites
and maghemite coated with dextran with core size 10 nm. The
experimental work showed the increase of temperature up to
71 0C at the tumour centre at 400 kHz frequency range and the
amplitude at 6.5 kA/m. The research demonstrated the necessity
of inadequate heat distribution within the tumour eliminating
the underdosing at the periphery region [72].
The nanoparticle assisted thermal ablation of prostate cancer
was investigated by Johannsen et al. 2005 using the particles
of size 15 nm and presented the cytotoxic effect with maximum
temperature value over 70 0C at an applied alternating current
magnetic field strength of 18 kA/m [73].
Kettering and coworkers 2007 demonstrated the importance
of nanoparticles’ core size by comparing the heating effects
of starch coated particles with core size 3-5 nm and 8-11 nm.
This research showed that a good heating process possesses
to the nanoparticles of size 8-11 nm at frequency 400 kHz
and amplitude 24.6kA m−1 for the thermal ablation of breast
carcinoma BT-474 cells and the temperature can increase by the
higher concentration of nanoparticles [74].
The effect of nanoparticles’ concentration on heat increase
was also investigated by Garcıa – Jimeno et al 2012 during the
microwave ablation. The research showed that a temperatureinduced for more than 56 0 C at a ferrofluid concentration of 13.2
mg/mL, while the reference phantom with the concentration of
0 mg/ml was only of ≈ 21 0C [75].
Jordan and coworkers 2005 evaluated the effect of nanoparticle coatings on the heating elevation of RG-2-cells in the brains
of 120 male rats. The nanoparticles were carboxydextran – coated and aminosilane – coated MFL with an average core diameter
of 15 nm. The study showed that different coatings could have
various heating behaviour of the tumour. A stable interstitial
deposition followed by a homogeneous distribution within the
tumour tissue after the heating process was displayed when
aminosilane -coated particles were employed with the temperature increase between 43 °C and 47 °C depending on the applied
magnetic field strength [76].
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In the Laboratory of Biosensors and Bioinstruments at National Laboratory Astana, an experimental study was carried
out that demonstrated the positive effect of nanoparticles on
the heat propagation and extension of the lethal region during
radiofrequency ablation of the liver phantom. To the best of our
knowledge, this is the first study that aims at thermal profiling
in situ for an RF treatment enhanced by nanoparticles. Thermal
ablation was performed with a percutaneous applicator connected to an RF generator, and the optic fibre-based sensor setup was
arranged to measure temperature distribution inside the biological tissue. The results also show the effectiveness of FBG (Fiber
Bragg grating) sensors to measure the temperature profiles in
situ to achieve better control of the RFA therapy. Thermal maps
(temperature as a function of space and time) shown in Figure
8.7 demonstrate the increase of temperature by 40% and the extension of the ablated region by about 18% due to the presence
of nanoparticles [77].

Figure 8.7 – The thermal map of Nanoparticle assisted RFA
ablation.
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To sum up, nanoparticles are a widely investigated research
area offering advantages in enhancing the temperature
over the 700C during the Radiofrequency and Microwave
ablation. However, there are still some limitations in the
lack of information on effective nanoparticle delivery to the
targeted region, accurate washout from the body, and uniform
distribution of nanomaterials within the tumour site.
Conclusions and future perspectives
In conclusion, the work carried out by the authors at National
Laboratory Astana (NLA), particularly in the LIFESTART
project, opens important avenues for the improvement of cancer
thermo-therapies through minimally invasive treatment, and
using advanced technologies for sensing and for altering the
properties of the tissue under treatment.
The future aspects that will be considered a point in the
direction of the so-called “smart thermal ablation”, which
brings technological aspects into the therapy in a closed-loop
format, as sketched in Fig. 8.8. The key is to use sensors,
both distributed (DTS – distributed temperature sensors) and
reflection based sensors such as FBGs connected to a white light
setup (WLS) to render temperature and intra-tissue pressure at
the sensing point. By using real-time sensing, it is possible to
modulate the power delivered by the RF or microwave generator
and to dynamically alter the shape of the electrodes through
micro-actuators.
Overall, future outcomes are largely dependent on
the integration of sensing, imaging, and nanomaterials
technologies. The work carried out by the authors shows the
premises for significant advancement in the field of thermotherapies for cancer treatment, providing a framework for
reducing the invasiveness of the procedures.
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Figure 8.8 – Sketch of mini-invasive smart thermal ablation; image
from [37].

References

1. S. N. Goldberg, “Radiofrequency tumour ablation: principles
and techniques,” in Multi-Treatment Modalities of Liver Tumours,
Springer, 2002, pp. 87–118.
2. M. Ahmed, C. L. Brace, F. T. Lee Jr, and S. N. Goldberg,
“Principles of and advances in percutaneous ablation,” Radiology, vol.
258, no. 2, pp. 351–369, 2011.
3. M. Lepetit-Coiffé et al., “Real-time monitoring of
radiofrequency ablation of liver tumours using thermal-dose
calculation by MR temperature imaging: initial results in nine
patients, including follow-up,” Eur. Radiol., vol. 20, no. 1, pp. 193–
201, 2010.
4. S. N. Goldberg et al., “Image-guided tumour ablation:
standardization of terminology and reporting criteria,” Radiology,
vol. 235, no. 3, pp. 728–739, 2005.
5. S. A. Sapareto and W. C. Dewey, “Thermal dose determination
in cancer therapy,” Int. J. Radiat. Oncol. Biol. Phys., vol. 10, no. 6, pp.
787–800, 1984.
6. S. A. Sapareto, “Thermal isoeffect dose: addressing the
problem of thermotolerance,” Int. J. Hyperth., vol. 3, no. 4, pp. 297–
305, 1987.
243

7. S. A. Curley et al., “Radiofrequency ablation of unresectable
primary and metastatic hepatic malignancies: results in 123 patients,”
Ann. Surg., vol. 230, no. 1, p. 1, 1999.
8. M. van den Bosch, B. Daniel, V. Rieke, K. Butts‐Pauly, E.
Kermit, and S. Jeffrey, “MRI‐guided radiofrequency ablation of breast
cancer: Preliminary clinical experience,” J. Magn. Reson. Imaging An
Off. J. Int. Soc. Magn. Reson. Med., vol. 27, no. 1, pp. 204–208, 2008.
9. P. L. Pereira et al., “Radiofrequency ablation: in vivo
comparison of four commercially available devices in pig livers,”
Radiology, vol. 232, no. 2, pp. 482–490, 2004.
10. K. Demura et al., “An easy-to-use microwave hyperthermia
system combined with spatially resolved MR temperature maps:
phantom and animal studies,” J. Surg. Res., vol. 135, no. 1, pp. 179–
186, 2006.
11. A. M. Ierardi et al., “A new system of microwave ablation at
2450 MHz: preliminary experience,” Updates Surg., vol. 67, no. 1, pp.
39–45, 2015.
12. R. J. Stafford, D. Fuentes, A. A. Elliott, J. S. Weinberg, and
K. Ahrar, “Laser-induced thermal therapy for tumour ablation,” Crit.
Rev. Biomed. Eng., vol. 38, no. 1, 2010.
13. P. Saccomandi, E. Schena, and S. Silvestri, “Techniques for
temperature monitoring during laser-induced thermotherapy: An
overview,” Int. J. Hyperth., vol. 29, no. 7, pp. 609–619, 2013.
14. C. M. Pacella et al., “Thyroid tissue: US-guided percutaneous
interstitial laser ablation—a feasibility study,” Radiology, vol. 217,
no. 3, pp. 673–677, 2000.
15. J. E. Kennedy, “High-intensity focused ultrasound in the
treatment of solid tumours,” Nat. Rev. cancer, vol. 5, no. 4, p. 321,
2005.
16. S. Tatli, M. Acar, K. Tuncali, P. R. Morrison, and S. Silverman,
“Percutaneous cryoablation techniques and clinical applications,”
Diagnostic Interv. Radiol., vol. 16, no. 1, p. 90, 2010.
17. D. Tosi, E. Schena, C. Molardi, and S. Korganbayev, “Fiber
optic sensors for sub-centimeter spatially resolved measurements:
Review and biomedical applications,” Opt. fibre Technol., vol. 43, no.
March, pp. 6–19, 2018.
18. M. Jelbuldina, A. Korobeinyk, S. Korganbayev, D. Tosi,
K. Dukenbayev, and V. J. Inglezakis, “Real-Time Temperature
Monitoring in Liver During Magnetite Nanoparticle-Enhanced
Microwave Ablation With fibre Bragg Grating Sensors: Ex Vivo
Analysis,” IEEE Sens. J., vol. 18, no. 19, pp. 8005–8011, 2018.
244

19. E. Schena, D. Tosi, P. Saccomandi, E. Lewis, and T. Kim, “Fiber
optic sensors for temperature monitoring during thermal treatments:
an overview,” Sensors, vol. 16, no. 7, p. 1144, 2016.
20. A. Beisenova et al., “Multi-fiber distributed thermal profiling
of minimally invasive thermal ablation with scattering-level
multiplexing in MgO-doped fibres,” Biomed. Opt. Express, vol. 10, no.
3, pp. 1282–1296, 2019.
21. K. F. Chu and D. E. Dupuy, “Thermal ablation of tumours:
biological mechanisms and advances in therapy,” Nat. Rev. Cancer,
vol. 14, no. 3, p. 199, 2014.
22. A. Hines-Peralta, V. Sukhatme, M. Regan, S. Signoretti,
Z. Liu, and S. N. Goldberg, “Improved tumour destruction with
arsenic trioxide and radiofrequency ablation in three animal models,”
Radiology, vol. 240, no. 1, pp. 82–89, 2006.
23. D. E. Dupuy et al., “Radiofrequency ablation followed by
conventional radiotherapy for medically inoperable stage I non-small
cell lung cancer,” Chest, vol. 129, no. 3, pp. 738–745, 2006.
24. S. L. Jacques, “Optical properties of biological tissues: a
review,” Phys. Med. Biol., vol. 58, no. 11, p. R37, 2013.
25. S. Van Esser et al., “Ultrasound-guided laser-induced thermal
therapy for small palpable invasive breast carcinomas: a feasibility
study,” Ann. Surg. Oncol., vol. 16, no. 8, p. 2259, 2009.
26. H. Mumtaz et al., “Laser therapy for breast cancer: MR
imaging and histopathologic correlation.,” Radiology, vol. 200, no. 3,
pp. 651–658, 1996.
27. M. G. Lubner, C. L. Brace, J. L. Hinshaw, and F. T. Lee Jr,
“Microwave tumour ablation: mechanism of action, clinical results,
and devices,” J. Vasc. Interv. Radiol., vol. 21, no. 8, pp. S192–S203,
2010.
28. L. J. Higgins and K. Hong, “Renal ablation techniques: state
of the art,” Am. J. Roentgenol., vol. 205, no. 4, pp. 735–741, 2015.
29. S. J. E. Rombouts et al., “Systematic review of innovative
ablative therapies for the treatment of locally advanced pancreatic
cancer,” Br. J. Surg., vol. 102, no. 3, pp. 182–193, 2015.
30. A. C. Schmitz, D. Gianfelice, B. L. Daniel, W. P. T. M. Mali,
and M. Van den Bosch, “Image-guided focused ultrasound ablation of
breast cancer: current status, challenges, and future directions,” Eur.
Radiol., vol. 18, no. 7, pp. 1431–1441, 2008.
31. S. H. Kim, S. E. Jung, H. L. Kim, S. T. Hahn, G. S. Park,
and W. C. Park, “The potential role of dynamic MRI in assessing the
effectiveness of high-intensity focused ultrasound ablation of breast
cancer,” Int. J. Hyperth., vol. 26, no. 6, pp. 594–603, 2010.
245

32. T. J. Dubinsky, C. Cuevas, M. K. Dighe, O. Kolokythas, and
J. H. Hwang, “High-intensity focused ultrasound: current potential
and oncologic applications,” Am. J. Roentgenol., vol. 190, no. 1, pp.
191–199, 2008.
33. M. S. Sabel, “Cryo-immunology: a review of the literature and
proposed mechanisms for stimulatory versus suppressive immune
responses,” Cryobiology, vol. 58, no. 1, pp. 1–11, 2009.
34. J. G. Baust and A. A. Gage, “The molecular basis of
cryosurgery,” BJU Int., vol. 95, no. 9, pp. 1187–1191, 2005.
35. T. Mala, “Cryoablation of liver tumours–a review of
mechanisms, techniques and clinical outcome,” Minim. Invasive Ther.
Allied Technol., vol. 15, no. 1, pp. 9–17, 2006.
36. R. C. G. Martin, C. R. Scoggins, and K. M. McMasters, “Safety
and efficacy of microwave ablation of hepatic tumours: A prospective
review of a 5-year experience,” Ann. Surg. Oncol., vol. 17, no. 1, pp.
171–178, 2010.
37. D. Tosi, E. G. Macchi, and A. Cigada, “Fiber-Optic Temperature
and Pressure Sensors Applied to Radiofrequency Thermal Ablation in
Liver Phantom: Methodology and Experimental Measurements,” J.
Sensors, vol. 2015, pp. 1–22, 2015.
38. E. G. Macchi, M. Gallati, G. Braschi, A. Cigada, and L.
Comolli, “Temperature distribution during RF ablation on ex vivo
liver tissue: IR measurements and simulations,” Heat Mass Transf.
und Stoffuebertragung, vol. 51, no. 5, pp. 611–620, 2015.
39. S. Rossi et al., “Percutaneous Radio-frequency Thermal
Ablation of Nonresectable Hepatocellular Carcinoma after Occlusion
of Tumour Blood Supply,” Radiology, vol. 217, no. 1, pp. 119–126,
2013.
40. A. D. Kersey et al., “Fiber grating sensors,” J. Light. Technol.,
vol. 15, no. 8, pp. 1442–1463, 1997.
41. E. Udd and W. B. Spillman Jr, fibre optic sensors: an
introduction for engineers and scientists. John Wiley & Sons, 2011.
42. C. Cavaiola et al., “Error of a temperature probe for cancer
ablation monitoring caused by respiratory movements: Ex vivo and in
vivo analysis,” IEEE Sens. J., vol. 16, no. 15, pp. 5934–5941, 2016.
43. S. Elayaperumal et al., “Real-Time Estimation of 3-D Needle
Shape and Deflection for MRI-Guided Interventions,” IEEE/ASME
Trans. Mechatronics, vol. 15, no. 6, pp. 906–915, 2010.
44. D. Polito et al., “A Needlelike Probe for Temperature
Monitoring During Laser Ablation Based on fibre Bragg Grating:
Manufacturing and Characterization,” J. Med. Device., vol. 9, no. 4,
p. 041006, 2015.
246

45. A. TO, “Biological evaluation of medical devices-Part 1:
Evaluation and testing within a risk management process.” 2016.
46. X. Bao and L. Chen, “Recent Progress in Distributed fibre
Optic Sensors,” Sensors (Switzerland), vol. 12, no. 7, pp. 8601–8639,
2012.
47. S. Korganbayev et al., “Detection of thermal gradients through
fiber-optic Chirped fibre Bragg Grating (CFBG): Medical thermal
ablation scenario,” Opt. fibre Technol., vol. 41, no. December 2017, pp.
48–55, 2018.
48. T. Erdogan, “Fiber Grating Spectra”, Journal of Lightwave
Technology, vol. 15, no. 8, pp. 1277–1294, August 1997.
49. A. Othonos, K. Kalli, and G. E. Kohnke, “Fiber Bragg gratings:
Fundamentals and applications in telecommunications and sensing,”
Phys. Today, vol. 53, no. 5, p. 61, 2000.
50. D. Tosi et al., “Fiber-optic chirped FBG for distributed thermal
monitoring of ex-vivo radiofrequency ablation of liver,” Biomed. Opt.
Express, vol. 5, no. 6, pp. 1799–1811, 2014.
51. D. Tosi, S. Korganbayev, N. Zhakin, R. Gassino, G. Perrone,
and A. Vallan, “Towards inline spatially resolved temperature sensing
in thermal ablation with chirped fibre Bragg grating,” 2016 IEEE Int.
Symp. Med. Meas. Appl. MeMeA 2016 – Proc., pp. 1–6, 2016.
52. D. Tosi, “Review of chirped fibre bragg grating (CFBG) fiberoptic sensors and their applications,” Sensors (Switzerland), vol. 18,
no. 7, 2018.
53. M. E. Froggatt, D. K. Gifford, S. Kreger, M. Wolfe, and B.
J. Soller, “Characterization of Polarization-Maintaining fibre Using
High-Sensitivity,” J. Light. Technol., vol. 24, no. 11, pp. 4149–4154,
2006.
54. E. G. Macchi et al., “ Optical fibre sensors-based temperature
distribution measurement in ex vivo radiofrequency ablation with
submillimeter resolution ,” J. Biomed. Opt., vol. 19, no. 11, p. 117004,
2014.
55. Z. Zhang, K. T. V. Grattan, and A. W. Palmer, “Fiberoptic high-temperature sensor based on the fluorescence lifetime of
alexandrite,” Rev. Sci. Instrum., vol. 63, no. 8, pp. 3869–3873, 1992.
56. H. Berthou, “Optical-fiber temperature sensor based on
upconversion-excited fluorescence,” vol. 15, no. 19, pp. 1100–1102,
1990.
57. K. A. Wickersheim and M. H. Sun, “Fiberoptic thermometry
and its applications,” J. Microw. Power Electromagn. Energy, vol. 22,
no. 2, pp. 85–94, 1987.
247

58. S. Hasan, “A Review on Nanoparticles : Their Synthesis and
Types,” Res. J. Recent Sci. Res . J . Recent. Sci. Uttar Pradesh ( Lucknow
Campus ), vol. 4, pp. 1–3, 2014.
59. F. Gazeau, M. Lévy, and C. Wilhelm, “Optimizing magnetic
nanoparticle design for nanothermotherapy,” Nanomedicine, vol. 3,
no. 6, pp. 831–844, 2008.
60. Suk Fun Chin, K. Swaminatha Iyer, and C. L. Raston,
Superparamagnetic
core-shell
nanoparticles
for
biomedical
applications, vol. 661, no. 2. 2011.
61. S. Laurent et al., “Magnetic Iron Oxide Nanoparticles:
Synthesis,
Stabilization,
Vectorization,
Physicochemical
Characterizations, and Biological Applications,” Chem. Rev., vol. 108,
no. 6, pp. 2064–2110, 2008.
62. F. M. Kievit and M. Zhang, “Surface engineering of iron oxide
nanoparticles for targeted cancer therapy,” Acc. Chem. Res., vol. 44,
no. 10, pp. 853–862, 2011.
63. A. Akbarzadeh, M. Samiei, and S. Davaran, “Magnetic
nanoparticles: Preparation, physical properties, and applications in
biomedicine,” Nanoscale Res. Lett., vol. 7, pp. 1–13, 2012.
64. C. D. Burford et al., “Nanoparticle mediated thermal ablation
of breast cancer cells using a nanosecond pulsed electric field,” IEEE
Trans. Nanobioscience, vol. 12, no. 2, pp. 112–118, 2013.
65. C. L. Dennis and R. Ivkov, “Physics of heat generation using
magnetic nanoparticles for hyperthermia,” Int. J. Hyperth., vol. 29,
no. 8, pp. 715–729, 2013.
66. W. Wu, Z. Wu, T. Yu, C. Jiang, and W. S. Kim, “Recent
progress on magnetic iron oxide nanoparticles: Synthesis, surface
functional strategies and biomedical applications,” Sci. Technol. Adv.
Mater., vol. 16, no. 2, p. 23501, 2015.
67. S. Dutz and R. Hergt, “Magnetic particle hyperthermia – A
promising tumour therapy?,” Nanotechnology, vol. 25, no. 45, 2014.
68. M. Salloum, R. H. Ma, D. Weeks, and L. Zhu, “Controlling
nanoparticle delivery in magnetic nanoparticle hyperthermia for
cancer treatment: Experimental study in agarose gel,” Int. J. Hyperth.,
vol. 24, no. 4, pp. 337–345, 2008.
69. R. Hergt, S. Dutz, and M. Zeisberger, “Validity limits of the
Néel relaxation model of magnetic nanoparticles for hyperthermia.,”
Nanotechnology, vol. 21, no. 1, p. 015706, 2010.
70. R. K. Gilchrist, R. Medal, W. D. Shorey, R. C. Hanselman,
J. C. Parrott, and C. B. Taylor, “Selective inductive heating of lymph

248

nodes,” Ann. Surg., vol. 146, no. 4, pp. 596–606, 1957.
71. I. Hilger, W. Andrä, R. Hergt, R. Hiergeist, H. Schubert,
and W. A. Kaiser, “Electromagnetic Heating of Breast Tumours in
Interventional Radiology: In Vitro and in Vivo Studies in Human
Cadavers and Mice,” Radiology, vol. 218, no. 2, pp. 570–575, 2001.
72. I. Hilger, R. Hergt, and W. A. Kaiser, “Towards breast cancer
treatment by magnetic heating,” J. Magn. Magn. Mater., vol. 293, no.
1, pp. 314–319, 2005.
73. M. Johannsen et al., “Magnetic fluid hyperthermia (MFH)
reduces prostate cancer growth in the orthotopic Dunning R3327 rat
model,” Prostate, vol. 64, no. 3, pp. 283–292, 2005.
74. M. Kettering et al., “Magnetic nanoparticles as bimodal tools
in magnetically induced labellling and magnetic heating of tumour
cells: An in vitro study,” Nanotechnology, vol. 18, no. 17, 2007.
75. S. García-Jimeno, R. Ortega-Palacios, M. Cepeda-Rubio, A.
Vera, L. Leija, and J. Estelrich, “Improved Thermal Ablation Efficacy
Using Magnetic Nanoparticles: a Study in Tumour Phantoms,” Prog.
Electromagn. Res., vol. 128, no. July 2015, pp. 229–248, 2012.
76. A. Jordan et al., “The effect of thermotherapy using magnetic
nanoparticles on rat malignant glioma,” J. Neurooncol., vol. 78, no. 1,
pp. 7–14, 2006.
77. M. Jelbuldina, A. V. Korobeinyk, S. Korganbayev, V. J.
Inglezakis, and D. Tosi, “Fiber Bragg grating based temperature
profiling in ferromagnetic nanoparticles-enhanced radiofrequency
ablation,” Opt. fibre Technol., vol. 43, no. May, pp. 145–152, 2018.

249

CHAPTER 9. THE EFFECT OF INHIBITORS OF MITOSIS ON
CELL BEHAVIOUR
Sultan Bekbayev, Mereke Suleimenov, Sholpan Kauanova,
Anara Serikbaeva, Ainur Kakpenova, Ivan Vorobjev
Introduction
Microtubules (MTs) are involved in a variety of cellular
processes, such as division, intracellular transport, and cell
migration [1,2]. In living cells, MTs are in equilibrium with a
pool of soluble tubulin. The most important property of MTs
in living cells is their dynamic instability – the plus ends of
MTs are constantly growing (due to tubulin polymerization) or
shortened (due to tubulin depolymerization) when the entire
MT network is in a relatively stable state. MT inhibitors are
substances that interact with tubulin molecules, and stabilize
(taxol and its analogues) or, on the contrary, destabilize MTs
(colchicine and its analogues, vinblastine and its analogues,
etc.). These drugs, used in nanomolar concentrations, do not
lead to a significant change in the MT network, but always
inhibit their dynamic instability [3]. The most significant result
of the application of these drugs is the inhibition of cell division
[4]. Therefore, drugs that inhibit the dynamics of MTs (taxanes
group and vinblastine group) are widely used in the treatment of
various types of cancer [4]. However, the effectiveness of these
drugs (also called mitostatics or mitotic inhibitors) is often
short-term and ends with a relapse of the tumour. In addition,
despite that these drugs are effective against certain tumours,
they are less effective or ineffective at all in other cases [5]. To
answer the question about the reasons for the different levels
of effectiveness of these inhibitors, it is important to study the
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dose-response relationship, which, for these substances, is not
completely understood.
The influence of MT inhibitors leads to a disruption in the
attachment of kinetochores in the mitotic spindle, which, in
turn, activates spindle assembly checkpoint (SAC) preventing
anaphase onset. As a result, inhibition of the dynamics of the
MTs of the mitotic spindle leads to a prolonged arrest of the
cell at the prometaphase or metaphase stage [6]. Such mitotic
arrest results in death during division or mitotic slippage when
the cell goes into interphase without chromosome separation
[6]. Thus, when mitosis arrested, the fate of cancer cells may
be different – death in mitosis, or exit from mitosis without
chromosome segregation and formation of an interphase nucleus
or a multinucleated cell. These outcomes may vary in frequency
when using the same dose of different inhibitors, and depending
on the cell line when treated with the same drug [7].
In addition to their essential role in cell division, MTs play
an important role in regulating the motility of fibroblasts and
many cancer cells [8]. Therefore, even small changes in MT
dynamics can affect cell migration through various mechanisms
[9]. Consequently, MT inhibitors can have a significant effect on
the process of metastasis of malignant tumours [10]. For this
reason, one of the objectives of the current work was to study
the effect of MT inhibitors applied at various concentrations on
cell motility to determine threshold effects too.
Thus, the main goal of this work is to comprehensively study
the effect of the MT inhibitors on the dynamics of MTs as well as
on the cellular processes directly or indirectly regulated by MTs:
cell motility, cell behaviour during mitosis, and the induction
of programmed cell death (apoptosis) during mitotic arrest and
after mitotic slippage. Our studies were conducted on cultured
normal and cancer cells. The main research method was timelapse microscopy of the living cells, which made it possible to
trace the behaviour of individual cells during division and in
case of its alterations.
To investigate the anticancer effects of MT inhibitors most
objectively, we began with a quantitative analysis of the dose-
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dependent effect of anti-MT drugs on the dynamics of plus
ends of MTs in cultured interphase cells and continued with an
analysis of the mitotic arrest and described the behaviour of the
arrested cells.
The effect of microtubule inhibitors on the dynamic
instability of MTs
To study the growth dynamics of MTs, we transfected cells with
the end-binding protein EB-3 conjugated with a red fluorescent
protein (EB3-RFP) that binds exclusively to the growing end of
MTs [11] and analyzed data from the time-lapse experiments
[12]. Using qualitative analysis of the dynamic instability of
MTs in various cell cultures, we determined the upper and lower
thresholds for the effectiveness of inhibitors in suppressing the
dynamics of MT. For this, cells of various cultures (A549, 3T3,
HT-1080, U-118) were temporarily transfected with a plasmid
containing EB-3-RFP and monitored under the fluorescent
microscope. In cells without exposure to inhibitors, MT growth
was clearly visible – comets of EB-3-RFP formed characteristic
tracks in successive frames (Figure 9.1). Under the influence of
MT inhibitors applied in increasing concentrations, the growth
of MTs was suppressed – the growth rate of MTs and the length
of the tracks decreased. For a qualitative assessment, we divided
the effects of suppressing dynamic instability into four groups:
no change; minimum shift; obvious changes; the number of EB3
comets is significantly reduced.
The minimum concentrations of inhibitors, the effect of which
leads to the appearance of visible changes in the dynamics of MTs,
for all cell cultures used were as follows: for nocodazole – 30-50
nM; for taxol – 30-100 nM and vinorelbine – 10-30 nM. These
changes were characterized by the shortening of MT growth
tracks and disruption of the radial nature of the arrangement
of the tracks in the cells. In addition, plus-ends comets were
shortened to some extent and became dimmer. It is important
to note that the minimum effective concentrations of inhibitors
practically coincide with all cultures studied. Concentrations,
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Figure 9.1 – EB-3 comets outlining the growing ends of MTs in HT1080 cells. A – single frame, B – maximal intensity projection (sum of
100 frames) showing tracks formed by growing MT-ends
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when comets became rare and almost motionless, were 3001000 nM for nocodazole; for taxol – 1000-1600 nM, and for
vinorelbine – about 300 nm. Under these conditions, the EB-3
comets were still observed in most cells, but the MT growth
tracks were not detected in successive frames. According to
the results of a qualitative analysis of the dynamics of MTs, we
can say that vinorelbine among these three drugs inhibits the
dynamic instability of MTs at relatively lower concentrations.
For more accurate quantitative assessment of MT growth, we
investigated the dispersion of the growth rate in individual cells.
In 11 groups of 3T3 cells (taken on different days), the growth
rate of MTs was analyzed. The average rate of MT elongation
ranged from 13.3 ± 2.2 to 25.1 ± 2.2 μm / min, and even within
the group of cells examined on the same day, there was a spread
in average rates of more than 2.5 times. However, for individual
cells, the difference in the average growth rate of MTs obtained
by repeated measurement with an interval of 1-2 hours was less
than 2%. Thus, using measurements in the same cells before
and after treatment with inhibitors, we were able to quantify
minor changes in the behaviour of MTs.
In the concentration range between the lower (no changes)
and upper (no growth of MTs at all) limits, the average growth
rate of MTs gradually decreased. Quantitative analysis showed
that at the threshold level (30 nM for nocodazole and taxol
and 10 nM for vinorelbine) when the track length decreases
significantly, the MT growth rate decreased to 97% for taxol
and up to 90% for vinorelbine and nocodazole (i.e. compared to
control). A significant slowdown in the growth rate of MTs (by
more than 30%) was observed upon exposure to nocodazole at
the concentration of 100 nM, for taxol at concentrations of 100300 nM, and vinorelbine at the concentration of 30 nM.
Thus, there is a rather narrow (approximately tenfold)
range of concentrations of MT inhibitors, when the growth of
MTs in interphase cells slows down significantly but still does
not stop completely. In addition, our results showed that the
quantitative analysis of changes in MT dynamics under the
influence of various drugs under conditions when MT growth
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does not stop completely requires a quantitative assessment
of repeated observations of the same cells, before and after
incubation with the drug, and the use of large samples (hundreds
of measurements) to obtain statistically significant differences.
The effect of microtubule inhibitors on the motility of
fibroblasts and cancer cells
The “wound healing assay” method is the gold standard for
determining cell motility on a flat substrate. In the literature,
there are conflicting data on the effect of MT inhibitors on
cell motility, but in most cases, studies relate to a single, preselected concentration. Therefore, the first stage of our studies
of the effect of MT inhibitors on cell motility was carried out
on 3T3 fibroblasts, and the concentration of each drug varied
from 1 nM to 300 nM. We showed that the cells move into the
experimental wound asynchronously, which is why the contour
of the wound edge becomes rugged (Figure 9.2). After 10-12
hours, individual cells detach from the monolayer and randomly
migrate to the wound area (Figure 9.2, E-F). Cells in the control

Figure 9.2 – Sequential frames from the movie illustrating the
healing of an experimental wound

255

move out into the experimental wound almost uniformly for
6-10 hours at an average speed of about 7 microns/hour. Doses
of 1-3 nM of any of the three inhibitors do not affect cell speed,
and for a concentration of 6 nM, the effect of a decrease in speed
was observed but was not statistically significant.
With the addition of 10 nM nocodazole, vinorelbine,
or taxol, the rate of wound healing was significantly
reduced compared to the control. In the range of inhibitor
concentrations from 10 to 100 nM, the effect depended on the
concentration of each MT inhibitor. At the concentration of
10 nM, taxol had the greatest effect, and at the concentration
of 30 nM, the effect of all three inhibitors was similar, but
at the concentration of 50 nM, vinorelbine had the greatest
effect. In the range from 100 nM to 300 nM, the effect of all
three inhibitors was almost the same – the rate decreased by
4 times for nocodazole and vinorelbine, and 3 times for taxol.
At the higher concentrations of all three inhibitors, the rate
of wound healing did not change further.
Based on these data, and comparing them with the results
of experiments to determine the dose-dependent effect of MT
inhibitors on the dynamic instability of MTs, we concluded that
suppression of the mobility of murine immortalized fibroblasts
generally correlates with the inhibition of MT growth.
Our observations show that the main contribution to the
suppression of cell motility does not require MT depolymerization,
which can be observed when exposed to high concentrations of
nocodazole or vinorelbine, but the suppression of the dynamics
of the MT plus ends is sufficient. In particular, the effect of
taxol is mainly associated with the redistribution of MTs as a
result of their stabilization, but not with their disassembly.
Marked inhibition of cell motility under the action of taxol
manifests itself starting from a concentration of 50-100 nM,
which coincides with the suppression of the dynamic instability
of MTs. Thus, inhibition of cell motility is due to a slowdown
in the dynamic instability of MTs and does not depend on the
specific molecular mechanism of the interaction of inhibitors
with tubulin.
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Nocodazole and taxol at the concentration of 30 nM
significantly slow down cell migration, as well as vinorelbine.
All three inhibitors show an S-shaped dose-response curve
(Figure 9.3). Comparing the effect of various inhibitors, it
should be noted that at the high concentrations (50-300 nM)
taxol was less effective than nocodazole and vinorelbine, while
in the concentration range of 6-10 nM the effect of taxol was
most noticeable.
A comparison of the three drugs on different cell lines shows
that vinorelbine is more effective than taxol and nocodazole.

Figure 9.3 – A – The effect of nocodazole, taxol, and vinorelbine on
3T3 fibroblast motility. The X-axis is given on a logarithmic scale. B –
linear regression analysis of the concentration-dependent cell motility
for the same three drugs

Mitotic arrest induced by MT inhibitors has a moderate effect
on the inhibition of cell growth of normal and cancer cells
It is usually assumed that the anticancer effect of MT drugs
is due to a mitotic arrest followed by cell death. However, the
frequency of cell death after arresting the division is studied
poorly. In particular, the question remains unclear whether cell
death after mitotic arrest depends on the concentration of the
inhibitor. Moreover, after mitotic arrest caused by prolonged
treatment with anti-MT drugs, the cells show large differences
in behaviour, and often exit mitosis without chromosome
segregation, maintaining their viability [7]. Therefore, we
257

addressed the question of the relationship between mitotic
arrest and cell viability in more detail.
The threshold (minimal) concentration for mitotic arrest for
each drug (nocodazole, taxol, vinorelbine) was as follows: for
3T3 cells, 3 nM, 3 nM and 0.3-1 nM; for HaCaT – 3 nM, 0.3 nM,
nM; for HT1080 – 30 nM, 3 nM, 3 nM; for A549 – 1 nM, 30 nM,
0.3 nM; and for U-118, 3 nM, 10 nM, 1 nM, respectively. It was
found that cells often can avoid death by exiting the mitotic phase
and entering the interphase without chromosome separation
(undergoing mitotic slippage). This type of behaviour prevailed
in our experiments at concentrations well above the threshold
level required to stop mitotic progression in all cell types. Some
cells had been retained at the mitotic stage for 30-48 hours did
not die, and could then go into interphase without chromosome
separation. The frequency of mitotic slippage is highly
dependent on the type of cells. Successful escape into interphase
(mitotic slippage) was rarely accompanied by apoptosis.
Using the MTT test, we set the threshold concentrations
for each MT inhibitor when cell proliferation was slowed down
at least 50% from the control level within 72 hours. For 3T3,
such inhibition of cell growth was achieved at the following
concentrations: 300 nM for nocodazole, 100-300 nM for taxol,
100 nM for vinorelbine; for HaCaT cells 100 nM for nocodazole,
10 nM for taxol, 10 nM for vinorelbine; for A549 cells <100
nM for nocodazole, 30 nM-100 nM for taxol, 30 nM-100 nM
for vinorelbine; for HT1080 100 nM for nocodazole, 10 nM for
taxol, 3 nM for vinorelbine; for U118 > 1000 nM for nocodazole,
30 nM for taxol, 1 nM for vinorelbine. Since the doses needed
to inhibit the growth of the cell mass significantly were higher
than the doses sufficient to cause mitotic arrest, we calculated
the ratio between the two concentrations. These ratios for each
inhibitor and tissue culture were as follows (indicated in the
order of nocodazole, taxol, vinorelbine, the concentration of
each substance is given in nM): 3T3 -> 100, 30-100, 100-300;
HaCaT -> 30, 30, 3; A549 -> 100, 1-3, 100-300; HT1080 -> 3, 3,
1; U-118 -> 300, 3, 1. Thus, the threshold dose inducing mitotic
block is usually ten times smaller than the dose effectively
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inhibiting cell growth, except for vinorelbine in the cases of
HT1080 and U118 cells and taxol in the case of A549 cells.
Considering the differences obtained, we were able to assume
that not all cells blocked in mitosis die, but many of them survive
at least 72 hours. To analyze this phenomenon in more detail, we
conducted prolonged live-cell microscopic studies.
Mitotic slippage is a major outcome of mitotic arrest for cells
treated with microtubule inhibitors at high concentrations
The next step was the live-cell study of the fate of mitotic cells
of cancer and normal lines under the influence of MT inhibitors
(nocodazole, taxol, vinorelbine) for 72 hours, in a wide range of
doses – from 0.03 to 3000 nM.
It turned out that all types of cells show similar dosedependent results for dividing cells and for each drug used. With
an increase in inhibitor concentration, the cells entering mitosis
underwent the following changes: (1) at low concentrations, a
normal division occurred (subthreshold dose of the inhibitor), (2)
starting from a certain concentration of each inhibitor, a bipolar
division occurred with a significant delay in time (first threshold
dose T1), (3) in parallel with the delay in a number of cells,
abnormal (asymmetric, multipolar and/or incomplete) divisions
occurred, (4) finally, higher concentrations of inhibitors caused
prolonged arrest in mitosis, resulting in mitotic slippage or cell
death in mitosis (Figure 9.4). The specific doses in which each
individual fate dominated depended on the cell line and the
drug. Under the action of all drugs at maximal concentrations,
3T3 cells showed a minimal delay in mitosis (about 5-10 hours),
and cancer cells remained arrested in mitosis much longer (up to
20-30 hours). Overall the maximum duration of mitotic arrest
rarely exceeded 20-30 hours, regardless of whether arrested
cells died in mitosis or escaped into interphase undergoing
mitotic slippage.
Rieder and Maiato have shown that disturbance of the mitotic
spindle by MT inhibitors results in prolonged arrest in mitosis
[6]. However, the degree of spindle disturbance may depend
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on the concentration of the inhibitor. Therefore, we wondered
whether the duration of mitotic arrest also depends on the
concentration of the inhibitor. We have shown that for many cell
lines, there is a second threshold concentration (T2, indicated
by the arrow in Figure 9.5). Till this concentration, the duration
of mitotic arrest increases along with the concentration of the
inhibitor, and above the T2 concentration, the duration of
mitotic arrest remains unchanged. Upon incubation of cells
with inhibitors at the concentrations of T2 and higher, three
possible outcomes were observed: transition to the interphase
after mitotic slippage followed by survival; death after mitotic
slippage; or death in mitosis (Figure 9.6). It should also be noted
that, for some cell lines, with an increase in the concentration of
inhibitors, death in mitosis became the most frequent outcome.

Figure 9.4 – Types of mitotic cell behaviour observed under anti-MT
drugs. A. Normal division. B. Delayed division. C. Abnormal division.
D. Mitotic slippage. E. Death in mitosis. Time in minutes after mitosis
had started is given in each frame. Bar 20 um.
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Figure 9.5 – Duration of mitosis and mitotic arrest depending on
the concentration of inhibitor in A549 cells. Over a wide range of doses
(Noc – nocodazole, Tax – taxol, Vin – vinorelbine), the duration of
mitotic cell arrest varies slightly

Figure 9.6 – Profile of the fates of mitotic cells of the A549
line. Starting with 100 nM nocodazole and taxol, and with 30 nM
vinorelbine, we observed the wide range of concentrations with similar
outcomes

Mitotic slippage is the most common cell behaviour in a wide
range of inhibitor concentrations (nocodazole: 100-1000 nM;
taxol: 10-1000 nM; vinorelbine: 3-1000 nM). It always occurred
after a prolonged mitotic arrest (over 5-15 hours) and often led to
the formation of multinucleated cells. Previously, the formation
of cells with multiple micronuclei after mitotic slippage has
been described for taxol treatment [13]. In addition to this, we
found that multinucleated cells also are formed after abnormal
division with incomplete (reversible) cytokinesis. In addition,
we showed that incubation with nocodazole or vinorelbine also
leads to the formation of multinucleated cells.
261

Sometimes, at high concentrations of all inhibitors, cells
after mitotic slippage may form one large nucleus. Most cells
after mitotic slippage induced by the treatment with moderate
concentrations of inhibitors (in the range of 30-300 nM) remained
alive for the next 48 hours. At the highest concentrations of MT
inhibitors tested (1-3 μM), prolonged survival could be observed
for some cell cultures, but death after mitotic slippage and death
in mitosis became more frequent outcomes.
Thus, cultured cells after irreversible mitotic arrest induced
by various MT inhibitors mainly enter the interphase, forming
multinucleated cells and survive for a rather long time. The fate
of mitotic cells is only partially specified in relation to the type
and concentration of the drug.
Inhibitors of MT dynamics cause similar result in
a wide range of doses
For each cell line and for each drug we determined (i)
the minimum mitostatic concentration (MMC), (ii) LD50
concentration, and for most cell cultures (iii) the concentration
of LD90. At MMC, 50% or more of the cells are delayed in mitosis
for a long period of time – an average of 3-5 times compared
with the normal division. At LD50, at least half of the arrested
cells die in mitosis or shortly after mitotic slippage. Typically,
LD50 is 3-30 times higher than MMC.
LD90 is the dose at which more than 90% of the cells die in
mitosis. The ratio between LD90 and LD50 concentrations is
usually 10-30 times. At the same time, two cell lines deviate
from the general trend: HaCaT cells were the most sensitive
line to taxol and vinorelbine; PC-3 cells were the most resistant
line, where cell death after arrest in mitosis was practically not
observed. For the PC-3 line, we could not even reach the LD50
level in our experiments.
Previously indirect observations have shown that under the
action of anti-MT drugs, the death of cells arrested in mitosis can
occur by the apoptotic mechanism [13]. However, a considerable
number of authors claim the existence of alternative pathways
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for cell death that has been arrested in mitosis for a prolonged
time: the so-called mitotic catastrophe combines several possible
mechanisms of cell death [14]. For this reason, we decided to
investigate the kinetics of death and to follow under direct
observation the sequence of events in the process of cell death
under the influence of inhibitors of MT dynamics. For this, the
cells were stained with a mitochondrial-membrane-potentialdependent TMRE dye and sensor for activated caspases 3 and 7.
It turned out that cell death at LD50 and higher doses always
proceeded through the pathway characteristic to apoptosis [15].
The death began with cell blebbing, followed by permeabilization
of the outer membrane of the mitochondria (MOMP) and
followed by activation of executive caspases 3/7. All of the
aforementioned events occurred similarly for cells that died
during mitosis or after mitotic slippage (Figure 9.7).

Figure 9.7 – The sequence of events during apoptosis of the cell
arrested in mitosis. The red line is the intensity of TMRE (an indicator
of mitochondrial potential), the green line is the signal from the caspase
sensor. The X-axis is time in minutes

Cell blebbing was the starting point for the onset of apoptosis,
permeabilization of the outer mitochondrial membrane (MOMP)
usually took place about an hour after the beginning of blebbing.
It was then followed by the activation of executive caspases 3/7.
The time difference between MOMP and caspase 3/7 activation
was 1-2.5 hours. These time intervals, determined for the A549
cell line, were independent of the type of microtubule inhibitor
and its concentration (above T2).
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The time interval from entering into mitosis to the onset of
blebbing, which characterizes the initial stages of apoptosis,
was two-folds longer for cells that died after mitotic slippage
than for cells that died during mitotic arrest.
If we consider the effects globally, between two threshold
doses, MMC and LD90, cell lines similarly respond to drugs: the
percentage of cells that undergo mitotic slippage with further
survival, death in mitosis, and death after slippage do not
change significantly over a wide range of drug concentrations.
Thus, we conclude that anti-MT drugs cause effective mitotic
arrest; however, significant cell death (LD90) for most cancer
cell lines is achieved by MT inhibitors at concentrations that
exceed the therapeutic doses.
Discussion
Cancer is an age-related disease and has a detrimental effect
on life expectancy [16]. Therefore, the improvement of cancer
treatment methods is one of the main challenges of modern
medicine. The most widely used treatments are currently
chemotherapeutic ones. Anticancer drugs, with effect based
on inhibition of MT dynamics, have been successfully used to
treat a wide range of cancers [4]. Anti-MT drugs directly bind
to the binding sites of colchicine, vinca alkaloids, and taxol
on tubulin molecules, which leads to disturbances in the MT
formation followed by the defects in the formation of the mitotic
spindle, intracellular transport, cell morphology, spreading
and motility. The main consequence of the treatment with MT
inhibitors is a violation of the function of the mitotic spindle,
which leads to prolonged mitotic arrest [17]. Initially, it was
assumed that mitotic arrest leads to cell death, but later studies,
including present work, showed that this is not the case. Many
cells arrested in mitosis do not die, but enters the subsequent
interphase without chromosome separation, thus forming
polyploid cells with one or several nuclei.
The high toxicity of chemotherapy and the development
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of resistance in patients led to the idea of revising the
chemotherapy treatment strategy: reducing doses of drugs
and the use of combination therapy [18]. Some authors report
that cell migration is more sensitive to MT-inhibiting drugs
than to cell proliferation in endothelial cells [19]. Our
observations of cell proliferative activity, cell migration, and
direct analysis of MT dynamics have allowed us to compare
the effect of MT inhibitors on cancer and normal cell lines.
In addition, we compared normal cell lines (primary human
fibroblasts, mouse fibroblasts, and human keratinocytes) with
human tumour cells such as A549 (lung carcinoma), HT1080
(fibrosarcoma), U118 (glioma), PC-3 (prostate cancer), and
U-2OS (osteosarcoma).
Our results revealed that the effect of anti-MT drugs on
cell motility and cell division is similar for tumour and normal
cells. This is especially true for nocodazole. On the other hand,
all the studied cancer cell lines showed at least 10 times higher
sensitivity during mitosis to vinorelbine and taxol than normal
cell lines. Thus, for vinorelbine and taxol, the first threshold
concentration for cancer cells was lower than for normal
line. However, under these conditions, in all cultures, cells
arrested in mitosis often proceeded into interphase without
chromosome separation, as a result of mitotic slippage. This
effect has been described previously [20], but its dependence on
the concentration of MT inhibitors has not been studied. Our
studies confirm that mitotic slippage is observed in a wide range
of doses – up to micromolar concentrations of MT inhibitors.
Therefore, it can be assumed that the treatment with anti-MT
drugs can only slow down the proliferation of tumour cells, but
is not very effective for their elimination. Relatively frequent
mitotic slippage can be a source of formation of aneuploid and
polyploid cells, which is of great potential danger from cancer
relapse.
During the analysis of the fate of mitotic cells under the
influence of MT inhibitors, we found that there is a threshold
concentration for cells that have remained in mitosis for a
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prolonged time. At these concentrations, the outcome of mitosis
maybe death or slippage. We suggest that cancer cells in the
human body may also become resistant to drugs through mitotic
slippage.
We also analyzed the effect of MT inhibitors on the migration
of cancer cells and normal fibroblasts. For cancer cell lines
A549, HT1080, and U118, a concentration of up to 1 μM of all
inhibitors can reduce the migration rate by several times, except
taxol, which completely inhibits the migration of HT1080 cells.
For comparison, the normal migration of 3T3 fibroblasts can
be completely inhibited at a concentration of anti-MT drugs of
about 1 μM. The nature of the curve indicates that there is a
saturation effect for both normal and cancer cells when a further
increase in the inhibitor concentration does not slow down the
movement of cells.
Summarizing all dose-dependent effect of MT inhibitors,
we see that the minimum concentration, where the first signs
of suppression of MT growth appear, revealed by analysis of
EB3-RFP transfected cells, corresponds to the concentration
where we observe a significant effect of these inhibitors on the
motility of cells. In addition, this concentration corresponds
to the minimum mitostatic concentration, where there is an
accumulation of cells in metaphase followed by division with a
significant delay (minimal mitostatic concentration – MMC).
A further increase in the concentration from MMC to T2, or
LD50, usually occurs in a narrow range of drug concentrations,
when the growth of MTs is significantly inhibited, but still does
not stop. In this range, the maximum diversity of mitotic cell
behaviour in each culture is observed. At the concentrations
of inhibitors above T2, when no normal division occurs, only
two fates are observed: either the death of the cell in mitosis
or the survival of the cell as a result of mitotic slippage. In the
wide range of doses higher than T2, the main outcome, and a
possible cause of resistance, is mitotic slippage. In respect to
cell motility, this dose spectrum corresponds to concentrations
where the cell velocity along the substrate decreased by 4 times
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for nocodazole and vinorelbine, and 3 times for taxol – and did
not depend on a further increase in their concentrations. Thus,
we conclude that a certain correlation is observed between
changes in the behaviour of interphase and mitotic cells as a
result of the alteration of MT dynamics.
We also found that, despite the increase in the number
of dying cells along with an increase in the concentration of
inhibitor, even beyond the therapeutic concentrations of these
inhibitors, we do not observe the death of a significant part of
the cell population. More than that, some cells that remain alive
after exiting the mitotic state and spreading do not die for a
long time (more than a day), and can re-enter the next division.
For this reason, we suggest that the concentration range where
mitotic slippage was observed as the main outcome of mitosis
is an important therapeutic target for further study of the
synergistic effect of the combination of anti-MT drugs with
drugs that induce apoptosis in interphase cells.
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