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Preface

Pharmacogenetics is the study of the effects of individual genetics on drug responses. 
Many studies have investigated the impact of gene variation on the pharmacokinetics 
and pharmacodynamics of different drugs. This book provides an overview of the 
current state of the pharmacological genetic aspects of these treatments. It also dis-
cusses drugs with genetic information to support product labeling, clinical guidelines, 
and significant mechanical effects. At this point, clinically relevant genetic variation 
in drug-metabolizing enzymes may inform the dosage of certain drugs metabolized 
in the liver. In addition, genetic variation in immune genes can be tested to assess the 
risk of serious hypersensitivity reactions to certain drugs.

Pharmacogenetic studies mainly focus on the difference in pharmacokinetic 
parameters after drug administration. It involves clinical investigation of different 
genes and the effect on biotransformation of drugs to metabolites, for example, 
tricyclic antidepressants are metabolized at different rates in different populations. 
Most drugs used to treat neurological and psychiatric diseases are metabolized 
by the liver. Many genes encoding phase I (oxidation) and phase II (combined) 
drug-metabolizing enzymes contain genetic polymorphisms that are known to 
affect their metabolic activity. In addition, the transport proteins expressed in the 
liver and the function of the blood-brain barrier change the distribution of certain 
drugs, thereby changing the pharmacokinetic properties. Genetic polymorphisms 
occurring in drug receptors or other biological targets are thought to be responsible 
for some of the observed variances in response and tolerance to treatment. For 
neurological and psychiatric conditions, this may include variations affecting the 
expression of the target receptor, the structure of the receptor, the arrangement 
of substances, and neurotransmitters and second messenger pathways. Contrary 
to the preceding discussion on the pharmacological genetics of drug metabolism, 
very few drugs currently have genetic markers relevant to pharmacodynamics 
that are included in product labels or clinical guidelines. Current examples include 
individuals with immune system genes associated with hypersensitivity risk as well 
as gene variants associated with inborn errors of metabolism. Although rare, these 
are clinically important risk factors associated with life-threatening outcomes from 
some antiepileptic drugs. In addition, numerous studies have been performed to 
identify and characterize genetic variants related to pharmacodynamics. This book 
highlights some examples of the impact of pharmacogenetics on different diseases 
and the use of in silico model for deep understanding.

Islam A. Khalil
Pharmaceutics Department,

College of Pharmacy,
Misr University for Science and Technology,

Giza, Egypt
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Chapter 1

Introductory Chapter: 
Pharmacogenetics
Islam A. Khalil

1. Introduction

Pharmacogenetics is the study of how individual genetics affect drug responses. 
Many studies investigated the impact of gene variation on the pharmacokinetic and 
pharmacodynamic of different drugs. This chapter gives an overview of the cur-
rent state of the pharmacological genetic aspects of these treatments. Drugs with 
genetic information to support product labeling, clinical guidelines, or significant 
mechanical effects are discussed. At this point, clinically relevant genetic variation 
in drug-metabolizing enzymes may reveal the dosage of certain drugs metabolized 
in the liver. In addition, genetic variation in immune genes can be tested to assess 
the risk of serious hypersensitivity reactions to certain drugs.

2. Pharmacogenetics and pharmacokinetics

Pharmacogenetic studies mainly focus on the difference in pharmacokinetic 
parameters after drug administration. These involve clinical investigation of 
different genes and their effect on biotransformation of drugs to metabolites; for 
example, tricyclic antidepressants were metabolized in different rates in different 
populations [1]. Most drugs used to treat neurological and psychiatric diseases are 
metabolized by the liver. Many genes encoding phase 1 (oxidation) and phase 2 
(combined) drug-metabolizing enzymes contain genetic polymorphisms, which 
are known to affect their metabolic activity. In addition, the pharmacokinetic pro-
file of certain drugs is highly affected by transport proteins that allow the absorp-
tion and distribution. These proteins are mainly expressed in hepatic tissue and 
in blood–brain barrier. The most common biotransformation enzymes are cyto-
chrome P450 (Phase 1), glucuronidase, and catechol/thiopurine methyltransferase 
(Phase 2). Furthermore, different neurological drugs are affected by transporters, 
such as P-glycoprotein.

Genetic variation in drug metabolism can alter the biotransformation of a 
particular drug and can occur due to a combination of inherited alleles from each 
parent. The results of the functioning of various combinations of drug-metaboliz-
ing enzyme alleles may vary slightly depending on the characteristics of the muta-
tion (e.g., fully inactivated enzyme, altered enzyme expression), but are generally 
maximal. Five categories are considered clinically relevant: (1) low- or no-enzyme 
activity, (2) medium-enzyme activity (reduced enzyme activity between normal 
and poor enzyme), (3) normal-enzyme activity (genetically unchanged enzyme 
activity), (4) fast-enzyme activity (with less increased enzyme activity compared 
to normal one), and (5) highly fast-enzyme activity (compared to fast-enzyme 
activity) [2].
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Figure 1. 
Number of publications—PubMed citations (http://www.ncbi.nlm.nih.gov/pubmed) by date using the 
keyword “pharmacogenetics,” “pharmacogenomics,” or “clinical pharmacogenetics.”

3. Pharmacogenetics and pharmacodynamics

Genetic polymorphisms occurring in drug receptors or other biological targets 
are thought to be responsible for some of the observed variances in response and 
tolerance to treatment. For neurological and psychiatric conditions, this may 
include variations affecting the expression of the target receptor, the structure of 
the receptor, the arrangement of substance neurotransmitters, and second mes-
senger pathways. Beside the pharmacokinetic variation due to biotransformation, 
the pharmacodynamics of few drugs are mainly affected by genetic markers that are 
mentioned in the clinical guidelines. Three famous examples showing the effect of 
pharmacodynamic-related genes are hypersensitivity risks related to immunological 
genes, inborn metabolism variations due to gene variants, and antiepileptic drugs 
associated with life-threatening consequences. In addition, numerous studies have 
been performed to identify and characterize genetic variants related to pharmaco-
dynamics. In many cases, these signs may also be related to the risk of an underlying 
disease or illness. A simple example is the biopharmaceutical aspects of hypersensi-
tivity reactions [3].

4. Personalizing medicine

Personalized medicine was recognized in the early nineteenth century by Sir 
William Osler who studied the variation in drug responses among individuals. 
This concept evolved over years genomic information have been incorporated into 
patient’s clinical diagnosis and treatment. The major areas of applied research in 
this field involve identifying the genetic basis of common diseases, studying how 
genes and the environment interact to cause human disease, and using pharmaco-
genetic biomarkers to facilitate more effective drug therapy. Pharmacogenetics has 
become one of the leading and potentially most actionable areas of the personalized 
medicine paradigm, as evidenced by the increased availability of clinical pharma-
cogenetic testing among Clinical Laboratory Improvement Amendments-approved 
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laboratories over the past few years. Moreover, the literature in pharmacogenetic 
studies over the past decade (Figure 1) has proved exponential growth beside FDA 
acknowledgement. A significant increase was observed starting from 2000 with 55 
publications till 2020 with 498 publications. Furthermore, the term personalized 
medicine (Figure 1) was also used from 2000 with 7 publications till 2020 with 
3009 publications (Figure 2) [4].

In conclusion, pharmacogenetics and personalized medicine showed a rapid 
growth over years with a great intention to apply the knowledge gained in clinical 
practice. Important genetic associations have been identified between variant geno-
types and drug response phenotypes that encouraged the FDA to revise drug labels 
to include relevant pharmacological genetic information and recommendations for 
some certain drugs. However, despite the availability of pharmacological genetic 
tests from Clinical Laboratory Improvement Amendments-approved laboratories, 
physician implementation of pharmacological genetic investigation has been 
unsatisfactory, maybe due to lack of awareness or inadequate professional guidance 
and limited coverage of testing coverage. Therefore, selected pharmacogenetic 
examples have been accepted into clinical practice and several others are currently 
being evaluated in randomized controlled trials.

Figure 2. 
Number of publications—PubMed citations (http://www.ncbi.nlm.nih.gov/pubmed) by date using the 
keyword “personalized medicine.”
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Chapter 2

Integrated Role of Nanotechnology 
and Pharmacogenetics in 
Diagnosis and Treatment of 
Diseases
Ruchi Chawla, Varsha Rani, Mohini Mishra  
and Krishan Kumar

Abstract

“One size fits all” is an erroneous paradigm in drug delivery, due to side  
effects/adverse effects and variability observed in drug response. The variability 
is a result of geneotypic variations (variability in genomic constitution) which is 
studied in the branch of science called Pharmacogenomics. The variability in drug 
response is studied by multigene analysis or profiling of whole-genome single 
nucleotide polymorphism (SNP) and is recorded in terms of the pharmacokinetic 
(absorption, distribution, metabolism and elimination) and pharmacodynamic 
(drug-receptor interaction, immune response, etc.) response of the drug. Therefore, 
a foray into this research area can provide valuable information for designing of 
drug therapies, identifying disease etiology, therapeutic targets and biomarkers for 
application in treatment and diagnosis of diseases. Lately, with the integration of 
pharmacogenomics and nanotechnology, a new facade for the diagnosis and treat-
ment of diseases has opened up, and the prescription pattern of drugs has moved 
to pharmacotyping (individualized dose and dosage-form adjusted therapy) using 
nanoplatforms like nanobioconjugates, nanotheranostics, etc.

Keywords: Genome, Personalized, nanotheranostics, Genotyping, Nanomedicines

1. Introduction

By the end of 1950s, pharmacogenetics had become a more established approach 
for the treatment of diseases. The term ‘pharmacogenetics’ was coined in the year 
1959 by Vogel [1] and can be understood as the scientific study of variation in the 
response of drugs due to heredity of individuals [2]. Though introduced quite early, 
pharmacogenomics caught attention in the year 1997, with advancement in the 
science of gene cloning and genome sequencing it was used in conjunction with 
pharmacogenetics [1]. However, the history of pharmacogenetics can be traced 
back to 510 B.C. when Pythagoras recognized the dangers of ingesting fava beans 
that resulted in fatal reaction in some individuals, and later on the reaction was 
attributed to the deficiency of G6PD in those individuals [3]. Establishment of the 
rules of heredity by Mendel in 1866 further shaped this field of research alongside 
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publication of Garrod named “Inborn Errors of Metabolism”. Other studies which 
further supported the science of pharmacogenetics include occurrence of unusual 
reactions to drugs on the basis of biochemical individuality studied by JBS Haldane, 
inborn variation in individuals for phenylthiocarbamide, atropine esterase activity 
in rabbits and occurrence of hemolytic disease in American soldiers of only African 
descent upon administration of the drug primaquine [3, 4]. Genetic deficiency of 
butyryl-cholinesterase (which resulted in death of individuals upon administration 
of succinylcholine injection for anesthesia) and N-acetyltransferase (responsible 
for metabolism of the drug isoniazid) further supported the concept of pharmaco-
genetics [4]. Further investigations also indicated presence of genetic differences 
at the level of human populations in addition to that of individuals. For example, 
Africans and Chinese have been found to be slow metabolizers for debrisoquine 
than Europeans and there is absence of alcohol metabolizing capacity in East Asians 
[4]. Knowledge of pharmacogenetics has thus given a new dimension to diagnosis, 
wherein physicians can individualize treatment for each patient, thereby producing 
better therapeutic response to therapy.

Genes play a vital role in the metabolism of many drugs; cytochromes P450 rep-
resent a major family of genes which are involved in regulation of metabolism of the 
drugs. Cytochromes P450 CYP3A4, CYP2C9, CYP2C19, and CYP2D6 are encoded 
by different genes and play a significant role in metabolism. A major fraction of the 
population lacks either of CYP2D6 or CYP2C19 because of the presence of inacti-
vating genetic polymorphisms [1, 5]. Mere appearance of these inactive forms of 
variant alleles brings about the absence of activity affecting the metabolism of cer-
tain drugs metabolized by these enzymes. On the other side, a fraction of popula-
tion have been found to have higher CYP2C19 or CYP2D6 activity than the normal, 
and are termed as ultrarapid metabolizers [6, 7]. Phase II metabolism involves 
conjugation reactions with sulphate, methyl, or glucuronic acid groups which are 
aided by certain enzymes and presence or absence of these enzymes affect Phase II 
metabolic reactions. For instance, it has been reported that polymorphism affects 
methylation of drug mercaptopurine (~0.3% of population lacks thiopurine meth-
yltransferase) [8]. Certain genetic polymorphisms also cause structural alterations 
in drug targets apart from drug metabolism. Specific receptors on the surface of 
cells, enzymes, ion channels or transporters can be construed as drug targets. The 
gene VKORC1, encodes for Vitamin K epoxide reductase to which warfarin and 
other coumarin anticoagulants bind and has shown to exhibit extensive genetic 
polymorphism thus affecting drug response. This enzyme regulates regeneration 
of reduced vitamin K during the blood coagulation process [9]. Besides, indication 
of variation in drug metabolism and drug targets, pharmacogenetics also helps to 
discover adverse drug reactions due to exaggerated drug response, interaction with 
an inappropriate target or an inappropriate immune response to the drug [1].

2. Role of pharmacogenetics in diagnosis

Pharmacogenetics, including molecular genetics, has an essential role in the 
clinical management of diseases. Genetic testing has unfolded facts related to 
metabolism of drugs, and designing of personalized therapeutic regimens for safer 
and more efficient treatment with improved clinical outcomes. Practice of prescrib-
ing personalized medicine is gaining importance in healthcare as it helps to make 
therapeutic decisions based on individual characteristics, including genetic traits, 
quality of life, and environmental factors. Development in this field of science 
can provide important inputs which can be beneficial in diagnostics in cardiology 
(hemodynamics and electrophysiology), neurology, and oncology. Abundantly 
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prescribed medications like Platelet aggregation inhibitors (PAIs), oral anticoagu-
lants (OAs), antihypertensive and cholesterol-lowering drugs for cardiovascular 
disease, individual responses and efficacy can vary significantly due to genetic 
diversity. Genetics pharmacology and pharmacogenomics are genetically personal-
ized guided therapies that optimize treatment and reduce toxicity. Genes have a 
significant influence on growth, development, health, and drug metabolism.

Human Genome Project (HGP) finished in 2003 helped to identify disease 
pathophysiology at the molecular level. With progress in bioinformatics and novel 
sequencing technologies for next-generation sequencing (NGS), sequencing of 
human genome has become easier, cost-effective and less time consuming. The 
National Human Genome Research Institute (NHGRI) has launched the DNA 
Elements Encyclopedia (ENCODE) to discover all functional sequences of the 
human genome [11]. Likewise, the Cancer Genome Atlas (TCGA) molecularly 
characterizes over 20,000 primary cancers, identifying and documenting the 
uniqueness of cancer types. 2.5 petabytes of genome, epigenome, transcriptome 
and proteomics data have been generated by TCGA to improve the ability to diag-
nose, treat and prevent cancer [10]. Sequencing disease-related mutant genes in 
many hereditary diseases and also, sequencing of target of disease-related genes can 
provide useful data in treatment of diseases. The PharmGKB base (https://www.
pharmgkb.org/) and PGRN hub database (http://www.pgrn.org/) are coordinated 
with the Pharmacogenomics Research Network (PGRN) to impact treatment 
[11, 12]. The database from Pharmacogenomics PharmaGKB and Very Important 
Pharmacogene (VIP) link additional external resources to visualize genotypes, 
molecules, and clinical information of disease pathway representations to select the 
optimal regimen [11].

Adjustment of chemotherapeutic dosage according to genetic profile of individ-
uals can also be achieved accordingly, which can help reduction of dose, side effects 
and toxicity. Genetic markers, HLA-B * 15:02 and HLA-B * 57:01 have been identi-
fied via HLA allelic testing of prescription drugs such as abacavir, and carbamaze-
pine, respectively, but most genetic markers rarely reach such a dichotomy. The 
variability in clopidogrel response due to loss of CYP2C19 allele function is 12%. 
Heritable fluctuations are estimated to be 72%. This means that other genes are also 
involved in CYP2C19 variability in response to clopidogrel.

Additionally, the VKORC1 and CYP2C9 alleles account for less than 40% of dose 
variability upon administration of warfarin, further, rare mutations in genes have 
recently been reported, which may cause variation of unknown cause. Curtailed 
understanding of relationship of genetic effects and drug response can affect clini-
cians’ and patients’ confidence in genetic testing. It reduces clinical decision making 
for prediction of probabilities and possibilities. Pharmacological genomics-based 
clinical trials enhance drugs’ development by establishing a correlation between 
genetic profile and patient outcome during the early stages of clinical trials. Phase 
III studies can be extended to individuals who have a genetic predisposition to safely 
and effectively use developmental drugs.

3. Pharmacogenetic tools to identify genetic variants

The three major approaches to detecting genetic mutations associated with drug 
responses are “candidate mutations”, genome-wide association studies (GWAS), 
and whole-exome sequencing (WES). Genome-wide association studies (GWAS) 
is related to complete genome screening of hundreds of thousands of single nucleo-
tide polymorphisms (SNPs) rather than candidate genes. Whole-exome sequenc-
ing identifies variants in the genome’s protein-encoding regions and analyzes the 
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genomic regions most likely to contain pathogenic variants and are being used 
frequently in pharmacogenetics of drug metabolism [13].

3.1 Genotyping in polymorphism

SNPs have become an essential marker for genetic research. Genotyping meth-
ods are mainly used to identify polymorphisms or SNPs that have great potential for 
developing new diagnostic markers that allow pharmaceutical and biotechnology 
research to identify genetic variation. Polymorphism can be detected via micro-
fluidic devices and allows for very rapid fragment separation by high performance 
liquid chromatography and capillary electrophoresis, enabling detection of bio-
molecules of interest. Genotyping can be applied in the field of diagnostics, drug 
discovery, drug delivery, tissue engineering and bio-nanosensors (“lab-on-a-chip”) 
[16]. High-speed, high-throughput SNP analysis using the innovative biochip 
nanotechnology based platform is an ideal technique for high-resolution mapping 
and population genome research and the development of electronic microarray 
platforms. Moreover, DMET Plus is a chip developed by Affymetrix that covers 1936 
genetic variants (including SNPs and copy number variations) across 231 relevant 
genes. PharmaADME and “Core ADMEGene” comprises of a list of genes and 
genetic biomarkers that can be used to screen pharmacokinetic variability [14].

3.2 Candidate variants

Candidate gene studies help identify the frequency of genetic marker primarily 
SNPs present at a higher frequency among patients and healthy individuals. This 
hypothesis is based on identification of variants of particular genes of interest 
associated with a genotyped trait which will help in their quantitative assessment. 
Moreover, these candidate genes are selected for their functional role in patho-
genesis or their linkage within chromosomal region. The candidate variants test 
determined through SNP test generally estimates the frequency of available disease-
causing variants in individuals known as the non-functional mutations (indirect 
associations). These non-functional mutations exhibit strong linkage disequilib-
rium (LD) with direct association’s functional mutations. Researchers have identi-
fied several variants of candidate genes such as VPS35, DNAJC13, HTRA2, NOS3, 
KCNS2, HAPLN4, USP46, SCN4A, TENM4, and FUS, probably under monogenic 
essential tremor conditions. However, their confirmation still requires a lot of 
independent research [15]. The genes NLRP2, FEZ2, CADM2, ANK3, NEK3, NEK7, 
TUBB, ANKRD1, and BRD2 are genetic mutations responsible for the development 
of the bipolar disorder (BD) and their detection in genetic tests will facilitate diag-
nosis. A better understanding of the genes and pathways involved is also needed to 
target genes that can improve treatment strategies. Further, GWAS and quantitative 
proteomics studies reveal the most significantly upregulated proteins in neural stem 
cells and mature neurons with brain damage [16].

3.3 Genome-wide association studies (GWAS)

Genome-wide association study (GWAS) is a technique that accurately and 
rapidly analyzes samples of the entire genome to determine genetic variation that 
causes the development of disease. It includes a human genome sequence for refer-
ence, a map of human genetic variation, and a computer database with advanced 
interpretation interfaces. Some of the genetic variations (DNA or genome) identi-
fied using GWAS have been shown in Table 1. This information will help in better 
diagnosis, prevention and treatment of common and complex diseases such as 
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asthma, cancer, diabetes, heart disease and mental illness. Genome-wide associa-
tion studies can also help in detection of the risk of drugs for type 2 diabetes, 
Parkinson’s disease, heart disease, Crohn’s disease, prostate cancer, and depression. 
Researchers conducted a genome-wide association study (GWAS) using partici-
pants from two groups: sick and similar people without illness. Their DNA samples 
are collected from participants by taking blood samples or cotton swabs by mouth. 
Certain genetic mutations occur more frequently in sick people as compared to 
non-sick people and thus, these variations are “related” to the disease. It has been 
observed that these genetic mutations identified in the human genome region 
are related to the cause of the disease. At the same time, the disease may not be 
directly linked to the cause of the disease, so, the mutation may be “marked” with 
the variant that actually causes the disease. Therefore, researchers often sequence 
DNA base pairs in that particular region of the genome to detect the actual genetic 
alterations that cause the disease to develop. The complete set of DNA, or each 
participant’s genome, is purified and scanned on an automated laboratory machine 
by placing it on a small chip.

The National Center for Biotechnology Information (NCBI) has developed a 
genome-wide database of association studies. It collects data repositories related 
to various diseases known as databases of genotypes and phenotypes (dbGaP) 
accessible from the NCBI website (http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db=gap). The GWAS initiative was supported by the National Institutes of 
Health, Pfizer Global Research, and the Genome-wide Association Study (GAIN). 
GAIN is funding various GWAS studies on bipolar disorder, major depression, type 
1 diabetic nephropathy, hyperactivity disorder, schizophrenia, and psoriasis at 
http://www.fnih.org.It can be found at work/past-programs/genetic-association-
Information Network Gain. NIH Institute has also launched a genome-level 
related study at the National Institute of Cardiopulmonary Blood (NLBI) and a 
flamingham gene study in collaboration with Boston University School of Medicine 
for cardiovascular and other chronic disorders. Women’s health studies have been 
contributed to the pharmacogenetics research network to investigate the effects of 
genes on osteoporosis, diabetes, and various responses of individuals to drugs, etc. 
The National Eye Institute and the National Institute of Neurological Disorders also 
pushed the Parkinson’s disease stroke GWAS study.

3.4 Whole-exome sequencing (WES)

Whole exome sequencing, also known as next-generation sequencing (NGS), 
sequences the genome’s protein regions. With this method, researchers can observe 
the effect of phenotypes by sequencing only the genome’s coding regions. 2–3% 
of human exomes represent the entire genome, which is the root cause of approxi-
mately 85% of known disease-related mutants. Exome sequences can efficiently 
identify coding variants and find application in population genetics, genetic dis-
eases, cancer research, and cost-effective alternatives to whole-genome sequencing. 
It also produces a more manageable dataset for faster and easier data analysis than 
the whole genome approach (a sequence of 4–5 Gb per exome versus about 90 Gb 
for the entire human genome). Exon sequencing detects exon encoding variants and 
extends targeted content to provide a more comprehensive view of gene regulation, 
including untranslated regions (UTRs) and microRNAs. The DNA library can be 
created in one day and requires only 4–5 Gb sequences per exome. Illumina DNA 
Prep with Exome Enrichment Kit, AmpliSeq for Illumina Exome Panel, TruSeq DNA 
Exome, TruSight One Sequencing Panels, Nextera DNA Exome, Library Prep Kit 
Selector are exome sequencing kits for analyzing coding regions of genomic variants.
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In WES procedures, target regions with the fragmentation of genomic DNA are 
captured by hybridization using a solution of biotinylated oligonucleotide probe. 
The captured target sequence is isolated using streptavidin beads and subsequently 
amplified and sequenced after washing and elution. Their quantification helps in 
preparation of DNA libraries for high-quality whole-exome sequencing. Exome 
sequencing is useful in identifying Miller syndrome and rare Mendelian disease 
mutations. The NHLBI “Grand Opportunity” Exome Sequencing Project (GO-ESP) 
in association with Exome Aggregation Consortium (ExAC) helps to identify dis-
eases associated with rare variants for the development of personalized medicine, 
and harmonizing patient-specific treatments.

4. Pharmacogenomic database

Pharmacogenetics is a field that provides information related to drug metabo-
lizing enzymes, drug transporters, drug targets, and mutant genes that code for 
proteins necessary for drug response or toxicity. Next-generation sequencing is car-
ried out by the rapid development of functional genomics that genetically analyzes 
the most essential mutations, gene copies, changes in the number of genomes and 
versatile arrays. These pharmacogenomics efforts help physicians prescribe safer 
and more effective treatments and personalized medications,. The joint clinical 
pharmacology genomics implementation consortium (CPIC, https: //cpicpgx.org/) 
project between the online resources PharmaGKB and Pharmacogenomics Research 
provides guidance on genetic testing to enhance and optimize drug therapy. In 
addition, the NIH-funded Implementing Genomics in Practice (IGNITE) initiative 
and the Dutch Pharmacogenomics Working Group (DPWG) in Europe have been 
developed with a focus on conducting and interpreting genetic testing to guide 
clinical decision-making. These consortia implement pharmacological genom-
ics services in the clinic to update their knowledge according to pharmacological 
genomics guidelines. Some pharmacogenomic database and their attributes have 
shown in (Table 2).

4.1 The pharmacogenomics Knowledge Base (PharmGKB)

The Pharmacogenomics Knowledge Base (PharmGKB), funded by the National 
Institutes of Health and the Pharmacogenomics Research Network (PGRN), a 
joint research consortium, was developed at Stanford University to identify genetic 
mutations that affect drug responses [40]. The PharmGKB website (http://www.
pharmgkb.org) contains genotypes, molecules and clinical knowledge integrated 
into the path representation, as well as additional external links to the all-important 
Pharmacogene (VIP). This is a web-based public repository of genotypic and phe-
notypic information related to the Pharmagenetics Knowledge Base (PharmGKB, 
http: //www.pharmgkb.org), which supports expression, storage, analysis, etc.) 
and distribution of pharmacogenetics data [37, 38]. PharmGKB aims to facilitate 
field research and facilitate the sharing of critical pharmacogenetic datasets. 
Pharmacological genomics can explain the various reactions (side effects and/
or degree of positive response) to a drug due to the presence of specific alleles of 
the gene that explain the hereditary change. PharmGKB organizes data related to 
pharmacodynamics and response to medication, changes in pharmacokinetics, 
changes in molecular and cellular function assays, and changes in gene sequences. 
All datasets are categorized into these five sets and are also associated with related 
genes, drugs, and diseases.
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Pharmacogenomic 
database

Attributes Developed by References

cBioPortal Bioinformatics tools for 
visualization and gene-
based analysis of cancer 
patients’ molecular profiles 
and clinical attributes from 
large clinical trials.

Memorial Sloan Kettering 
Cancer Center (MSKCC) 
Computational Biology 
Center (cBio) is affiliated 
with The Cancer Genome 
Atlas (TCGA) and 
International Cancer 
Genomics Consortium 
(ICGC).

[28, 29]

CellMiner Enables rapid retrieval of 
activity ratios of over 20,503 
compounds, including 
22,379 genes, 92 proteins, 
360 microRNA transcripts, 
and 102 US Food and Drug 
Administration (FDA) 
approved drugs.

National Cancer Institute 
(NCI) Molecular Therapy 
Center (CMT) and 
Developmental Therapy 
Program (DTP)

[30, 31]

Connectivity Map The CMAP 2.0 software 
identifies chemicals with 
similar gene profiling 
between the corresponding 
genes, or the gene signature 
previously identified as a 
general gene expression 
modification for one or 
more known compounds 
from the CMAP database. 
The software uses 
up-regulated and down-
regulated query genes 
representing biological 
processes to detect both 
positive and negative 
connectivity compounds.

Broad Institute of MIT, 
Whitehead Institute and 
HarvardMedical School, 
Massachusetts

[32, 33]

MEDI and NDF-RT
(Medication Reference 
Terminology and The 
National Drug File - 
Reference Terminology)

Database as a prescription 
drug resource to provide 
a range of unique diseases 
- drug combinations that 
suggest significant novelty 
potential

Developed by the US 
Department of Veterans 
Affairs Veterans Health 
Administration (VHA).

[34, 35]

SPHINX (Sequence 
Phenotype and 
Pharmacogenomics 
Integration Exchange)

This is an external database 
developed through the 
eMERGE project which, 
contrary to assisting 
doctors in prescribing, 
determines patient-specific 
information, mainly patient 
data and the new PGx from 
disease drug search engines.

The eMERGEseq initiative 
aims to identify rare 
variants. Partner Healthcare 
(two sequencing centres) 
with the Baylor Medical 
College Human Genomic 
Sequencing Center (HGSC) 
and Broad Institute has 
developed SPHINX 
to develop a series of 
high-impact genes, single 
nucleotide polymorphisms 
(SNVs), And the discovery 
of genomics by identifying 
and validating pathogenic 
variants.

[36]

Table 2. 
Pharmacogenomic database.
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4.2 The human cytochrome P450 (CYP) allele nomenclature website

The human cytochrome P450 allele nomenclature (CYP allele) (http://www.
cypalleles.ki.se/) is a web-based analysis of CYP mutant genetic information with 
molecular and clinical effects. Most of the CYPs on the CYP allele website are 
polymorphic enzymes involved in the differentiation of foreign bodies but have 
endogenous functions. The website also contains information related NADPH 
cytochrome P450 oxidoreductase (POR), an electron donor of the CYP enzyme, 
which contains 29 CYP genes, so the POR allele is also a stellar allele nomenclature 
(POR*). This website covers the polymorphic alleles of NADPH cytochrome P450 
oxidoreductase (POR) and 29 CYP enzymes’ CYP2B6, CYP2C9, CYP2C19, and 
CYP2D6 genes. Each CYP allele contains information related to various alleles 
and their nucleotide changes, in vitro and in vivo molecular and functional 
effects [39].

4.3  The human arylamine N-acetyltransferase (NAT) gene nomenclature 
committee

Several genetic mutations related to human arylamine N-acetyltransferase 
(NATgene) in species, humans and other organisms have been identified and the 
allelic nomenclature for the gene has also been recognized. The committee will 
assist in the naming arylamine N-acetyltransferase and also its new arylamine 
N-acetyltransferase allele. The information will be accessible to the international 
scientific community via the Internet [40].

4.4 Transporter database (TP-search)

Homeostatic exchange between endogenous and extrinsic substances such 
as ions, small molecules, macromolecules and drugs and transport proteins 
(transporters) occurs at the systematic, organic, cellular and intracellular 
levels. Genomics, transcriptomics, and proteomics techniques for transporter 
genes in normal cellular processes and various pathologies have been integrated 
to develop the Human Transporter Database (HTD) (http://htd.cbi.pku.edu.
cn) which indicate the relationship between expression patterns exhibited by 
transporter genes and polymorphisms and their ligands. Study on a human 
transporter involved in many fundamental biological processes, including 
oxidative phosphorylation and myocardial contraction, has shown the link 
between Mendel’s laws and complex diseases. In particular, HTD serves as a 
well-organized interface to facilitate the research community to retrieve detailed 
molecular and genetic information for transporters and develop personalized 
medicine [41].

4.5 UGT alleles nomenclature page

The uridine diphosphate glucuronosyltransferase (UGT) enzyme involved 
in the glucuronidation of the target substrate makes foreign substances and 
other endogenous compounds water-soluble for renal excretion. The UGT Allele 
Nomenclature page describes the UGT1A1 haplotype. Developmental hyperbili-
rubinemia causes kernicterus or the accumulation of bilirubin in brain tissue. As a 
result of this, neurological damage occurs which is irreversible, resulting in severe 
disability or death. Bilirubin levels can be controlled by intensive phototherapy, the 
efficiency of which decreases with age, and the only alternative left is liver trans-
plantation [42].
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5. Role of nanotechnology in pharmacogenomics based diagnosis

Nanobio-labeling is an important tool in biomarker research that uses water-
soluble, biocompatible, fluorescent and stable nanomaterials to label cells. 
Molecular biomarkers can be used in designing of personalized medicine for 
diagnosis and treatment, identifying cellular changes at the DNA, RNA, biotrans-
former or protein level. Nanotechnology based devices can potentially screen 
disease biomarkers at high speed. The tools are developed by identifying biomark-
ers very specific for the disease that can lead to diagnostic tests. These nanobio-
technology-based diagnostic methods, which use direct DNA and protein analysis, 
can improve speed, accuracy and sensitivity over traditional molecular diagnostic 
techniques. Nanobiotechnology supports molecular diagnostics, and integration 
of diagnostics and therapeutics (theranostics) which accelerates personalized 
medicine [43]. Theranostic applications can help provide optimal treatments and 
characterize human genomic mutations between populations [44].

According to a report published by Grand View Research, Inc., the global market 
for pharmacogenomics (theranostics and complementary diagnostics) is expected 
to reach $18.3 billion by 2025. These approaches help provide cost-effective treat-
ment and add value to the process, of development. The benefits of using these tests 
for disease risk prediction, patient stratification, and treatment response monitor-
ing, over traditional methods are expected to provide significant progress in this 
market [45].

The role of genetics plays a vital role in theranostics, which provides successful 
and cost-effective therapeutic.

Pharmacological genetics, proteomics, and biomarker profiling based diagnosis 
using nanotechnology based platforms like liposomes, dendrimers, macromolecular 
nanoparticles, metal nanoparticles, quantum dots, and carbon nanotubes is provid-
ing vital information regarding disease pathology and its treatment. Quantum dots 
are stable particles which can be used as molecular labels to study the size and span 
of metastasis besides, predicting early signs of cancer and tracking the effective-
ness of drugs targeting the disease. Genzyme Corporation has discovered EGFR 
mutation detection kits that can be used to diagnose non-small cell lung cancer 
(NSCLC) [46].

6. Multiple genes interactions on treatment response

Multiple genetic interactions also termed as polygenic inheritance interconnects 
biological processes and their functional relationships that cause phenotypic devia-
tions and multiple genetic mutations [47]. A retrospective study of 108 Chinese 
patients with metastatic gastric cancer found nine genes involved in DNA repair 
(ERCC1, ERCC2, and XRCC1), detoxification of oxaliplatin (GSTP1 and GSTT1), 
and fluoropyrimidine metabolism (MTHFR) and these can be used to predict 
clinical response and survival [48]. Similarly, the Mayo Clinic has issued drug-gene 
pair alerts on 17 drug-gene pairs: Abacavir HLA-B*57:01, Allopurinol HLA-B*58:01, 
Carbamazepine HLA-B*15:02 and HLA-A*31:01, Citalopram CYP2C19,Clopidogrel 
CYP2C19, Codeine CYP2D6, Escitalopram CYP2C19, Fluoxetine CYP2D6, 
Fluvoxamine CYP2D6, Paroxetine CYP2D6, Simvastatin SLCO1B1, Tacrolimus 
CYP3A5,Tamoxifen CYP2D6, Thiopurines TPMT, Tramadol CYP2D6, Venlafaxine 
CYP2D6,Warfarin CYP2C9 and VKORC1 which will help physicians treat patients 
on the basis of the genetic test in response to the alert. These evidence-based 
guidelines were established by the Consortium for the implementation of clinical 
pharmacogenomics [49].



21

Integrated Role of Nanotechnology and Pharmacogenetics in Diagnosis and Treatment of Diseases
DOI: http://dx.doi.org/10.5772/intechopen.97643

7. Pharmacogenomic based diagnosis of cancer

Various cancer portals have been developed for tumor gene profiling and are 
 serving as a powerful tool for discovering and implementing personalized cancer 
treatments. Large-scale translational bioinformatics and cancer genomics platforms 
use multi-omics datasets to provide insight into genomic alternations and precision 
medicine strategies. Development in tools for statistical, mathematical and compu-
tational modeling help collect genomic information for molecular profiling, clinical 
responses to drugs, research on clinical trials, and identification and development 
of innovative therapies. Transcriptome data from melanoma exsons pretreated with 
ipilimumab was studied to study the effect of pretreatment on activity of tumor-
specific new antigens including mutation loading, new antigen loading, and cytolysis 
in the tumor microenvironment [50]. The Cancer Genome Atlas (TCGA) study 
performs molecular subtyping of the breast, colorectal and endometrial cancers. 
Furthermore, TP53 inactivation, MYC proliferation and dysregulated cell cycle 
checkpoints have been demonstrated through TCGA studies [51]. The role of phar-
macogenomics is more pronounced in oncology as compared to other diseases and 
is indicating that inherited differences in genes affect the body’s response to medica-
tions. Pharmacogenetics has revolutionized cancer treatment by genotyping patients 
in clinical settings that promote the best chemotherapeutic regimens and drug doses 
with maximum efficacy and minimal risk of toxicity. The Pharmacology Genomics 
Resources (PREDICT) program for enhanced decisions in care and treatment initiated 
by Vanderbilt University has simplified consistent dosing. Pharmacogenomic data 
identified for application in diagnosis and treatment has been shown in (Table 3).

S.no Pharmacogenomic data Diagnostic/Treatment Protocol Reference

1. Dihydropyrimidine 
dehydrogenase 
(DPYD) genotype and 
fluoropyrimidine dosing

The DPYD gene sequencing and it’s variant has 
been significantly analyzed by polymorphism 
(G to A intron 14 (inv14 + 1G > A or 
DPYD*2A; exon skipping mutation). Dosing 
of fluoropyrimidine depends on genotyping 
of DPYD, a rate-limiting enzyme for 
fluoropyrimidine catabolism.

[52]

2. Methylenetetrahydrofolate 
reductase (MTHFR)

Methylenetetrahydrofolate reductase 
(MTHFR) is an essential regulator of folic 
acid and homocysteine   metabolism. In 
epilepsy, the concentration of 5-methyl-
THF in CSF should be monitored. The 
CSF concentration of 5-methyl-THF is 
significantly reduced in most early-onset 
patients due to restricted transport of folic 
acid through the blood-CSF barrier and 
increased demand for choline for meningeal 
biosynthesis resulting in severity of the 
neurologic symptoms in MTHFR deficiency.

[53]

3. Thiopurine 
S-methyltransferase (TPMT) 
and thiopurine dosing

The prodrugs azathioprine, 6-mercaptopurine 
(6-MP) and thioguanine (TG) are inactivated 
by TPMT and methylated to produce TG active 
nucleotide (TGN). 6-MP is biotransformed 
to methylthionosin 5-prime monophosphate, 
which causes inhibition of de novo purine 
synthesis and can cause toxic effects. TPMT 
gene genotyping is used for thiopurine dose 
assessment in myelosuppression. TPMT test 
is mandatory before use of mercaptopurine in 
childhood leukemia.

[54]
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8. Pharmacogenomic diagnosis for cardiac diseases

Clopidogrel is used in the acute coronary syndrome patients, exhibits variable 
response in patients due to *2 loss-of-function variant in CYP2C19 as it encodes 
hepatic cytochrome P-450 2C19 enzyme which is important for clopidogrel 
bioactivation. Similarly, interindividual variation in response to warfarin is due 
to polymorphisms in VKORC1 and CYP2C9 and has been led to revision of dosing 
guidelines for patients by USFDA. Variant of SLCO1B1, which encodes a hepatic 
uptake transporter, is associated with risk of myopathy with high-dose (80 mg/d) 
simvastatin [59]. Genetic mutations in thiopurine S-methyltransferase (TPMT), 
an enzyme that metabolizes azathioprine, result in higher concentration of the 
azathioprine active metabolite. Combining the immunosuppressant azathio-
prine and the enzyme thiopurine S-methyltransferase, is used to prevent heart 

S.no Pharmacogenomic data Diagnostic/Treatment Protocol Reference

4. Uridine diphosphate 
glucuronosyl transferase 
(UGT) genotype and 
irinotecan

Irinotecan is activated to SN-38. UGT1A1 
family is involved in glucuronidation of 
SN-38 and bilirubin. Variation in the number 
of TA dinucleotide repeats in the TATA 
element of the UGT1A1 promoter region, is 
associated with reduced gene expression as 
well as diminished enzyme activity

[55]

5. Glutathione S-transferases 
gene polymorphism and 
platinum compounds

Glutathione S-transferase (GST) constitutes a 
family of enzymes involved in detoxification 
of foreign bodies’, including cisplatin-based 
chemotherapy. Genetic polymorphisms in 
GST have shown altered efficacy or toxicity 
in patients with NSCLC (more specifically 
GSTP1 is associated with improved response 
to therapy)

[56]

6. ATP-binding cassettes 
(ABCB1, ABCC2, ABCG2)

The ABCB1 gene encodes P-glycoprotein. 
Overexpression of this glycoprotein leads to 
resistance to specific anti-cancer therapies. 
There are two synonymous SNPs (C1236T 
for exon 12 and C3435T for exon 26) and 
one non-synonymous SNP (G2677T for 
exon 2), which appear to be regulated 
by MDR1 * 2 haplotypes, P-glycoprotein 
upregulation and drugs. ABCG2 (Breast 
Cancer Resistant Protein) and ABCC2 are 
involved in irinotecan’s metabolism and alter 
the properties of irinotecans.

[57]

7. X-ray cross complementing 
group 1 (XRCC1)

XRCC1 is a DNA repair protein. It is encoded 
by the XRCC1 gene in humans. SNPs 
(1301 G > A; Arg399Gln) result in mutations 
in base excision ability and increased cancer 
risk. Negative expression of XRCC1 makes 
tumors more sensitive to platinum-based 
chemotherapy. Detection of XRCC1 
expression in patients with gastric cancer 
can provide clinical guidance in choosing the 
optimal adjuvant for therapy.

[58]

Table 3. 
Pharmacogenomic data identified for application in diagnosis and treatment.
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transplant rejection [60]. Sufficiently robust and predictive genetic information 
can be used to guide clinical decisions [61]. The European Pharmacogenetics 
of Anticoagulant Therapy (EU-PACT) found a significant association between 
PGx-guided warfarin dosing [62]. The genes most strongly associated with 
beta-blocker response are the β-1 adrenergic receptor (ADRB1), the α-2C adren-
ergic receptor (ADRA2C) and the G protein-coupled receptor kinase-5 gene 
(GRK5). The ADRB1 gene has two common non-synonymous single nucleotide 
polymorphisms, p.Ser49Gly and p.Arg389Gly, associated with different responses 
to beta-blockers in hypertension and coronary heart disease [59]. The genome 
aggregation database maintains archives the various gene variants. Guidelines 
for 27 drug-gene pair has been issued by Pharmagenetics Implementation 
Consortium, and includes data related to drug metabolizer phenotypes. (exten-
sive metabolizer/slow metabolizer), poor/ultrafast metabolizer, expected rapid 
metabolizer with a particular diplotype, expected effect size, availability of 
alternative therapies, and results of drug ineffectiveness or toxicity [63].

9. Pharmacogenomic diagnosis for brain disorders

Only 30–40% patients with central nervous system disorders respond conven-
tional drugs. Around 60–90% of variability in drug response is due to pharmaco-
genetic and pharmacogenomic factors. Approximately 60–80% of CNS drugs are 
metabolized via enzymes of the CYP gene superfamily. Neuroleptics are the major 
substrates of CYP1A2, CYP2D6 and CYP3A4 enzymes. Antidepressants are essen-
tial substrates for CYP1A2, CYP2B6, CYP2C19, CYP2D6, CYP3A4 and benzodiaz-
epines are vital substrates of CYP2C19, CYP2D6 enzymes. Adoption of genomic 
medicine have proven to be prognostic tools to accelerate diagnostic accuracy in 
CNS disorders’ etiology and develop novel biomarkers to personalize treatments 
via pharmacogenetic and pharmacogenomic procedures for drug development and 
clinical practice [64].

10.  Role of nanotechnology and pharmacogenomics in the treatment of 
diseases

Advances in molecular pharmacology, genomics and nanotechnology are 
providing enriching clinical results by meticulously highlighting pathogenesis 
pathways, empowering the capacity for clinical diagnosis, and improving the 
outcome of drug delivery [65]. Supported by the sophisticated target-guided 
nanodevices, the intricate genomic information is being incorporated into clini-
cal practice to evaluate complex diseases such as cardiovascular diseases, type 
2 diabetes, asthma, cancer and degenerative disorders [66]. Presence of unique 
genetic variants has been found to be instrumental in predisposing particular 
individuals to the onset and development of diseases. Nanotechnology based drug 
delivery systems have developed specialized technical frameworks for the exploi-
tation of genomic knowledge, so as to reduce the risk of disease initiation and 
progression and drug toxicity [67]. Pharmacogenomics highlights the interplay of 
the role of genes in disease etiology, disease pathophysiology, disease biomarkers, 
drug targets, drug effects, and the fate of drugs inside the body. The integrated 
application of pharmacogenomics and nanotechnology will provides better thera-
peutic outcomes with minimized side effects and adverse drug reactions during 
therapy [68].
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10.1 Pharmacogenomics

Pharmacogenomics emerged as a science which highlighted the differences in 
drug response to differences in genetic makeup in particular populations/various 
ethnic groups. It is the science of genetic polymorphism (genetic variance) that is 
responsible for variability in drug response and is used as a useful method to assess 
the association of disease-gene, and gene-drug on drug response based on the 
human genome. Drugs are formulated and designed to counteract medical condi-
tions and cure ailments, but drugs often fail to demonstrate their beneficial impact 
in certain patients, resulting in adverse drug events. This drug response variability 
may be due to genetic differences [69]. The research of hereditary variability 
in drug receptors or target pathways, heterogeneity in genes that encode drug-
metabolizing enzymes or drug transporters, and genetic variation in genes that 
indirectly affect drug reaction are part of Pharmacogenomics. The main objective 
of pharmacogenomics is to recognize how genetic differences affect therapeutic 
efficacy and this knowledge can be used experimentally to personalize the selection 
of medications and their doses to improve efficacy and safety.

Pharmacogenetic tests have historically focused on specific candidates selected 
based on our understanding of the pharmacokinetics of the drug, and drug 
response variability found in patients receiving the medication. Initially, family 
experiments were used to determine the hereditary existence of inter-individual 
variations in the disposition of drug or effect of medications, which was then used 
to understand the genetic cause for monogenic traits. Pharmacogenomics can be 
seen as a wider approach to elucidate the abundance of genes that are important 
to pharmacology, including the implications of genetic differences in single genes, 
the relationship between genes in diverse pharmacological pathways, the pheno-
type that arises from these differences, and the impact of the phenotype on drug 
response. Its main characteristics are high-throughput genomic studies in conjunc-
tion with their significance to particular drug responses only as target phenotype 
(i.e., sequence variants in DNA, gene exposition analysis, etc.). The structural 
and functional genomics analysis (Figure 1) can be used to understand the use of 
therapeutic drugs for increased efficacy (with reduction in toxicity) for dosage 
personalization and new drug development [70]. The structural pharmacogenom-
ics explores the structural difference between individuals’ genes while functional 
genomics evaluate the functional modifications induced by structural variation 
in the genome. Variations in genes are responsible for the variation in particular 
functional process inside the body via change in the nature of protein synthesized. 
Any disorder or deformity may also result due to these functional changes. Both 
structural and functional pharmacogenomics are effective in predicting, recogniz-
ing genetic markers of disease, and planning and optimizing drug therapy in the 
treatment of that disease [71].

Extremely penetrating monogenic features are several of the genetic poly-
morphisms characterized to date that affect drug reaction in humans: hereditary 
variations in a specific gene have such a significant effect on the pharmacokinetics 
or pharmacodynamics of a drug that cross changes in one gene have a clinically 
relevant effect on drug response. “These are pharmacogenetics’ “low-hanging 
fruit“. However, certain proteins decide the efficacy of certain medications, and 
hybrid genetic polymorphisms can be identified to determine therapeutic effi-
cacy of several genes along with nongenetic factors. Therefore, new methods are 
required to classify the appropriate genes, genetic polymorphisms, mechanisms, 
and processes and; their association with a given drug. The different techniques 
currently being utilized are genome-wide haplotype analysis, gene regulation 
tests and proteomic techniques, as well as “candidate gene” approaches focused on 
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established pharmacokinetic and pharmacodynamic considerations. These methods 
are likely to be important for studies that seek to elucidate polygenic determinants 
of drug response, with emerging predictive and biological (pathway) models and 
quantitative genotyping in certain target tissues. Broad clinical trials with uniformly 
treated and routinely characterized patients, high-throughput genomic approaches, 
and advanced bioinformatics simulations would entail the clinical validity of 
these polygenic models. These experiments aim to create a new range of molecular 
diagnostics (i.e. genotypes) that can be used to enhance drug delivery by reducing 
toxicity and maximizing efficacy [72].

Nanotheranostics is the field where pharmacogenomics is used in the delivery of 
drugs for personalized medicines. It is a hybrid of drug therapies and diagnostics. 
Pharmacogenomics provides an excellent method to quantify several parameters 
relating to the disorder and its severity, together with treatment, so that medicine 
can be tailored on the basis of an individual’s genotype. Nanotechnology offers 
a possibility for the development and design of therapeutic strategies, which are 
capable of concurrently detecting genetic biomarkers for disease along with ongo-
ing drug therapy. Nanotechnological materials such as gold-based nanomaterials, 

Figure 1. 
Structural and functional pharmacogenomics analysis.
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magnetic nanomaterials, polymeric nanomaterials, carbon-based nanomaterials, 
silica-based nanomaterials, composite nanomaterials and quantum dots may be 
used to build such drug delivery systems [73, 74].

10.2 Role of Pharmacogenomics in the identification of drug targets

Structural Pharmacogenomics aims to recognize and verify disease-relevant 
targets for therapeutic activity (target biomarker) like the EGFR signaling 
system, PI3K, RAF, MAPK, KRAS AKT markers for various forms of cancers. 
Pharmacogenomics compares the target biomarkers with disease processes to create 
a connection between the disease and the biomarker of the experiment, which then 
helps to define the drug molecule for such a target [75, 76]. Specific genome targets 
like enzymes, drug carriers, proteins, nucleic acids, chromosomes, cell surface 
proteins, ion channels, and other bio-molecules contributing to the pathophysiol-
ogy of the disease have been provided by human genome sequencing. Such possible 
causes to the pathophysiology of the disease can serve as target sites for drug action 
(druggable targets). Thus, the pharmacogenomics concept can be used in target rec-
ognition, genotyping, structural elucidation, and target confirmation that improve 
safety and efficacy of medicines. Sequencing of the target genes can be used in the 
discovery and validation of lead compounds [77, 78].

10.3 Nanotechnology towards making possibility of personalized medicine

Nanotechnology is the development and utilization of materials, devices and 
processes by manipulating matter at the nanometer range, i.e. at the level of atoms, 
molecules, and supermolecular structures. The application of nanotechnology in 
life sciences is in molecular diagnostics, drug discovery, drug delivery and nano-
medicine development. The combination of nanotechnology with personalized 
medicine has created unparalleled and unique opportunities to improve the treat-
ment of many serious diseases. Medicine has been profoundly impacted by this con-
cept over the last decades, shifting its attention to the molecular level under which, 
applications of nanotechnology as a quickly emerging field appear to fit needs on 
this size scale. In this reference, nanoparticles offer unique benefits in the design 
of nanomedicine due to their small size, flexibility, increased surface-to-volume 
ratio and multi-purpose ligand surface modification in order to obtain targeting of 
cells/tissues. Nanomedicine is also meant to offer immediate, precise and efficient 
diagnosis and treatment. In this way, the balance between maximum therapeutic 
efficacy and lower toxicity is significantly promoted [79, 80].

As the nanomedicine market has expanded exponentially, the most promis-
ing technologies and applications for personalized medicine can be identified. 
Individuality of a person is often expressed in his pathophysiology. In the same 
extent genes define, the identity of an individual, genetic heterogeneity that can 
identify the disease phenotype and its drug response. It is reported that each drug 
has different effects on different types of peoples. Whether in terms of efficacy and 
safety of these drugs, they show differential behavior due to the complex nature 
and heterogeneity of individuals (both patients and diseases). With a sound and 
detailed knowledge of genomics and proteomics and the development of a novel 
and innovative technology and patient-based molecular profiling, the promise of 
nanomedicine has opened the path to the future of personalized medicine [80, 81].

Personalized medicine literally means prescribing of particular medications 
that are ideally suited to the person. Personalized medicine is the perfect way to 
incorporate modern biotechnology into medicine in order to improve understand-
ing of disease pathomechanism, molecular identification and clinical application. 
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Nowadays, nanotechnology and genomics fuel expertise and creative practices, 
allowing both pharmacological strategies and therapeutics measures to be imple-
mented on a personal basis, i.e. designing personalized medications (Innovative 
Drugs), improving targeted drug delivery and pharmacotyping techniques to the 
clinical environment for diagnosis and treatment of disease as shown in (Figure 2). 
“Pharmacotyping” is characterized as the prescription drug mechanism by which 
clinical and genotyping data are used to instruct physicians to design drug dose regi-
mens for particular patients. These approaches require a comprehensive genetic and 
molecular history of each patient, which leads to the discovery of specific biomark-
ers that might influence the progression of the disease and the response to treatment. 
Personalized medicine is also not only restricted to the study of biomarkers and 
genetic polymorphisms, but also depends on the development of disease identifica-
tion techniques and estimation of therapeutic responses [73]. Thus, understanding 

Figure 2. 
Integrated approach of nanotechnology and pharmacogenomics to improve safety and efficacy of drugs.
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of nanotechnology and genomics could handle the disease and drug response of 
patients in the form of personalized medicines. In addition, recent developments in 
nanotechnology have certainly provided the perfect environment for the emergence 
of personalized medicine as the new approach in the diagnosis of diseases and drug 
therapy.

10.4 Nanoparticles in personalized medicine

Because of their exploratory features, nanoparticles facilitate the molecular 
targeting of medicines. Recent studies offered detailed information on the relation-
ship of NPs with biological processes in order to promote their use for nanother-
anostics diagnosis, imaging and drug delivery. Today, nanotheranostics have been 
developed to monitor transcription and translation of genes, recognize cancer 
cells, control the proliferation of T cells, and manage blood sugar levels. Moreover, 
blood urea levels can be detected by an implant and normal levels can be restored. 
Another implant was created for artificial insemination that injects bull spermato-
cytes into the bovine ovary by identifying luteinizing hormone levels, especially 
during ovulation. Any disorder can be treated at the cellular and molecular level by 
detecting particular biochemical parameters [79]. While several experiments have 
been performed, relatively few pharmaceutical drug products have been developed 
as nanotherapeutics in the pharmaceutical market, indicating the uncertainty 
of formulating active compounds in these formulations. A PEGylated liposome 
doxorubicin medication called Doxil, approved for therapeutic use by the FDA, is 
the most popular example of nanoparticle technology for clinical use. The principle 
of PEGylation was first developed as a means for recombinant protein drugs to 
improve their circulation and stability. Another FDA approved effective nanopar-
ticle application is Abraxane, in which paclitaxel is formulated with albumin. In 
an attempt to merge nanoscale therapeutic and diagnostic modalities, separate 
nanotheranostic agents have been designed to provide flexible platforms for the 
simultaneous delivery of diagnostics and therapeutics [73].

However, many new materials have arisen as theranostic agents such as gold 
nanoparticles, carbon nanotubes, metal organic frameworks and iron oxide 
nanoparticles; problems of safety and bio - compatibility and unspecified toler-
ance and toxicity need to be evaluated in the clinic. Regardless of these drawbacks, 
nanotheranostics seem very optimistic to develop personalized medicine [79].

11. Personalized nanomedicines

Personalized nanomedicine may be described as the management of a patient’s 
disease or drug response by the use of nanomedicine in combination with clinical 
and molecular expertise (e.g. genomics, proteomics, epigenomics and metabo-
lomics) as well as bioinformatics techniques to produce the best possible medi-
cal treatment for that person. In addition, by integrating nanotechnology and 
genomics expertise, personalized nanomedicine may create enhanced profiles for 
particular demographics and particular patients for prognosis, diagnosis and drug 
therapy, as well as surveillance through medical science and clinical management 
(Table 4) [81].

The combination of nanotheranostics with pharmacogenomics will take us to 
the next level of therapeutics. On one hand, the concept of pharmacogenomics 
is the latest model research, which has tremendous implications throughout the 
field of medical science and drug development at genomic and molecular level; 
moreover, a great deal of work is needed to investigate the maximum capabilities of 
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this method in the clinical field. Theranostics, on the other hand, is the technique of 
early phase diagnosis or disease pathogenesis, combined with concurrent treatment 
based on a single unit operation diagnosis profile. This not only increases patient 
health with optimum clinical performance, but also saves significant amounts of 
money by minimizing excessive care costs. This approach is of significantly more 
useful in the treatment of life-threatening chronic diseases like cancer, hyperten-
sion, Alzheimer disease, and can be implemented to many other ailments [68].

11.1 Personalized nanomedicine in the treatment of cancer

The advancement of personalized nanomedicine is a useful technique in the 
cancer therapy. Personalized oncology is raising new prospects for the elimination 
of cancer incidence by specifically targeting anticancer medicines to cancerous 
cells, target areas on the cell surface and inside the tumor microenvironment. 
Nanooncology has succeeded in improving the specificity and efficiency of cancer 
therapies, both by promoting the development and distribution of medications and 
by reducing clinical toxicity and serious incidents [82]. Personalization of cancer 
treatment is focused on a deeper knowledge of the pathogenesis at the molecu-
lar scale and nanomedicine can play a significant role in this direction. Several 
nanobiotechnology-relevant components of personalized cancer treatment are 
given in (Figure 3) [83]. Nanobiotechnology has the ability to enhance early cancer 
diagnosis and enhance personalized cancer treatment. Molecular diagnostics is the 
most important aspect of personalized medicine, and nanobiotechnology can play a 
significant role in its refinement [84].

Dendrimers are a class of nanoscale, core-shell, three-dimensional structures 
that can be synthesized precisely for a variety of uses. Specialized methods in chem-
istry allow detailed control over the dendrimer’s physical and chemical proper-
ties. They are most effective in the delivery of drugs, but they can also be used to 
produce new pharmaceuticals with emerging technologies. With several therapeutic 
target, polyvalent dendrimers interact simultaneously. They can be transformed 
into new-targeted therapeutics for cancer. Using complementary DNA oligonucle-
otide primers, dendrimers may be covalently linked to various bio-functional 
groups, such as folic acid, to create clustered molecules attacking cancer cells that 
overexpress the high affinity folate receptor [85]. Endothelial αvβ3-Integrin-
targeted paramagnetic nanoparticles are being used to identify very limited angio-
genesis area linked with tumors of nascent melanoma [86]. Nanobodies (Ablynx) 
are the smallest intact antigen binding fragments that have the full antigen binding 
capacity of natural heavy-chain antibodies. Nanobodies are prospective era of 
antibody-based treatments as well as diagnostic tools for diseases like cancer. 

Advantages of Personalized Nanomedicines

Personalized nanomedicine is in nano-scale size range

Personalized nanomedicine offers tunability and flexibility

Offers possibility of using labile substances such as siRNA

The active concepts of personalized nanomedicine: encapsulation and safety

Targeted delivery to organs/ tissues/ cell compartments

Probability of responding to a need of specific patient group

Adapting patterns of treatment to each patient (e.g., dosage, frequency, etc.)

Table 4. 
Advantages of personalized nanomedicines.
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Nanobodies have a relatively high specificity and low endogenous toxicity. They 
can tackle therapeutic targets that are not readily detected by traditional antibodies 
such as enzyme active sites. Nanobodies have the ability to be produced as personal-
ized cancer therapies [87]. Nanotechnology is revolutionizing the treatment of 
cancer as it can alter its diagnosis, clinical path, and prognosis. Before treatment, 
cancer molecular profiling may be extremely prognostic and predictive of clinical 
responses or recurrence, encouraging the most effective treatment to be prescribed 
with each specific cancer.

11.2 Personalized nanomedicine for targeting CNS diseases

Central nervous system (CNS) disorders are increasingly worldwide due to 
changing demographics. Three factors make this field especially challenging as, 
pathogens are slowly evolving and impossible to diagnose early or anticipate, 
response to medication is highly dependent on the individual patient and always 
needs to be personalized, and drugs must pass the blood brain barrier [88]. 
Therapeutic agents commonly used to treat CNS diseases have shown considerable 
efficacy. However, the failure of these medicines to pass the blood–brain barrier 
(BBB) and the inefficacy of technology to ensure localized delivery of drugs in 
disease-specific areas of the brain have impeded full CNS disease management. 
Nanoparticle- based targeted drug delivery to the brain will play a significant com-
ponent in designing personalized treatment of neurological disorders by enhancing 
molecular diagnosis and pathomechanisms. For CNS drug delivery system, differ-
ent types of nanoparticles (gold, silica, hydrogels, liposomes, magnetic nanopar-
ticles, etc.) have been investigated. Such examples of the use of personalized 
treatment-based nanotechnology to treat CNS diseases are as follows: [89].

Gene silencing technologies focusing on small interfering RNA (siRNA) have 
shown great potential for the treatment of brain-associated diseases. However, suc-
cessful and systemic delivery of siRNA to the brain appears difficult due to biologi-
cal challenges such as enzymatic depletion, short-lived circulation, blood–brain 
barrier (BBB), relatively low tissue penetration, cell endocytosis, and cytosolic 
transport. Nanotechnology provides an interesting opportunity to overcome these 
problems in the delivery of siRNA to brain in combination with chemical and 
biological alteration strategies [90].

Alzheimer’s disease (AD) is a major public health concern worldwide. The 
challenge in treating the disease is partly attributed to the uncertainty of the signs 
and symptoms, the still limited understanding of its pathways and the presence of 

Figure 3. 
Function of nanobiotechnology for personalized cancer treatment.
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latent, asymptomatic, condition. While several drugs are constantly screened in 
clinical trials for the treatment of Alzheimer’s disease, the unpredictable patient 
response and often-serious adverse effects provide space for development for per-
sonalized nanomedicine [91]. In a study involving AD, the brain region was irradi-
ated with low gigahertz electromagnetic fields after binding of gold nanoparticles 
to β-amyloid plaques. The energy level was quite low for healthy cells to be affected. 
This study can be used effectively in the treatment of CNS disorder involving 
protein aggregation [92].

A “nanozyme” consists of a composition of the nanoparticle, an enzyme and 
a moiety for recognition. In Parkinson’s disease (PD), oxidative stress degrades 
the main dopaminergic receptors in the brain resulting in inflammation. It is also 
assumed that catalyzing the enzyme might be beneficial in therapy. Nanozyme, 
encapsulating catalase, and macrophages extracted from bone marrow linked to 
a recognition moiety, when administered, showed that navigation of the nano-
zyme into the region of brain’s inflammation. As a result, better distribution and 
improved bioavailability are achieved through the BBB [93].

11.3 Personalized nanomedicine for cardiovascular diseases

The development of cardiovascular diagnosis is now being influenced by 
nanosystems that can both detect and treat disease with a targeted delivery system. 
Nanotechnology has the ability to significantly accelerate the acceptance of per-
sonalized medicines in area of cardiovascular research by allowing production of 
fast, multimode point-of-care identification of single nucleotide polymorphisms 
(SNPs). This will, in essence, include information on the dangers associated with 
the progression of particular coronary disorders and pharmacogenetic advice on 
appropriate treatment for individual patients. In order to be clinically effective, 
the ideal method would need to be convenient, reliable, capable of simultaneous 
calculation of multiple genotypes and capable of conducting the full study without 
user intervention [94]. The different approaches to nanomedicine used in the form 
of nanocardiology have been mentioned in (Figure 4).

The possibility of cardiovascular procedures for the treatment of cardiovascular 
disorders appears to be interconnected with nanosystems capable of providing 
pathological diagnosis and treatment by means of changeable and regulated 
targeted systems. The dual potential of nanoparticles for visualization and selective 
distribution of therapeutic drugs to patients with cardiovascular disease would be 
a great opportunity for personalized medicine. By combining target drug delivery 
and molecular imaging with magnetic resonance imaging, the functions of serials 
by expressing epitope can be identified. At the desired target, monitoring and treat-
ment validation will clear the way for individual treatments [95].

11.4 Personalized nanomedicine for bone disorders

Osteoporosis is the most common metabolic bone disorder, and osteoporosis 
susceptibility genes (ESR1, LRP5, SOST, OPG, RANK and RANKL) are involved 
in three biological pathways: the estrogen endocrine pathway, the Wnt/β-catenin 
signaling pathway and the RANK/RANKL/osteoprotegerin (OPG) pathway [96]. 
Estrogen plays an essential role in bone biology through binding to two different 
estrogen receptors (ESRs), ESR1 and ESR2. Women’s Health Initiative performed 
a randomized controlled trial of hormone therapy, in which oral conjugated 
0.625 mg equine estrogen with or without 2.5 mg medroxyprogesterone acetate was 
administerd and showed significant reduction in postmenopausal risk of osteo-
porosis [97]. Vascular endothelial growth factor A (VEGFA), is highly expressed 
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in osteocarcinoma (OS) and acts as an autocrine survival factor for tumor cell 
themselves. OS cell-specific aptamer (LC09) -functionalized PEG-PEI-Cholesterol 
(PPC) lipopolymer encapsulating CRISPR/Cas9 plasmids encoding VEGFA 
gRNA and Cas9 in both orthotopic OS and lung metastasis, showed effective 
VEGFA genome editing in tumor, decreased VEGFA expression and secretion, 
inhibited orthotopic OS malignancy and lung metastasis [98]. Zhang et al. evalu-
ated G-protein-coupled Receptor Kinase Interactor-1(GIT1), as a target for the 
treatment of osteosarcoma and suggested that knowdown of GIT1 inhibited cell 
invasion and VEGF release in vitro and suppressed tumor growth, invasion, and 
angiogenesis in vivo, and also resulted in downregulation of hypoxia-inducible 
factor1α (HIF1α) and extracellular signal-regulated kinase (ERK1/2) pathways [99].  
Moreover studies have shown that ALDH1B1, a subfamily of Aldehyde dehydro-
genases (ALDHs), is upregulated in OS. Silencing of ALDH1B1 could inhibit the 
growth of xenograft tumor and knockdown of the same has shown to cause cycle 
arrest in G1 stage of OS cell in vitro cycle. Moreover, inhibition of ALDH1B1 expres-
sion could increase the sensitivity of chemotherapy [100]. The siRNA nanocarriers 
of chitosan-folic acid efficiently transferred the astrocyte elevated gene-1 (AEG-1) 

Figure 4. 
Nanomedicine in the context of nanocardiology for cardiovascular disease management.
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into the osteosarcoma cells, and knockdown of AEG-1 resulted in the inhibition of 
tumor cell proliferation and invasion [101].

11.5 Personalized nanomedicine for kidney disorders

The development of highly accurate biomarkers is essential for optimizing the 
management of kidney diseases. Various biomarkers of kidney diseases have been 
identified using proteomic techniques. Sequencing and genotyping can also help 
diagnose and treat kidney stones, cystic kidney disease, glomerulonephritis, and 
chronic kidney disorder. Besides, the pharmacogenomics predictors can help pre-
dict early-onset chronic kidney disease (CKD). Allelism in basement membrane–
associated Fraser complex (FRAS1, FREM1, FREM2, GRIP1) is observed in CKD 
[102]. However, only a few of these biomarkers could be potentially used in clinical 
practice for development of personalized medicine. CKD273, has been validated 
and used in an interventional trial as a biomarker for early CKD detection, and has 
received a ‘Letter-of-support’ from the FDA [103].

The angiotensin-converting enzyme (ACE) gene encodes ACE, involved in the 
renin-angiotensin-aldosterone system and kinin–kallikrein pathway. ACE inhibitors 
are currently used in CKDs as renoprotective which reduce proteinuria and blood 
pressure. The genotyping approach is being used in patients with CKDs or trans-
plantation, to treat patients who are nonresponsive to drugs. The polymorphism of 
Immunoglobulin Fc receptor (FcϒRIIIa) increases rituximab affinity by 10 folds 
and such polymorphisms may influence the efficacy of drugs. From transcriptome 
study on peripheral blood mononuclear cells (PBMCs) of uremic patients, the genes 
macrophage migration inhibitory factor, IL-8 receptor β and chemokine ligand 12 
have been identified as potential therapeutic targets for reduction of inflamma-
tion in dialysis patients [104]. Gold (Au) and poly-actic-co-glycolic acid (PLGA) 
nanoparticles (NPs) loaded with fenoldopam (FD) targeted to dopamine-receptor 
type-5 (DR5) on primary cilia have been evaluated for the treatment of vascular 
hypertension in polycystic kidney disease (PKD) model through cilia targeting 
[105]. Podocytes play apivotal role in the progression of various kidney-related 
diseases. Vascular Cell Adhesion Molecule-1 (VCAM-1) expression is increased by 
podocytes upon TNFα-activation for upto 24 h and anti-VCAM-1 antibody can be 
employed as a ligand to facilitate the uptake of nanocarriers under inflammatory 
condition. Anti-VCAM-1-rapamycin-SAINT-O-Somes (lipid-based nanocarrier 
system) has been found to deliver the potent immunosuppressant rapamycin to 
TNFα-activated podocytes [106].

11.6 Personalized nanomedicine for gastrointestinal disorders

Functional gastrointestinal disorders (FGIDs) associated with impaired upper 
gastrointestinal (GI) due to delayed gastric emptying (GE), reduced gastric 
accommodation (GA), and functional lower GI symptoms including constipation-
predominant irritable bowel syndrome, pelvic floor dyssynergia, colonic inertia, 
diarrhea-predominant irritable bowel syndrome, bile acid diarrhea, or act as a 
specific target for personalized medication. Hence, gastric relaxants or central neu-
romodulators, prokinetics are being used for personalized medicines in Functional 
Gastrointestinal Disorders (FGIDs). Personalized nanomedicine integrated with 
pharmacogenomics relates drug pharmacokinetics and drug enzymatic activity, 
specifically of CYP2D6, 2C19 and 3A4, to treat patients with FGIDs [107].

Orally delivered micellar nanoparticles, loaded with indomethacin developed 
by Yoshitomi et al., has potent nitroxide radical and ROS scavenging activity to 
treat small intestinal disorders [108]. Similarly, colon targeted hyaluronan-cisplatin 
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conjugated nanoparticles (HCNPs) has been developed by Tsai et al. for colon- 
specific drug delivery [109]. Also, CD98 siRNA/polyethyleneimine (PEI)-loaded 
NPs developed by Laroui et al. has shown down-regulation of intestinal CD98 
for the treatment of colitis [110]. In addition, CS-TPP/IL-21 nanoparticles, 
Methotrexate loaded and folic acid conjugated guar gum nanoparticles (MTX-
FA-GGNP), and deoxycholic acid conjugated nanoparticles (DexDA) loaded with 
retinoic acid have shown beneficial results in colorectal cancer [111–113].

Nonalcoholic fatty liver disease (NAFLD), including steatosis, fibrosis, and 
cirrhosis, leads to hepatocellular carcinoma. The CYP enzymatic activity that 
metabolizes different drugs can be affected by NAFLD. Hence, personalized treat-
ment in all NAFLD patients is done through genetic profiling of the patient besides 
taking into account gender, environmental factors, diet habits, and CYP pattern to 
determine effective drug treatment. The polymeric nanoparticles such as the Smart 
Insulin L-490, a kind of personalized nanotheranostics, estimates patient glucose 
level and responds to the stimulus by releasing appropriate amount of insulin 
(Table 5) [123].

12. Future prospects

Regardless of contributions made by scientists, the adoption of pharmacogenetic 
testing in the clinical application has not been up to great extent [124]. The clinical 

Drug Name Nanoformulation Indication Phase* References

DaunoXome/
Daunorubicin

Liposome Acute myeloid leukemia, 
solid tumors, first-line 
treatment for patients with 
advanced HIV-associated 
Kaposi’s sarcoma

Marketed [114]

Genexol-PM/ 
Paclitaxel

PEG–PLA polymeric 
micelle

Breast, lung and ovarian 
cancer

Marketed [115]

Abraxane/
Paclitaxel

Albumin 
nanoparticles

Metastatic Breast Cancer; 
Non-Small Cell
Lung Cancer

Marketed [116]

Doxil/Doxorubicin PEGylated liposomes Ovarian Cancer; Sarcoma; 
Myeloma

Marketed [116]

Aroplatin/Cisplatin 
analog (L-NDDP)

Liposome Malignant Mesothelioma Phase II [117]

DepoDur/
Morphine sulfate

Liposome Pain management Marketed [118]

Invegasustenna/
Paliperidone 
palmitate

Nanocrystal Schizophrenia Marketed [119]

Diprivan/Propofol Nano-emulsion Anesthetic Marketed [120]

siRNA 
transthyretin 
inhibitor

Lipid nanoparticles Amyloidosis Phase III [121]

Tricor/Fenofibrate Nanocrystal Hypercholesterolemia Marketed [122]

Note: PEG: poly (ethylene glycol); PLA: poly (lactic acid), PM: Polymeric miscelles, NSCLC: Non-small cell lung 
cancer, siRNA: Small interference RNA.*www.clinicaltrials.gov

Table 5. 
List of nanomedicines under clinical evaluation to target various diseases.
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trial of Tailor PCI study on the drug clopidogrel may increase the testing rates but 
presence of cheaper alternatives that does not require any pharmacogenetic testing 
may reverse the scenario [1]. Genome wide association studies which purport to 
give the well replicated data on genetic risk factors for complex diseases support 
the future of advanced application of pharmacogenetics. These novel risk factors 
may serve as potential therapeutic targets for the newly developed drugs and proper 
information about the patient genotype for these vital targets may affect the art of 
prescribing these drugs [125, 126]. Owing to these technology advanced settings, it 
is more likely that the pharmacogenetic knowledge will be available routinely in the 
near future, which will affect the science of prescribing drugs.

13. Conclusion

Pharmacogenomics is progressing in the form of personalized medicines in the 
world today. The main purpose of personalized therapies is to improve healthcare 
through the application of emerging technology. In these innovations, nanotechnol-
ogy plays a key role with integration of pharmacogenomics to improve diagnosis 
and therapeutics at the individual level treatment. With this approach the introduc-
tion of personalized nanomedicine, has provided a major stimulus to the medicine 
and pharmacy disciplines to include advanced clinical therapies, disease manage-
ment, diagnosis, and delivery of drugs.

Conflict of interest

The authors declare no conflict of interest.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



36

Pharmacogenetics

[1] Daly AK. Pharmacogenetics: A 
general review on progress to date 
[Internet]. Vol. 124, British Medical 
Bulletin. Oxford University Press; 2017 
[cited 2020 Nov 17]. p. 65-79. Available 
from: https://academic.oup.com/bmb/
article/124/1/65/4430783

[2] Roses AD. Pharmacogenetics. Hum 
Mol Genet. 2001 Oct;10(20):2261-2267.

[3] Pirmohamed M. Pharmacogenetics 
and pharmacogenomics [Internet]. Vol. 
52, British Journal of Clinical 
Pharmacology. Wiley-Blackwell; 2001 
[cited 2020 Nov 16]. p. 345-7. Available 
from: https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC2014592/

[4] Kalow W. Pharmacogenetics and 
pharmacogenomics: Origin, status, and 
the hope for personalized medicine. Vol. 
6, Pharmacogenomics Journal. 
Pharmacogenomics J; 2006. p. 162-165.

[5] Zanger UM, Schwab M. Cytochrome 
P450 enzymes in drug metabolism: 
Regulation of gene expression, enzyme 
activities, and impact of genetic 
variation. Vol. 138, Pharmacology and 
Therapeutics. Pharmacol Ther; 2013. p. 
103-141.

[6] Sim SC, Risinger C, Dahl ML, 
Aklillu E, Christensen M, Bertilsson L, 
Ingelman-Sundberg M. A common 
novel CYP2C19 gene variant causes 
ultrarapid drug metabolism relevant for 
the drug response to proton pump 
inhibitors and antidepressants. Clin 
Pharmacol Ther. 2006 Jan;79(1): 
103-113.

[7] Johansson I, Lundqvist E, 
Bertilsson L, Dahl ML, Sjoqvist F, 
Ingelman- Sundberg M. Inherited 
amplification of an active gene in the 
cytochrome P450 CYP2D locus as a 
cause of ultrarapid metabolism of 
debrisoquine. Proc Natl Acad Sci U S A. 
1993;90(24):11825-11829.

[8] Wang L, Weinshilboum R. 
Thiopurine S-methyltransferase 
pharmacogenetics: Insights, challenges 
and future directions. Vol. 25, 
Oncogene. Oncogene; 2006. p. 
1629-1638.

[9] Tie JK, Stafford DW. Structural and 
functional insights into enzymes of the 
vitamin K cycle. Vol. 14, Journal of 
Thrombosis and Haemostasis. Blackwell 
Publishing Ltd; 2016. p. 236-247.

[10] The Cancer Genome Atlas Program 
- National Cancer Institute [Internet]. 
[cited 2021 Feb 1]. Available from: 
https://www.cancer.gov/about-nci/
organization/ccg/research/structural-
genomics/tcga

[11] Thorn CF, Klein TE, Altman RB. 
PharmGKB: The Pharmacogenomics 
Knowledge Base. [cited 2021 Feb 1]; 
Available from: www.pharmgkb.org,

[12] Relling M V, Krauss RM, Roden DM, 
Klein TE, Fowler DM, Terada N, Lin L, 
Riel-Mehan M, Do TP, Kubo M, Yee SW, 
Johnson GT, Giacomini KM, 
Pharmacol C, Author T. New 
Pharmacogenomics Research Network: 
An Open Community Catalyzing 
Research and Translation in Precision 
Medicine HHS Public Access Author 
manuscript. Clin Pharmacol Ther 
[Internet]. 2017 [cited 2021 Feb 
1];102(6):897-902. Available from: 
http://www.pgrn.org/all-pgrn-
publications.html

[13] Mestroni L, Begay R, Graw SL, 
Taylor MR. Pharmacogenetics of Heart 
Failure. [cited 2021 Feb 5]; Available 
from: http://www.genome.gov

[14] Limaye N. Pharmacogenomics, 
theranostics and personalized medicine -  
The complexities of clinical trials: 
Challenges in the developing world 
[Internet]. Vol. 2, Applied and 
Translational Genomics. Elsevier B.V.; 

References



37

Integrated Role of Nanotechnology and Pharmacogenetics in Diagnosis and Treatment of Diseases
DOI: http://dx.doi.org/10.5772/intechopen.97643

2013 [cited 2021 Feb 8]. p. 17-21. 
Available from: http://dx.doi.
org/10.1016/j.atg.2013.05.002

[15] Sailani MR, Jahanbani F, 
Abbott CW, Lee H, Zia A, Rego S, 
Winkelmann J, Hopfner F, Khan TN, 
Katsanis N, Müller SH, Berg D, 
Lyman KM, Mychajliw C, Deuschl G, 
Bernstein JA, Kuhlenbäumer G, 
Snyder MP. Candidate variants in TUB 
are associated with familial tremor. 
Bućan M, editor. PLOS Genet [Internet]. 
2020 Sep 21 [cited 2021 Feb 
5];16(9):e1009010. Available from: 
https://dx.plos.org/10.1371/journal.
pgen.1009010

[16] Truvé K, Parris TZ, Vizlin-Hodzic D, 
Salmela S, Berger E, Ågren H, Funa K. 
Identification of candidate genetic 
variants and altered protein expression 
in neural stem and mature neural cells 
support altered microtubule function to 
be an essential component in bipolar 
disorder. Transl Psychiatry [Internet]. 
2020 Dec 1 [cited 2021 Feb 5];10(1):1-
12. Available from: https://doi.
org/10.1038/s41398-020-01056-1

[17] Cleynen I, Brants JR, Peeters K, 
Deckers R, Debiec-Rychter M, Sciot R, 
Van De Ven WJM, Petit MMR. HMGA2 
Regulates Transcription of the Imp2 
Gene via an Intronic Regulatory 
Element in Cooperation with Nuclear 
Factor-KB. Mol Cancer Res [Internet]. 
2007 [cited 2021 Feb 9];5(4):363-72. 
Available from: http://www.
genomatix.de

[18] Treutlein J, Kissling C, Frank J, 
Wiemann S, Dong L, Depner M, 
Saam C, Lascorz J, Soyka M, Preuss UW, 
Rujescu D, Skowronek MH, 
Rietschel M, Spanagel R, Heinz A, 
Laucht M, Mann K, Schumann G. 
Genetic association of the human 
corticotropin releasing hormone 
receptor 1 (CRHR1) with binge drinking 
and alcohol intake patterns in two 
independent samples. Mol Psychiatry 
[Internet]. 2006 Jun 21 [cited 2021 Feb 

9];11(6):594-602. Available from: www.
nature.com/mp

[19] Modena BD, Doroudchi A, Patel P, 
Sathish V. Leveraging genomics to 
uncover the genetic, environmental and 
age-related factors leading to asthma. In: 
Genomic and Precision Medicine: 
Infectious and Inflammatory Disease. 
Elsevier; 2019. p. 331-381.

[20] Zhang RZ, Pan TC, Zhang ZY, 
Mattei MG, Timpl R, Chu ML. Fibulin-2 
(FBLN2): human cDNA sequence, 
mRNA expression, and mapping of the 
gene on human and mouse 
chromosomes. Genomics [Internet]. 
1994 Jul 15 [cited 2021 Feb 9];22(2):425-
30. Available from: http://www.ncbi.
nlm.nih.gov/pubmed/7806230

[21] Paththinige CS, Sirisena ND, 
Dissanayake VHW. Genetic 
determinants of inherited susceptibility 
to hypercholesterolemia - a 
comprehensive literature review. Vol. 16, 
Lipids in Health and Disease. BioMed 
Central Ltd.; 2017.

[22] Kong Y, Xu K, Yuan K, Zhu J, Gu W, 
Liang L, Wang C. Digenetic inheritance 
of SLC12A3 and CLCNKB genes in a 
Chinese girl with Gitelman syndrome. 
BMC Pediatr [Internet]. 2019 Apr 18 
[cited 2021 Feb 9];19(1). Available from: 
/pmc/articles/PMC6471809/

[23] Familial hypertrophic 
cardiomyopathy Precision Panel - Tests - 
GTR - NCBI [Internet]. [cited 2021 
Feb 9]. Available from: https://www.
ncbi.nlm.nih.gov/gtr/tests/514111/

[24] Lemaire SA, McDonald MLN, 
Guo DC, Russell L, Miller CC, 
Johnson RJ, Bekheirnia MR, Franco LM, 
Nguyen M, Pyeritz RE, Bavaria JE, 
Devereux R, Maslen C, Holmes KW, 
Eagle K, Body SC, Seidman C, 
Seidman JG, Isselbacher EM, Bray M, 
Coselli JS, Estrera AL, Safi HJ, 
Belmont JW, Leal SM, Milewicz DM. 
Genome-wide association study 



Pharmacogenetics

38

identifies a susceptibility locus for 
thoracic aortic aneurysms and aortic 
dissections spanning FBN1 at 15q21.1. 
Nat Genet [Internet]. 2011 Oct [cited 
2021 Feb 9];43(10):996-1002. Available 
from: /pmc/articles/PMC3244938/

[25] Behiry EG, Al-Azzouny MA, Sabry D, 
Behairy OG, Salem NE. Association of 
NKX2-5, GATA4, and TBX5 
polymorphisms with congenital heart 
disease in Egyptian children. Mol Genet 
Genomic Med [Internet]. 2019 May 1 
[cited 2021 Feb 9];7(5):612. Available 
from: /pmc/articles/PMC6503026/

[26] Hicks C, Pannuti A, Miele L. 
Associating GWAS information with the 
Notch signaling pathway using 
transcription profiling. Cancer Inform 
[Internet]. 2011 [cited 2021 Feb 
9];10:93-108. Available from: /pmc/
articles/PMC3091413/

[27] GWAS Catalog [Internet]. [cited 
2021 Feb 9]. Available from: https://
www.ebi.ac.uk/gwas/genes/NOTCH1

[28] cBioPortal for Cancer Genomics 
[Internet]. [cited 2021 Feb 8]. Available 
from: https://www.cbioportal.org/

[29] Cerami E, Gao J, Dogrusoz U, 
Gross BE, Sumer SO, Aksoy BA, 
Jacobsen A, Byrne CJ, Heuer ML, 
Larsson E, Antipin Y, Reva B, 
Goldberg AP, Sander C, Schultz N. The 
cBio Cancer Genomics Portal: An Open 
Platform for Exploring Multi 
dimensional Cancer Genomics Data: 
Figure 1. Cancer Discov [Internet]. 2012 
May [cited 2021 Feb 8];2(5):401-4. 
Available from: http://cancerdiscovery.
aacrjournals.org/lookup/doi/10.1158/ 
2159-8290.CD-12-0095

[30] CellMiner - Analysis Tools 
[Internet]. [cited 2021 Feb 8]. Available 
from: https://discover.nci.nih.gov/
cellminer/

[31] Reinhold WC, Sunshine M, Liu H, 
Varma S, Kohn KW, Morris J, 

Doroshow J, Pommier Y. CellMiner: A 
Web-Based Suite of Genomic and 
Pharmacologic Tools to Explore 
Transcript and Drug Patterns in the 
NCI-60 Cell Line Set. 2012 [cited 2021 
Feb 8]; Available from: http://dtp.nci.
nih.gov/

[32] [clue.io][Internet]. [cited 2021 Feb 
8]. Available from: https://clue.io/cmap

[33] Musa A, Ghoraie LS, Zhang SD, 
Glazko G, Yli-Harja O, Dehmer M, 
Haibe-Kains B, Emmert-Streib F. A 
review of connectivity map and 
computational approaches in 
pharmacogenomics. Brief Bioinform. 
2018 May 1;19(3):506-523.

[34] MEDI and NDF-RT database 
developed by - Google Search 
[Internet]. [cited 2021 Feb 9].

[35] National Drug File - Reference 
Terminology - Summary | NCBO 
BioPortal [Internet]. [cited 2021 Feb 9]. 
Available from: https://bioportal.
bioontology.org/ontologies/NDFRT

[36] SPHINX [Internet]. [cited 2021  
Feb 9]. Available from: https://www.
emergesphinx.org/

[37] Klein TE, Altman RB. PharmGKB: 
The pharmacogenetics and 
pharmacogenomics knowledge base 
[Internet]. Vol. 4, Pharmacogenomics 
Journal. Nature Publishing Group; 2004 
[cited 2021 Feb 7]. p. 1. Available from: 
http://www.nature.com/tpj

[38] Thorn CF, Klein TE, Altman RB. 
PharmGKB: The pharmacogenomics 
knowledge base. Methods Mol Biol 
[Internet]. 2013 [cited 2021 Feb 
7];1015:311-20. Available from: https://
pubmed.ncbi.nlm.nih.gov/23824865/

[39] Sim SC, Ingelman-Sundberg M. The 
Human Cytochrome P450 (CYP) Allele 
Nomenclature website: A peer-reviewed 
database of CYP variants and their 
associated effects [Internet]. [cited 2021 



39

Integrated Role of Nanotechnology and Pharmacogenetics in Diagnosis and Treatment of Diseases
DOI: http://dx.doi.org/10.5772/intechopen.97643

Feb 7]. Available from: http://www.
cypalleles.ki.se/

[40] Human Arylamine 
N-Acetyltransferase Gene Nomenclature 
— School of Medicine University of 
Louisville [Internet]. [cited 2021 Feb 7]. 
Available from: https://louisville.edu/
medicine/departments/pharmacology/
news-information/nat

[41] Ye AY, Liu Q-R, Li C-Y, Zhao M, 
Qu H. Human Transporter Database: 
Comprehensive Knowledge and 
Discovery Tools in the Human 
Transporter Genes. Xue Y, editor. PLoS 
One [Internet]. 2014 Feb 18 [cited 2021 
Feb 7];9(2):e88883. Available from: 
https://dx.plos.org/10.1371/journal.
pone.0088883

[42] Barbarino JM, Haidar CE, Klein TE, 
Altman RB. PharmGKB summary: very 
important pharmacogene information 
for UGT1A1. 2014 [cited 2021 Feb 7]; 
Available from: http://www.pharmaco 
genomics.pha.ulaval.ca/cms/ugt_alleles/

[43] Jain K. Role of nanobiotechnology in 
the development of personalized 
medicine. Nanomedicine [Internet]. 
2009 Apr 30 [cited 2021 Feb 
8];4(3):249-52. Available from: https://
www.futuremedicine.com/doi/10.2217/
nnm.09.12

[44] Bartlett G, Antoun J, Zgheib NK. 
Theranostics in primary care: 
Pharmacogenomics tests and beyond 
[Internet]. Vol. 12, Expert Review of 
Molecular Diagnostics. Taylor & 
Francis; 2012 [cited 2021 Feb 8]. p. 
841-55. Available from: https://www.
tandfonline.com/doi/abs/10.1586/
erm.12.115

[45] Pharmacogenomics Technology 
(Theranostics & CDx) Market Worth 
$18.3 Billion By 2025: Grand View 
Research, Inc. [Internet]. [cited 2021 
Feb 8]. Available from: https://www.
prnewswire.com/news-releases/
pharmacogenomics-technology-

theranostics--cdx-market-worth-183-
billion-by-2025-grand-view-research-
inc-632846353.html

[46] Karachaliou N, Rosell R. Targeted 
treatment of mutated EGFR-expressing 
non-small-cell lung cancer: Focus on 
erlotinib with companion diagnostics 
[Internet]. Vol. 5, Lung Cancer: Targets 
and Therapy. Dove Medical Press Ltd.; 
2014 [cited 2021 Feb 28]. p. 73-9. 
Available from: /pmc/articles/
PMC5217512/

[47] Michaut M, Bader GD. Multiple 
genetic interaction experiments provide 
complementary information useful for 
gene function prediction. PLoS Comput 
Biol [Internet]. 2012 Jun [cited 2021 Feb 
3];8(6). Available from: /pmc/articles/
PMC3380825/?report=abstract

[48] Liu R, Zhao X, Liu X, Chen Z, 
Qiu L, Geng R, Guo W, He G, Yin J, Li J, 
Zhu & X. Influences of ERCC1, ERCC2, 
XRCC1, GSTP1, GSTT1, and MTHFR 
polymorphisms on clinical outcomes in 
gastric cancer patients treated with EOF 
chemotherapy.

[49] Weinshilboum R, Wang L. 
Pharmacogenomics: Precision Medicine 
and Drug Response. [cited 2021 Apr 3]; 
Available from: http://www.
allelefrequencies.net/

[50] Van Allen EM, Miao D, Schilling B, 
Shukla SA, Blank C, Zimmer L, 
Sucker A, Hillen U, Foppen MHG, 
Goldinger SM, Utikal J, Hassel JC, 
Weide B, Kaehler KC, Loquai C, Mohr P, 
Gutzmer R, Dummer R, Gabriel S, 
Wu CJ, Schadendorf D, Garraway LA. 
Genomic correlates of response to 
CTLA-4 blockade in metastatic 
melanoma. Science (80- ) [Internet]. 
2015 Oct 9 [cited 2021 Feb 
3];350(6257):207-11. Available from: 
https://pubmed.ncbi.nlm.nih.
gov/26359337/

[51] Ciriello G, Miller ML, Aksoy BA, 
Senbabaoglu Y, Schultz N, Sander C. 



Pharmacogenetics

40

Emerging landscape of oncogenic 
signatures across human cancers. Nat 
Genet [Internet]. 2013 Oct 26 [cited 
2021 Feb 3];45(10):1127-33. Available 
from: https://www.nature.com/
articles/ng.2762

[52] Amstutz U, Henricks LM, 
Offer SM, Barbarino J, Schellens JHM, 
Swen JJ, Klein TE, McLeod HL, 
Caudle KE, Diasio RB, Schwab M. 
Clinical Pharmacogenetics 
Implementation Consortium (CPIC) 
Guideline for Dihydropyrimidine 
Dehydrogenase Genotype and 
Fluoropyrimidine Dosing: 2017 Update. 
Clin Pharmacol Ther [Internet]. 2018 
Feb 1 [cited 2021 Feb 9];103(2):210-6. 
Available from: http://doi.wiley.
com/10.1002/cpt.911

[53] Plecko B, Steinfeld R. Disorders of 
Vitamin Metabolism. In: Swaiman’s 
Pediatric Neurology: Principles and 
Practice: Sixth Edition. Elsevier Inc.; 
2017. p. 373-82.

[54] Nguyen CM, Mendes MAS, Ma JD. 
Thiopurine methyltransferase (TPMT) 
genotyping to predict myelosuppression 
risk. PLoS Curr [Internet]. 2011 [cited 
2021 Feb 9];3. Available from: /pmc/
articles/PMC3094768/

[55] O’Dwyer PJ, Catalano RB. Uridine 
diphosphate glucuronosyltransferase 
(UGT) 1A1 and irinotecan: Practical 
pharmacogenomics arrives in cancer 
therapy. Vol. 24, Journal of Clinical 
Oncology. American Society of Clinical 
Oncology; 2006. p. 4534-8.

[56] Wang H, Gao X, Zhang X, Gong W, 
Peng Z, Wang B, Wang L, Chang S, 
Ma P, Wang S. Glutathione S-transferase 
gene polymorphisms are associated with 
an improved treatment response to 
cisplatin-based chemotherapy in 
patients with non-small cell lung cancer 
(NSCLC): A meta-analysis. Med Sci 
Monit [Internet]. 2018 Oct 20 [cited 
2021 Feb 9];24:7482-92. Available from: 
/pmc/articles/PMC6204655/

[57] Haufroid V. Genetic Polymorphisms 
of ATP-Binding Cassette Transporters 
ABCB1 and ABCC2 and their Impact on 
Drug Disposition. Curr Drug Targets 
[Internet]. 2011 Apr 18 [cited 2021 Feb 
9];12(5):631-46. Available from: https://
pubmed.ncbi.nlm.nih.gov/21039333/

[58] Li Y, Liu F, Tan SQ, Wang Y, Li SW. 
X-Ray Repair Cross-Complementing 
Group 1 (XRCC1) Genetic 
Polymorphisms and Cervical Cancer 
Risk: A HuGE Systematic Review and 
Meta-Analysis. PLoS One [Internet]. 
2012 Sep 12 [cited 2021 Feb 9];7(9). 
Available from: /pmc/articles/
PMC3440401/

[59] Musunuru K, Roden DM, 
Boineau R, Bristow MR, McCaffrey TA, 
Newton-Cheh C, Paltoo DN, 
Rosenberg Y, Wohlgemuth JG, Zineh I, 
Hasan AAK. Cardiovascular 
pharmacogenomics: current status and 
future directions-report of a national 
heart, lung, and blood institute working 
group. J Am Heart Assoc [Internet]. 
2012 Apr 12 [cited 2021 Feb 
6];1(2):e000554. Available from: http://
www.ncbi.nlm.nih.gov/
pubmed/23130127

[60] Pereira NL, Keith Stewart MBChB 
A. Clinical Implementation of 
Cardiovascular Pharmacogenomics. 
2015 [cited 2021 Feb 6]; Available from: 
http://dx.doi.org/10.1016/j.
mayocp.2015.04.011

[61] Johnson JA, Cavallari LH. 
Pharmacogenetics and cardiovascular 
disease-implications for personalized 
medicine [Internet]. Vol. 65, 
Pharmacological Reviews. American 
Society for Pharmacology and 
Experimental Therapeutics; 2013 [cited 
2021 Feb 4]. p. 987-1009. Available 
from: https://pharmrev.aspetjournals.
org/content/65/3/987

[62] Zhu Y, Swanson KM, Rojas RL, 
Wang Z, St. Sauver JL, Visscher SL, 
Prokop LJ, Bielinski SJ, Wang L, 



41

Integrated Role of Nanotechnology and Pharmacogenetics in Diagnosis and Treatment of Diseases
DOI: http://dx.doi.org/10.5772/intechopen.97643

Weinshilboum R, Borah BJ. Systematic 
review of the evidence on the cost-
effectiveness of pharmacogenomics-
guided treatment for cardiovascular 
diseases [Internet]. Vol. 22, Genetics in 
Medicine. Springer Nature; 2020 [cited 
2021 Feb 6]. p. 475-86. Available from: 
https://doi.org/10.1038/s41436-

[63] Roden DM, Van Driest SL, Wells QS, 
Mosley JD, Denny JC, Peterson JF. 
Opportunities and challenges in 
cardiovascular pharmacogenomics from 
discovery to implementation [Internet]. 
Vol. 122, Circulation Research. 
Lippincott Williams and Wilkins; 2018 
[cited 2021 Feb 8]. p. 1176-90. Available 
from: http://circres.ahajournals.org

[64] Cacabelos R. Pharmacogenomic 
Biomarkers in Neuropsychiatry: The 
Path to Personalized Medicine in Mental 
Disorders.

[65] Vizirianakis IS, Miliotou AN, 
Mystridis GA, Andriotis EG, 
Andreadis II, Papadopoulou LC, 
Fatouros DG. Tackling pharmacological 
response heterogeneity by PBPK 
modeling to advance precision medicine 
productivity of nanotechnology and 
genomics therapeutics. Expert Rev 
Precis Med Drug Dev. 
2019;4(3):139-151.

[66] Vizirianakis IS AE. Pharmaco 
genomics and nanotechnology toward 
advancing personalized medicine. In 
Springer, Berlin, Heidelberg; 2012. 
p. 115-34.

[67] Alharbi KK, Al-sheikh YA. Role 
and implications of nanodiagnostics in 
the changing trends of clinical 
diagnosis. Saudi J Biol Sci. 
2014;21(2):109-117.

[68] Jhawat V, Gulia M, Gupta S, 
Maddiboyina B, Dutt R. Integration of 
pharmacogenomics and theranostics 
with nanotechnology as quality by 
design (QbD) approach for formulation 
development of novel dosage forms for 

effective drug therapy. J Control 
Release. 2020;327(August):500-511.

[69] Amstutz U, Carleton BC. 
Pharmacogenetic testing: Time for 
clinical practice guidelines. Clin 
Pharmacol Ther. 2011;89(6):924-927.

[70] Cheok MH, Lugthart S, Evans WE. 
Pharmacogenomics of acute leukemia. 
Annu Rev Pharmacol Toxicol. 
2006;46:317-353.

[71] Gupta S, Jhawat V. Quality by design 
(QbD) approach of pharmacogenomics 
in drug designing and formulation 
development for optimization of drug 
delivery systems. Vol. 245, Journal of 
Controlled Release. Elsevier B.V.; 2017. 
p. 15-26.

[72] Eichelbaum M, Ingelman- 
Sundberg M, Evans WE. Pharmaco 
genomics and individualized drug 
therapy. Vol. 57, Annual Review of 
Medicine. 2006. p. 119-37.

[73] Mura S, Couvreur P. 
Nanotheranostics for personalized 
medicine. Adv Drug Deliv Rev. 
2012;64(13):1394-1416.

[74] Wang LS, Chuang MC, Ho J an A. 
Nanotheranostics - A review of recent 
publications. Int J Nanomedicine. 
2012;7:4679-4695.

[75] Rodríguez-Antona C, Taron M. 
Pharmacogenomic biomarkers for 
personalized cancer treatment. J Intern 
Med. 2015;277(2):201-217.

[76] Mäbert K, Cojoc M, Peitzsch C, 
Kurth I, Souchelnytskyi S, 
Dubrovska A. Cancer biomarker 
discovery: Current status and future 
perspectives. Int J Radiat Biol. 
2014;90(8):659-677.

[77] Verma S, Prabhakar Y. Target Based 
Drug Design - A Reality in Virtual 
Sphere. Curr Med Chem. 
2015;22(13):1603-1630.



Pharmacogenetics

42

[78] Cichonska A, Rousu J, Aittokallio T. 
Identification of drug candidates and 
repurposing opportunities through 
compound-target interaction networks. 
Expert Opin Drug Discov. 
2015;10(12):1333-1345.

[79] Sharma S. Nanotheranostics in 
Evidence Based Personalized Medicine. 
Curr Drug Targets. 
2020;15(10):915-930.

[80] Thurner GC, Chabicovsky M, 
Abdelmoez A, Debbage P. Targeted 
Drugs and Nanomedicine: Present and 
Future. Front Med Chem. 2016;182-233.

[81] Vizirianakis IS, Fatouros DG. 
Personalized nanomedicine: paving the 
way to the practical clinical utility of 
genomics and nanotechnology 
advancements. Vol. 64, Advanced Drug 
Delivery Reviews. 2012. p. 1359-62.

[82] Fruscella M, Ponzetto A, Crema A, 
Carloni G. The Extraordinary Progress 
in Very Early Cancer Diagnosis and 
Personalized Therapy: The Role of 
Oncomarkers and Nanotechnology. J 
Nanotechnol. 2016;2016.

[83] Jain KK. Role of nanobiotechnology 
in developing personalized medicine for 
cancer. Technol Cancer Res Treat. 
2005;4(6):645-650.

[84] Atkinson SP, Andreu Z, Vicent MJ. 
Polymer therapeutics: Biomarkers and 
new approaches for personalized cancer 
treatment. J Pers Med. 2018;8(1).

[85] Choi, Y., Baker, J. R. J. Targeting 
Cancer Cells with DNA-Assembled 
Dendrimers. Cell Cycle. 2005;(May): 
669-71.

[86] Schmieder AH, Winter PM, 
Caruthers SD, Harris TD, Williams TA, 
Allen JS, Lacy EK, Zhang H, Scott MJ, 
Hu G, Robertson JD, Wickline SA, 
Lanza GM. Molecular MR imaging of 
melanoma angiogenesis with α 

νβ3-targeted paramagnetic 
nanoparticles. Magn Reson Med. 
2005;53(3):621-627.

[87] Gainkam LOT, Huang L, 
Caveliers V, Keyaerts M, Hernot S, 
Vaneycken I, Vanhove C, Revets H, De 
Baetselier P, Lahoutte T. Comparison of 
the biodistribution and tumor targeting 
of two 99mTc-labeled anti-EGFR 
nanobodies in mice, using pinhole 
SPECT/micro-CT. J Nucl Med. 
2008;49(5):788-795.

[88] Cetin M, Gumru S, Aricioglu F. 
Nanotechnology applications in 
neuroscience: Advances, opportunities 
and challenges. Klin Psikofarmakol Bul. 
2012;22(2):115-120.

[89] Kaushik A, Jayant RD, Bhardwaj V, 
Nair M. Personalized nanomedicine for 
CNS diseases. Drug Discov Today. 
2018;23(5):1007-1015.

[90] Zheng M, Tao W, Zou Y, 
Farokhzad OC, Shi B. Nanotechnology-
Based Strategies for siRNA Brain 
Delivery for Disease Therapy. Vol. 36, 
Trends in Biotechnology. Elsevier Ltd; 
2018. p. 562-575.

[91] De Matteis L, Martín-Rapún R, de la 
Fuente JM. Nanotechnology in 
Personalized Medicine: A Promising 
Tool for Alzheimer’s Disease Treatment. 
Curr Med Chem. 2017;25(35): 
4602-4615.

[92] Kogan MJ, Bastus NG, Amigo R, 
Grillo-Bosch D, Araya E, Turiel A, 
Labarta A, Giralt E, Puntes VF. 
Nanoparticle-mediated local and remote 
manipulation of protein aggregation. 
Nano Lett. 2006;6(1):110-115.

[93] Zhao Y, J. Haney M. Active Targeted 
Macrophage-mediated Delivery of 
Catalase to Affected Brain Regions in 
Models of Parkinson?s Disease. Vol. 01, 
Journal of Nanomedicine & 
Nanotechnology. 2011.



43

Integrated Role of Nanotechnology and Pharmacogenetics in Diagnosis and Treatment of Diseases
DOI: http://dx.doi.org/10.5772/intechopen.97643

[94] Buxton DB. Current status of 
nanotechnology approaches for 
cardiovascular disease: A personal 
perspective. Wiley Interdiscip Rev 
Nanomedicine Nanobiotechnology. 
2009;1(2):149-155.

[95] Keyhanvar P, Bohlouli N, 
Bahrami S, Yousefzadeh A, Madadi S. 
Application of nanotechnology in device 
promotion in cardiology: A promising 
horizon for nanocardiology toward 
personalized medicine. Vol. 16, Iranian 
Heart Journal. 2015. p. 45-53.

[96] Li WF, Hou SX, Yu B, Jin D, Férec C, 
Chen JM. Genetics of osteoporosis: 
Perspectives for personalized medicine 
[Internet]. Vol. 7, Personalized 
Medicine. Per Med; 2010 [cited 2021 
Apr 3]. p. 655-68. Available from: 
https://pubmed.ncbi.nlm.nih.
gov/29788568/

[97] Cagnacci A, Venier M. The 
controversial history of hormone 
replacement therapy [Internet]. Vol. 55, 
Medicina (Lithuania). MDPI AG; 2019 
[cited 2021 Apr 3]. Available from: /
pmc/articles/PMC6780820/

[98] Liang C, Li F, Wang L, Zhang ZK, 
Wang C, He B, Li J, Chen Z, Shaikh AB, 
Liu J, Wu X, Peng S, Dang L, Guo B, 
He X, Au DWT, Lu C, Zhu H, Zhang BT, 
Lu A, Zhang G. Tumor cell-targeted 
delivery of CRISPR/Cas9 by aptamer-
functionalized lipopolymer for 
therapeutic genome editing of VEGFA 
in osteosarcoma. Biomaterials. 2017 Dec 
1;147:68-85.

[99] Zhang Z, Hu P, Xiong J, Wang S. 
Inhibiting GIT1 reduces the growth, 
invasionand angiogenesis of 
osteosarcoma. Cancer Manag Res 
[Internet]. 2018 [cited 2021 Apr 
3];10:6445-55. Available from: /pmc/
articles/PMC6278701/

[100] Wang X, Yu Y, He Y, Cai Q, Gao S, 
Yao W, Liu Z, Tian Z, Han Q, Wang W, 

Sun R, Luo Y, Li C. Upregulation of 
ALDH1B1 promotes tumor progression 
in osteosarcoma. Oncotarget [Internet]. 
2018 [cited 2021 Apr 3];9(2):2502-14. 
Available from: /pmc/articles/
PMC5788655/

[101] Wang F, Pang JD, Huang LL, 
Wang R, Li D, Sun K, Wang LT, 
Zhang LM. Nanoscale polysaccharide 
derivative as an AEG-1 siRNA carrier for 
effective osteosarcoma therapy. Int J 
Nanomedicine. 2018 Feb 8;13:857-875.

[102] Connaughton DM, Hildebrandt F. 
Personalized medicine in chronic kidney 
disease by detection of monogenic 
mutations. Nephrol Dial Transplant. 
2020 Mar 1;35(3):390-397.

[103] Siwy J, Mischak H, Zürbig P. 
Proteomics and personalized medicine: 
a focus on kidney disease. Expert Rev 
Proteomics. 2019 Sep;16(9):773-782.

[104] Schena FP. Biomarkers and 
personalized therapy in chronic kidney 
diseases. Expert Opin Investig Drugs 
[Internet]. 2014 Aug 26 [cited 2021  
Apr 3];23(8):1051-4. Available from: 
https://www.tandfonline.com/doi/full/1
0.1517/13543784.2014.922953

[105] Personalized nanomedicine for the 
treatment of vascular hypertension in 
polycystic kidney disease models – 
TechConnect Briefs [Internet]. [cited 
2021 Apr 3]. Available from: https://
briefs.techconnect.org/papers/
personalized-nanomedicine-for-the-
treatment-of-vascular-hypertension-in-
polycystic-kidney-disease-models/

[106] K Visweswaran GRR, 
Gholizadeh S, RuitersMHJ, Molema G, 
Kok RJ, Kamps JAAM. Targeting 
Rapamycin to Podocytes Using a 
VascularCell Adhesion Molecule-1 
(VCAM-1)-HarnessedSAINT-Based 
Lipid Carrier System. PLoS ONE. 2015; 
10(9):e0138870. doi:10.1371/journal.
pone.0138870



Pharmacogenetics

44

[107] Wang XJ, Camilleri M. 
Personalized medicine in functional 
gastrointestinal disorders: 
Understanding pathogenesis to increase 
diagnostic and treatment efficacy 
ORCID number: Conflict-of-interest 
statement. [cited 2021 Apr 4]; Available 
from: https://dx.doi.org/10.3748/wjg.
v25.i10.1185

[108] Yoshitomi T, Sha S, Vong LB, 
Chonpathompikunlert P, Matsui H, 
Nagasaki Y. Indomethacin-loaded redox 
nanoparticles improve oral 
bioavailability of indomethacin and 
suppress its small intestinal 
inflammation. Ther Deliv [Internet]. 
2014 Jan [cited 2021 Apr 4];5(1):29-38. 
Available from: https://pubmed.ncbi.
nlm.nih.gov/24341815/

[109] Tsai SW, Yu DS, Tsao SW, Hsu FY. 
Hyaluronan-cisplatin conjugate 
nanoparticles embedded in eudragit 
S100-coated pectin/alginate microbeads 
for colon drug delivery. Int J 
Nanomedicine [Internet]. 2013 [cited 
2021 Apr 4];8:2399-407. Available from: 
https://pubmed.ncbi.nlm.nih.
gov/23861585/

[110] Laroui H, Geem D, Xiao B, 
Viennois E, Rakhya P, Denning T, 
Merlin D. Targeting intestinal 
inflammation with CD98 siRNA/
PEI-loaded nanoparticles. Mol Ther 
[Internet]. 2014 [cited 2021 Apr 
4];22(1):69-80. Available from: https://
pubmed.ncbi.nlm.nih.gov/24025751/

[111] Xu Q, Guo L, Gu X, Zhang B, Hu X, 
Zhang J, Chen J, Wang Y, Chen C, 
Gao B, Kuang Y, Wang S. Prevention of 
colorectal cancer liver metastasis by 
exploiting liver immunity via chitosan-
TPP/nanoparticles formulated with 
IL-12. Biomaterials [Internet]. 2012 May 
[cited 2021 Apr 4];33(15):3909-18. 
Available from: https://pubmed.ncbi.
nlm.nih.gov/22374455/

[112] Sharma M, Malik R, Verma A, 
Dwivedi P, Banoth GS, Pandey N, 

Sarkar J, Mishra PR, Dwivedi AK. Folic 
acid conjugated guar gum nanoparticles 
for targeting methotrexate to colon 
cancer. J Biomed Nanotechnol 
[Internet]. 2013 Jan [cited 2021 Apr 
4];9(1):96-106. Available from: https://
pubmed.ncbi.nlm.nih.gov/23627072/

[113] Jeong Y Il, Chung KD, Kim DH, 
Kim YH, Lee YS, Choi KC. All-trans 
retinoic acid-incorporated nanoparticles 
of deoxycholic acid-conjugated dextran 
for treatment of CT26 colorectal 
carcinoma cells. Int J Nanomedicine 
[Internet]. 2013 Jan 29 [cited 2021 Apr 
4];8:485-93. Available from: https://
pubmed.ncbi.nlm.nih.gov/23390366/

[114] Eskandari Z, Bahadori F, Celik B, 
Onyuksel H. Targeted nanomedicines 
for cancer therapy, from basics to 
clinical trials. J Pharm Pharm Sci. 
2020;23(1):132-157.

[115] Zhang Z, Mei L, Feng SS. Paclitaxel 
drug delivery systems. Expert Opin 
Drug Deliv. 2013;10(3):325-340.

[116] Zhong H, Chan G, Hu Y, Hu H, 
Ouyang D. A comprehensive map of 
FDA-approved pharmaceutical 
products. Pharmaceutics. 
2018;10(4):1-19.

[117] Pooja D, Kadari A, Kulhari H, 
Sistla R. Lipid-based nanomedicines: 
Current clinical status and future 
perspectives. Lipid Nanocarriers for 
Drug Targeting. Elsevier Inc.; 2018. 
509-528 p.

[118] Bulbake U, Doppalapudi S, 
Kommineni N, Khan W. Liposomal 
formulations in clinical use: An updated 
review. Pharmaceutics. 2017;9(2):1-33.

[119] Pandey A, Singh D, Dhas N, 
Tewari AK, Pathak K, Chatap V, 
Rathore KS, Mutalik S. complex 
injectables: Development, delivery, and 
advancement. Development, delivery, 
and advancement. Delivery of Drugs: 
Volume 2: Expectations and Realities of 



45

Integrated Role of Nanotechnology and Pharmacogenetics in Diagnosis and Treatment of Diseases
DOI: http://dx.doi.org/10.5772/intechopen.97643

Multifunctional Drug Delivery Systems. 
Elsevier Inc.; 2020. 191-213 p.

[120] Sarwal A, Singh G, Singh K, 
Garg S. Recent Interventions for 
Nanotechnology Based Drug Products: 
Insights into the Regulatory Aspects. 
Curr Pharm Des. 2019;24(43):5219-5228.

[121] Cullis PR, Hope MJ. Lipid 
Nanoparticle Systems for Enabling Gene 
Therapies. Mol Ther. 
2017;25(7):1467-1475.

[122] Owuor JJ. Optimization and 
characterization of primaquine-loaded 
solid lipid nanoparticles (SLN) for liver 
schinonticide targeting by freeze drying. 
MOJ Drug Des Dev Ther. 2017;1(3):1-10.

[123] Fornaguera C, García-Celma MJ. 
Personalized nanomedicine: A 
revolution at the nanoscale [Internet]. 
Vol. 7, Journal of Personalized Medicine. 
MDPI AG; 2017 [cited 2021 Apr 4]. p. 
12. Available from: www.mdpi.com/
journal/jpm

[124] Cardon LR, Harris T. Precision 
medicine, genomics and drug discovery. 
Vol. 25, Human Molecular Genetics. 
Oxford University Press; 2016. p. 
R166–R172.

[125] Barrett JC, Dunham I, Birney E. 
Using human genetics to make new 
medicines. Vol. 16, Nature Reviews 
Genetics. Nature Publishing Group; 
2015. p. 561-2.

[126] Nelson MR, Tipney H, Painter JL, 
Shen J, Nicoletti P, Shen Y, Floratos A, 
Sham PC, Li MJ, Wang J, Cardon LR, 
Whittaker JC, Sanseau P. The support of 
human genetic evidence for approved 
drug indications. Nat Genet. 2015 
Aug;47(8):856-860.





47

Chapter 3

Interindividual Variability of 
Cytochromes P450 2B Mediated 
Oxidation in Human Liver
Abdulmohsen Alrohaimi, Bader Alrohaimi, Nada Alruwais  
and Kholoud Aldmasi

Abstract

The cytochromes P450 (CYPs) are a group of enzymes that are primarily 
responsible for oxidative drug biotransformation in people. CYP2B6, which 
metabolizes numerous drugs including bupropion, propofol and other drug 
shows great variability in rates of drug oxidation between individuals. In this 
chapter we discuss the contribution of selected genetic and environmental factors 
to this variability. Several studies identified and quantified the most common 
CYP2B6 mRNA splice such as deletion of exons 4 to 6 and of exon 4 which were 
significantly and negatively correlated with CYP2B6 protein and enzyme activity. 
CYP2B6 gene expression is highly inducible by phenobarbital. Alcohol ingestion 
has been associated with increased CYP2B6 levels this involves the constitutive 
androstane receptor (CAR) and/or the pregnane X receptor (PXR). CYP2B7 is 
considered a pseudogene because of the presence of a single premature stop codon 
(TGA) in exon 7. In 10 out of 24 African-Americans (but none out of 48 European-
Americans) there is a single nucleotide polymorphism that results in an arginine 
codon instead of a stop codon (X378R). The results of these studies identify certain 
CYP2B6 genetic polymorphisms, mRNA splicing variants, and alcohol ingestion as 
significant factors that determine interindividual variability of CYP2B-mediated 
oxidation of drugs in people.

Keywords: Cytochromes, cytochromes P450, CYP2B6, CYP2B6 activity,  
drug oxidation

1. Introduction

Large interindividual variability in drug response is more of a rule than an 
exception. In fact, among patients treated with the same dose of drug, the response 
varies widely from no response at all to severe side effects. Many factors contribute 
to this variability, and apart from the role of non-pharmacological aspects, such as 
psychological and social issues, it mainly results from the interaction of genetic, 
pathophysiological and environmental factors that lead to interindividual differ-
ences in drug pharmacokinetics and pharmocodynamics. Since the discovery of the 
debrisoquine/sparteine hydroxylation polymorphism in 1970, research has expanded 
in the study of the interaction between environmental and genetic factors control-
ling the rate of drug metabolism. Currently, it is well known that cytochrome P450 
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(CYP) mediated drug metabolism shows large variability, leading to large differences 
in steady-state plasma concentrations of drugs. This variability is due to interaction 
of genetics and environmental factors. In addition, concomitant drug administration 
influences the variabilty of drug response. The main objective of the work described 
in this thesis dissertation was to study the role of genetic and environmental factors 
in determining interindividual variability of the CYP2B subfamily.

1.1 CYP enzymes

The cytochrome P450 (CYP) superfamily of enzymes plays a predominant role 
in the phase I metabolism of xenobiotics, environmental chemicals and endogenous 
compounds. An overview of the the most common reaction catalyzed by CYP is as 
follows:

 R H O2 NADPH H R OH NADP H2O− + + + +→ − + + +  (1)

The CYP enzymes are classified into families and subfamilies based on their 
amino acid sequence similarity. The CYP nomenclature is as follows: “P” stands for 
“pigment”, “cyto” means “hollow vesicle”, and “chrome” means “color”. “450” is part 
of the name since the reduced enzyme absorbs light at 450 nm when bound to carbon 
monoxide. ‘CYP’ represents the CYP family. Members of the same family represented 
by a number (e.g. CYP2) share at least 40% identical with respect to their amino acid 
sequences. If the sequences are 40–55% identical, the enzymes belong to the same 
subfamily, indicated by an additional letter (e.g. CYP2B). Finally, each individual 
enzyme is represented by an Arabic numeral (e.g. CYP2B6). Three CYP gene families 
are mainly responsible for drug metabolism in humans and most other mammalian 
species i.e. CYP1, CYP2, and CYP3. CYP1 have two subfamilies CYP1A (i.e. CYP1A1 
and 1A2) and CYP1B. CYP1A1 is mainly extrahepatic while CYP1A2 is a hepatic 
enzyme. Both are induced by polycyclic aromatic hydrocarbons (PAR), found for 
example in cigarette smoke and charbroiled meat. CYP1A2 is involved in metabolism 
of several. CYP2 is the largest family of human CYPs identified to date. In addition, 
there is 92% nucleotide sequence similarity of CYP2B7P with CYP2B6.

1.2 In vitro models used to study drug biotransformation

Various methods are used to study the metabolic activity of a CYP enzyme in 
vitro including human liver microsomes, recombinant expressed CYPs, cytosol, 
S9 fraction, cell lines, transgenic cell lines, primary hepatocytes, liver slices, and 
perfused liver.

1.2.1 Human liver microsomes

Human liver microsomes are prepared from fresh or frozen liver tissue, and 
contain different proportions of all CYPs for each donor. Human liver microsomes 
contain membrane bound Phase I enzymes and Phase II enzymes such as CYPs and 
UDP glucuronosyltransferases.

1.2.2 Recombinant CYPs

Individual CYPs (including 1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 3A4, and 3A5) 
expressed in either lymphoblastoid cells or insect cells are available commercially from 
BD-Gentest Corporation [1].
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1.2.3 Primary hepatocytes

Hepatocytes represent a model for studying biotransformation and drug–drug 
interactions, such as inhibition and induction [2]. One disadvantage of using 
hepatocytes is that availability is limited. Once a fresh liver is obtained, the hepato-
cytes must immediately be plated, used for suspension studies, or cryopreserved for 
future studies [2].

1.2.4 Liver slices

Liver slices represent one of the earliest in vitro models for metabolism studies, 
dating back to the earlier part of the 20th century [3].

1.2.5 S9 fraction

The S9 fraction is the fraction of the liver cellscontaining both microsomes and 
cytosol. It is obtained by centrigation of whole-liver homogenate at 9000 X g [4].

1.2.6 Liver cell lines

Liver cell lines are less popular compared to other models. This is mainly due 
to their dedifferentiated cellular characteristics and incomplete expression of all 
families of metabolic enzymes [5].

1.2.7 Bupropion hydroxylation as a CYP2B6 index reaction

If a substrate is biotransformed to one of its metabolites via only one CYP, the 
pathway is called an index reaction. In this thesis work, conversion of bupropion to 
hydroxybupropion was used as an index reaction for CYP2B6 based on the evidence 
as follows. Bupropion is biotransformed to three main metabolites in vivo, including 
hydroxybupropion, threohydrobupropion, and erythrohydrobupropion. Bupropion 
is biotransformed to the active metabolite hydroxybupropion mainly via CYP2B6 in 
vitro [6].

1.3 Factors influencing interindividual variability in CYP2B6 function

On average, CYP2B6 accounts for approximately 1 to 6% of total CYP450 [7, 8]. 
It was estimated that interindividual variability accounts for a 50-fold difference in 
CYP2B6 enzyme content [9]. Although CYP2B6 expression is highly variable, it is 
found at substantial levels in a small percentage of the population [6, 8, 10]. In addition, 
CYP2B6*6B haplotype and alcohol use history were identified as significant predictors 
of bupropion hydroxylation. The CYP2B6*6B haplotype was present at an allele fre-
quency of 0.26. These correlations suggest that moderate alcohol consumption (at least 
14 drinks of alcohol per week) is associated with enhanced CYP2B6 gene transcription, 
but the presence of at least one CYP2B6*6B allele reduces this inductive effect.

1.3.1 Genetic polymorphism

Genetic variation in CYPs may affect the biotransformation of drugs metabo-
lized by those CYPs. Variation in a gene could arise from different causes. First, a 
single nucleotide polymorphism (SNP) is a single nucleotide variation in the genetic 
sequence. Another type of genetic variation is gene duplication in which a CYP gene 
is found in multiple copies.
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1.3.2 Effect of SNPs on CYP2B6 in vitro

Various laboratories have attempted to correlate CYP2B6 genotype with CYP2B6 
phenotype in panels of human liver microsomes. Found novel point mutations in 
the CYP2B6 coding region: C64T, G516T, C777A, A785G and C1459T, at frequen-
cies of 5.3%, 28.6%, 0.5%, 32.6% and 14.0%, respectively [11]. Furthermore, our 
laboratory has studied the correlation between several SNPs in the CYP2B6 coding 
and promoter region (to −3000 base pairs (bp)) verses bupropion hydroxylation 
activity, CYP2B6protein levels, and CYP2B6 mRNA levels in vitro were measured in 
a bank of 54 human livers.

Initial analysis showed excellent correlation between bupropion hydroxylation 
activities and CYP2B6 protein content (Rs = 0.88) but relatively poor correlation 
between CYP2B6 protein levels and CYP2B6 mRNA levels (Rs = 0.44) (Figure 1A). 
We did not find any individual genotypesthat significantly correlated with bupro-
pion hydroxylation activity, CYP2B6 protein or mRNA levels, but found that alcohol 
use history and the CYP2B6*6B haplotype (−1456 t > c, −750 t > c, G516T, A785G 
[Q172H, K262R], p = 0.011) were significant predictors of bupropion hydroxylation 
(Figure 1B). The CYP2B6*6B haplotype was present at a frequency of 0.26 [10].

Jinno et al. [12] expressed CYP2B6 mutants (CYP2B6.2,.3,.4,.5,.6, and 7) in 
COS-1 cells and found that compared to wild type, CYP2B6.6 (G516T, A785G 
[Q172H, K262R]) was expressed at a lower protein level, but had significantly 
higher Km and Vmax values for activity of 7-ethoxy-4-trifluoromethylcoumarinO-
deethylation (Figure 1C). Lang et al. identified four novel CYP2B6 alleles as 
phenotypic null alleles [13].

1.3.3 Effect of SNPs in vivo

When compared single-dose bupropion pharmacokinetics in 121 healthy male 
German Caucasian volunteers and found a correlation between the presence of the 
*4 allele (A785G [K262R]) and a higher (1.7-fold) bupropion clearance, although 
only a minor fraction of the variability in bupropion and hydroxybupropion kinetics 
could be explained by this variant [14]. Supporting our in vitro results, a clinical study 
involving efavirenz found that the CYP2B6*6 (G516T, A785G [Q172H, K262R]) geno-
type correlated with high plasma efavirenz concentrations in HIV-patients treated 
with standard efavirenz-containing regimens [15].

1.3.4 Ethnic differences in CYP2B6 SNPs

There are ethnic differences in the frequencies of CYP2B6 genotypes that 
could account for race/ethnic differences in CYP2B6 phenotype. For example, 89 
Caucasians and 50 African-Americans who were receiving efavirenz treatment were 
genotyped for G516T [Q172H] [16].

1.3.5 CYP2B6 inducers

Various CYP2B6 inducers have been identified, including carbamazepine, 
phenobarbital and related barbiturates, and rifampin [17, 18].

1.4 Mechanisms of CYP induction

Post-transcriptional mechanisms include both mRNA and protein stabilization 
that may be mediated through transacting regulators or through changes in the 
phosphorylation status of the enzyme.
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1.4.1 Transcriptional regulation

In addition to the induction of CYP1A genes, at least three other nuclear receptors 
(NRs) can induce transcription of drug metabolizing enzymes. These are the consti-
tutive androstane receptor (CAR), the pregnane X receptor (PXR), and the peroxi-
some proliferator-activated receptor (PPAR).

Figure 1. 
Data from our laboratory [10] showing relationships between CYP2B6 activities, protein content and mRNA 
content measured in a bank of 54 human livers (A); as well as effects of alcohol and *6B allele on CYP2B6 
activity (B). A study by [12] showed that some CYP2B6 amino acid coding variants expressed in COS-1 cells 
are associated with higher activity (C).
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1.4.2 Post-transcriptional regulation

Post-transcriptional regulation mechanisms include both mRNA and protein sta-
bilization as well as stimulated of mRNA and protein degradation. These processes can 
result in an increase or decrease of enzyme expression, respectively. A good example 
is CYP2E1 that is regulated by several post-transcriptional mechanisms [19, 20].

1.5 Messenger RNA splicing

As seen in Figure 2, splicing is the process that results in excision of the introns 
from a pre-mRNA and the joining of the resultant exons. The splicing process is 
directed by special sequences at the intron/exon junctions called splice sites. The 5′ 
splice site marks the exon/intron junction at the 5′ end of the intron. This includes 
a GU dinucleotide at the intron end encompassed within a larger, less conserved 
consensus sequence. At the other end of theintron, the 3′ splice site region has three 
conserved sequence elements: the branch point, followed by a polypyrimidine tract, 
followed by a terminal AG at the extreme 3′ end of the intron. Splicing is carried 
out by the spliceosome, a large macromolecular complex that assembles onto these 
sequences and catalyzes the two transesterification steps of the splicing reaction. 
Splicing activators are generally thought to interact with components of the spli-
ceosome to stabilize their binding to adjacent splice sites. SR (splicing regulator) 
proteins bind to exonic splicing enhancer elements or intronic enhancer elements to 
stimulate U2AF binding to the upstream 3− splice site, or U1 snRNP binding to the 
downstream 5′ splice site (Figure 2B).

1.5.1 Alternative mRNA splicing

Alternative pre-mRNA splicing is a central mode of genetic regulation in higher 
eukaryotes (Figure 3). Alternative splicingplays an extremely important role in 
expanding protein diversityand might therefore partially explain the apparent 

Figure 2. 
Molecular mechanisms involved in mRNA splicing. (A) Splicing takes place in two transesterification steps. The 
first step results in two reaction intermediates: the detached 5′- exon and an intron/3′-exon fragment in a lariat 
structure. The second step ligates the two exons and releases the intron lariat. (B) The complex can be converted 
into the active spliceosome and involves the recognition of the 5′ splice site by U1 snRNP and the branch-point 
sequence and 3′ splice site by SF1 and U2AF, respectively with the aid of SR proteins.
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discrepancybetween gene number and organism complexity [21]. Approximately 
40–60% of human genes are estimatedto have distinct splice variants [22]. The 
regulation of alternative splicing can involve on/off regulationof the products of 
particular genes and the production of alternativeproducts with clearly separable 
functions, often in a cell-type-specificmanner [23].

1.5.2 Regulation of splicing: SRproteins and regulatory elements

The SR proteins constitute the best-studied family of splicing regulators. The 
SR proteins have a common domain structure of one or two RNP-cs RNA binding 
domains followed by what is called an RS domain containing repeated arginine/
serine dipeptides.

The RNA regulatory elements are enhancers or suppressors, diverse in sequence, 
and often embedded within nucleotides that also code for protein (exonic splice 
enhancers), but also found in introns. In the intron, the IEs and ISs are often found 
within a polypyrimidine tract or immediately adjacent to the branch point or 5′ 
splice site.

However, splicing regulatory elements can also act from a distance, being found 
hundreds of nucleotides away from the regulated exon.

SR proteins and exonic splicing enhancers (ESEs) play an important role in the 
regulation of alternative splicing. An SR protein binds to an ESE through its RNA-
recognition motifs (RRM) and contacts the components of a spliceosome through 
its RS domain. Errors in splicing regulation have been implicated in a number of 
different disease states.

1.6 Effect of alcohol on CYP genes

A Chronic exposure to alcohol produces change in gene expression and alcohol-
ics suffer long-term dysfunction in multiple organ systems, including the liver, 
immune system and heart [24]. Alcohol is likely to be involved in a significant 
number of adverse drug reactions.

Figure 3. 
Patterns of alternative splicing variation. Putative splice variants were classified according to the basic patterns 
of alternative splicing. (A) Cassette exon: an exon is spliced out with neighboring introns or included in the 
mature mRNA. (B) Internal donor site: competing donor (5′) splice sites exist for one acceptor site within an 
intron. (C) Internal acceptor site: competing acceptor (3′) splice sites exist for one donor site within an intron. 
(D) Retained intron: an intron is spliced out or included in RNA [20].
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1.6.1 Inductive effects of ethanol in vitro

Alcohol has been shown to induce hepatic drug metabolism [25].
If administered after a chronic period of alcohol consumption, drugs that 

are metabolized by enzymes induced by alcohol may have significantly altered 
biotransformation.

It is found that incubation with ethanol and isopentanol resulted in a synergistic 
induction of CYP2B1/2 activity and protein levels in cultured rat hepatocytes; and 
an additive to synergistic induction of CYP2H1/2 activity and protein levels in 
cultured chick hepatocytes [26].

1.6.2 Inductive effects of ethanol in animals in vivo

It is well established that CYP2E1 is induced by alcohol in humans. In vitro 
and in vivo human clinical studies have shown that CYP2E1 is induced by ethanol 
[27–29]. The metabolic ratio of CYP2E1 activity was higher in a group of volunteers 
that were drinking at least 80 grams of ethanol per day for at least 5 years compared 
to abstaining alcoholics (for 14 days) and nonalcoholics with liver disease.

In a study subjects drank 40 grams of red wine for a total of four weeks and the 
metabolic ratio of CYP2E1 activity increased starting after one week of drinking, 
indicating increased CYP2E1 activity [28]. The ratio continuously increased when 
measured each week throughout the four-week study.

Brain samples from smoking alcoholics compared to nonsmoking, nondrinking 
subjects showed increased CYP2B6 protein expression as determined by western 
blot analysis. In Chapter 3 we use human hepatic and intestinal cell lines to deter-
mine whether ethanol can induce CYP2B6 and CYP2B7 mRNA expression; and also 
explore a role for the nuclear receptor CAR and/or PXR in this induction.

1.6.3 Inhibiting effects of ethanol in vitro

In vitro, concentrations of ethanol (0.1–3%) had inhibitory effects on CYPs 
1A1, 1A2, 2A6, 2B6, 2C8, 2C19, 2D6, and 3A4. In human liver microsomes, ethanol 
inhibits the biotransformation of CYP3A substrates nifedipine, triazolam, and 
testosterone [30].

1.6.4 Inhibiting effects of ethanol in vivo

There is evidence that an acute dose of alcohol inhibits some human CYPs in 
vivo. In vitro data may explain the observations that acute ethanol intoxication 
potentiates the action of barbiturates, while there is increased resistance to the 
action of some sedatives in sober alcoholics. Ethanol does not appear to inhibit 
CYP2B6 in vivo in humans since it did not alter pharmacokinetics of bupropion 
when acutely coadministered with bupropion [31].

1.7 CYP pseudogenes

Pseudogenes are disabled copies of genes that do not produce a functional, full-
length copy of a protein. They are of two main types of pseudogenes. Firstly, there 
are processed pseudogenes. Secondly, there are nonprocessed pseudogenes [32, 33]. 
With subsequent evolutionary time (generations), these pseudogenes accumulate 
further coding and noncoding disablements. There are other types of protein-
related pseudogenes that are not accounted for in the above classification including 
semiprocessed pseudogenes.
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The extent of the pseudogene population in the human genome is not yet clear. 
It has been estimated that thereare ~9000 processed and ~ 10,000 nonprocessed 
pseudogenesin the human genome; [34, 35]. A review of available genomic infor-
mation indicates that there are many pseudogenes in the CYP family, and it has 
estimated that there may be more CYP pseudogenes than functional genes within 
the drug metabolizing enzyme families – CYP 1, 2 and 3 (see Table 1). A focus of 
the studies described in Chapter 4 of this dissertation is CYP2B7P. CYP2B7P has 
been identified as a pseudogene due to the presence of a single nucleotide change 
resulting in a premature stop codon in exon 7 (X378) and predicted truncated 
protein [36].

CYPs Function Genes/pseudogenes

CYP1 drug metabolism (3 subfamilies 3 genes 1 pseudogene).

CYP2 drug and steroid metabolism (13 subfamilies 16 genes 16 pseudogenes).

CYP3 drug metabolism (1 subfamily 4 genes 2 pseudogenes).

CYP4 arachidonic acid or fatty acid 
metabolism

(5 subfamilies 11 genes 10 pseudogenes).

CYP5 thromboxane A2 synthase (1 subfamily 1gene).

CYP7A bile acid biosynthesis 7-alpha 
hydroxylase of steroid nucleus

(1 subfamily member).

CYP7B brain specific form of 7-alpha 
hydroxylase

(1 subfamily member)

CYP8A prostacyclin synthase (1 subfamily member).

CYP8B bile acid biosynthesis (1 subfamily member).

CYP11 steroid biosynthesis (2 subfamilies 3 genes).

CYP17 steroid biosynthesis 17-alpha 
hydroxylase

(1 subfamily 1 gene).

CYP19 steroid biosynthesis aromatase 
forms estrogen

(1 subfamily 1 gene).

CYP20 Unknown function (1 subfamily 1 gene).

CYP21 steroid biosynthesis (1 subfamily 1 gene 1 pseudogene).

CYP24 vitamin D degradation (1 subfamily 1 gene).

CYP26A retinoic acid hydroxylase (1 subfamily member).

CYP26B probable retinoic acid hydroxylase (1 subfamily member).

CYP26C probabvle retinoic acid hydroxylase (1 subfamily member).

CYP27A bile acid biosynthesis (1 subfamily member).

CYP27B vitamin D3 1-alpha hydroxylase 
activates vitamin D3 (1 subfamily 
member).

CYP27C unknown function (1 subfamily member).

CYP39 7 alpha hydroxylation of 24 
hydroxy cholesterol

(1 subfamily member).

CYP46 cholesterol 24-hydroxylase (1 subfamily member).

CYP51 cholesterol biosynthesis lanosterol 
14-alpha demethylase

(1 subfamily 1 gene 3 pseudogenes).

Table 1. 
Human CYP genes and pseudogenes.



Pharmacogenetics

56

Author details

Abdulmohsen Alrohaimi1*, Bader Alrohaimi2, Nada Alruwais1  
and Kholoud Aldmasi1

1 Shaqra University, Riyadh, Saudi Arabia

2 King Saud bin Abdulaziz University for Health Sciences, Riyadh, Saudi Arabia

*Address all correspondence to: alrohaimi@su.edu.sa

In Chapter 4 we determine whether CYP2B7P is a polymorphic gene in humans, 
and whether there are genetic variants that code for a full length CYP2B7 protein, 
lacking the common stop codon (X378). We also evaluate whether the recombinant 
full-length variant CYP2B7 (R378) is capable of hydroxylating the CYP2B6 substrate 
bupropion.

2. Conclusion

The main objective of the work described in this thesis dissertation was to 
study the role of genetic and environmental factors in determining interindividual 
variability of the CYP2B subfamily.

The results of these studies identify certain CYP2B6 genetic polymorphisms, 
mRNA splicing variants, and alcohol ingestion as significant factors that determine 
interindividual variability of CYP2B-mediated oxidation of drugs in people.
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Chapter 4

Ivan Illich, Iatrogenesis and 
Pharmacogenetics
José Antonio Diniz de Oliveira

Abstract

In Medical Nemesis - The expropriation of health, IVAN ILLICH highlights 
several aspects of the medicalization of society, which was already observed in the 
mid-1970s. He addressed the various forms of iatrogenesis, classifying the new 
disease caused by the set of medical care as an epidemic that would not exist if there 
were no medical intervention. Of the various forms of iatrogenesis, he also addressed 
drug iatrogenesis, including the cause of hospital admissions. In this article, more 
than 40 years after Illich’s seminal publication, we sought to revisit his thinking and 
assess the relevance of his narrative regarding the inconveniences resulting from the 
use of medicines, especially in their impacts on hospitalization, in addition to reflect-
ing on the potential of pharmacogenetics to mitigate adverse events related to drugs 
that victimize people. After a brief presentation of Illich’s trajectory, a digression is 
made on the association between the concepts of medicalization and iatrogenesis, 
to then make quick considerations about social iatrogenesis, considering the effects 
of this phenomenon on society. After presenting the consequences of iatrogenesis, 
from a fluent literature review, an update of the findings is made, showing that the 
problem is relevant today. A brief conceptual presentation of pharmacogenetics is 
followed by some examples of its clinical consequences. It is concluded that, despite 
the unequivocal importance of pharmacotherapy, iatrogenesis remains a problem of 
increasing relevance. Pharmacogenetics presents itself as a possibility to minimize 
the problem, making it possible to expand its use in the practice of medical services.

Keywords: Medicalization, iatrogenic disease, adverse effects, pharmacogenetics

1. Introduction

In his work devoted to analyzing the theme of health, Ivan Illich addressed the 
medicalization of society, the harms caused by the medical apparatus, the so-
called iatrogenesis, including drug iatrogenesis, which he also listed as the cause of 
hospital admissions [1].

Revisited more than 40 years after its publication, the work ‘Medical Nemesis’ 
still proves to be thought provoking and current. More than stimulating reflection, 
it has the strength to motivate the investigation of several of the aspects it addresses, 
so that one can know, for example, whether iatrogeneses related to hospital admis-
sions are still a public health problem, a topic that has been extensively discussed. 
Extensive investigation [2–4].

“Almost all men die from their drugs and not from their diseases” 
(Molière - 1622-1673, The Imaginary Invalid, Act III).
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Although adverse drug events (ADE) often include errors that occurred before 
and during hospitalization, even the correct prescriptions can present iatrogenesis, 
a situation that occurs when they cause more harm than good. In addition to the 
direct losses to patients, ADEs influence to increase the already unsustainable costs 
of health systems.

Therefore, iatrogenesis is not just a result of an error in the prescription. It is 
relatively common to have a correct diagnosis and prescription, but undesirable 
results due to several aspects. One of them has the explanation for the adverse effect 
in genetics. The literature also refers to writing iatrogenesis, when difficult to read 
writing causes potential or real problems to patients [5].

On the other hand, the contribution of drugs towards the cure or control of vari-
ous diseases is undisputed, with a direct impact on prolongation and quality of life.

The association between drugs and different responses to treatments explained 
by individuals’ genetic variants is an ancient discovery, confirmed by several 
scientists since the beginning of the last century [6]. The knowledge arising from 
the human genome project has led to advances in several fields of modern science, 
but it is in the field of Health, in particular, that its applicability has been growing in 
a promising way [7].

In Health, the discoveries of genomics have contributed to improve the asser-
tiveness of diagnoses, prognoses and treatments, including those related to the 
ingestion of medications, which makes pharmacogenetics one of the main manifes-
tations of the so-called precision medicine.

It may sound inconsistent to relate Ivan Illich - an iconoclast of health technologies 
and an opponent of everything that stimulates the medicalization of society - with 
pharmacogenetics, after all, one of the most advanced technologies. However, this 
new branch of science, which constitutes one of the most promising forms of the 
applicability of genomic findings, can respond to an important problem highlighted 
by the author (adverse drug reaction) that causes discomfort in people and increases 
the already unsustainable costs of the health system, especially when such effects 
result in hospital admissions [8].

The purpose of this article is to revisit Ivan Illich’s thinking and discuss the 
currentness of his complaints regarding the inconveniences arising from the use of 
drugs, especially in their impact on hospitalization, and also reflect on the potential 
of pharmacogenetics to mitigate adverse events related to drugs that victimize  
people.

In the text that follows, it begins with a brief presentation of Illich’s story. 
Thereafter, a digression is made on the association between the concepts of 
medicalization and iatrogenesis, to then make quick considerations about social 
iatrogenesis, considering the effects of this phenomenon on society. After present-
ing the consequences of iatrogenesis as proposed by Illich, from a fluent literature 
review, an update of the findings is made, providing evidence that the problem 
shows to be current and relevant nowadays. A quick conceptual presentation of 
pharmacogenetics is followed by examples of its clinical consequences in specific 
pharmacological groups.

2. About Ivan Illich and medicalization

Born in Austria in 1926, Ivan Illich is the owner of an extraordinary life trajec-
tory. He resided in Florence, Italy, where he studied Natural Sciences with a spe-
cialization in inorganic chemistry and crystallography. In Rome, he graduated in 
Philosophy and Theology, and was ordained a priest. Subsequently, he completed a 
doctoral degree in Medieval History at the University of Salzburg [9], Austria, and 
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a post-doctoral degree at the Princeton University, USA. At the Vatican, he would 
be used in diplomatic functions, but in 1951 he preferred to be a parish priest in 
New York, USA. The parish served the Puerto Rican community, which led him 
to occupy, in 1956, the vice-rectory at the Catholic University of Puerto Rico [10]. 
He traveled alone through South America and in 1961 created, in Cuernavaca, in 
Mexico, a center for studies and preparation of missionaries for Latin America. 
Finally, in Bremen, Germany, he was a visiting professor - as, indeed, at several 
world-renowned universities - and died on December 2, 2002 [11]. Due to the plu-
rality of themes that he studied, explained in greater detail and which he published 
on, he was considered a polymath - “an individual who knows a lot, who studies or 
who knows many sciences”, in addition to polyglot, having mastered 10 different 
languages [9].

He was a controversial and polemical critic of the most diverse topics, such 
as education, transportation and health [12]. Due to disagreements with the 
Catholic Church, which also did not skimp on its critical approaches, he ended 
up leaving the priesthood in 1969 [11]. Most importantly, he wrote books and 
defended innovative and radical ideas in the field of education. In the health area, 
he used his restless and brilliant mind for a remarkable reflection, materialized 
in the publication, in 1974, of the work ‘Medical Nemesis’ also known, in a 1975 
reissue, as ‘Limits to Medicine’, [1], where makes a forceful criticism, revealing 
original points of view at the time, to the phenomenon of “medicalization” that 
was beginning to become evident and that he qualified as “pernicious medicaliza-
tion of health”.

3. From medicalization to Iatrogenesis

The term “medicalization” (which has not yet been included in the main 
Brazilian dictionaries) can be considered a polysemic word, if not with different 
meanings, but certainly with different connotations. Some authors even associate 
the term with a positive attribute, as in the case of AIDS, when the entire health pro-
duction chain mobilized, in an unusual way until then, to understand the etiology of 
the disease, learn to diagnose and develop treatments, first to avoid deaths and then 
to prolong life and to provide greater well-being to people affected by the referred 
disease [13].

In his approach, Illich made no concessions to the eventual positive aspect 
of what he called the “medicalization of life”, which he called as unhealthy for 
producing a “morbid society”.

Continuing in his critique on “medicalization”, he found that epidemiologists 
were unable to prove, for example, that early intervention altered the survival rate 
of patients affected by breast cancer. Likewise, he questioned the treatments for 
lung cancer, whose medical interventions brought more expenses and more suf-
fering, without changing the survival rate - constantly mentioning the studies and 
articles that supported his conclusions [1].

It was also worth using drug treatments as an example, stating that the evalua-
tion of the advantages (benefits) and disadvantages (undesired effects) caused by 
the drugs could be null or even negative, an aspect that even today seems to remain 
unnoticed, if not neglected.

This preamble on “medicalization” was used by Illich in his book to make way 
towards the concept of iatrogenesis, formed by the Greek words iatros (doctor) and 
genesis (origin). He thus defined iatrogenic disease as one that characterizes all the 
clinical conditions of which physicians, drugs, laboratories or hospitals - any medical 
apparatus, anyways, are pathogenic agents.
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4. Social Iatrogenesis

In the chapter he called Social Iatrogenesis, Illich dealt with issues that are still 
disturbing today and that are frequently addressed in the field of public health.

He affirmed, for example, that “the level of health did not improve even when 
medical expenses increased”, and was supported by studies that showed that 
although the USA allocated a considerable percentage of its GDP in the health 
system (7.4%, in 1974), they were not able to obtain good indicators, because the life 
expectancy of adult men paradoxically declined in that country [1].

The percentage of GDP invested in health by the United States in health reached 
an incredible 17.1% in 2013 [14]. Although health expenditures in that country lead 
the world statistics by far, however, Americans, as Illich emphasized, are not able to 
obtain a counterpart in health indicators, as for example, the life expectancy at birth 
(79 years) where they appear in the 34th position [14].

It is worth mentioning, based on this evident American paradox,, a vernacular 
created by Illich, “counterproductivity” [15], which he defined as “the paradoxi-
cal effect of overproduction and overconsumption”, to verify and exemplify that 
the global volume of vehicles, designed to allow greater speed in travel, ends up 
stopping circulation on the roads public; the global volume of education prevents 
children from expanding their curiosity, intellectual courage and sensitivity; and 
that the global volume of “medicalization” reduces the level of health (ILLICH, 
1975, p. 70).

No less interesting, still to characterize the “medicalization” of society, it was the 
record that the author already made at that time about the wonder that technology 
caused in people, impelling them to believe that health increased as they had access 
to prostheses, drugs, hospitalizations and examinations for preventive controls.

A similar finding was recorded, more than twenty years later, by the American 
cardiologist Bernard Lown, who was discouraged after investing a lot of time in the 
collection of a detailed medical history, which gave him exactly the diagnosis, to see 
that the patient appears to be incredulous. But when he took him to an examination 
room, where he had an old-fashioned fluoroscope with an image intensifier, with 
an instrument panel similar to that of an airplane, he saw the patient impressed and 
saying with his buttons: “Ah, how nice it is to be in such a well-equipped medical 
office.” Dr. Lown concludes, without hiding the nonconformity, that “the puerile 
faith in the magic of technology is one of the reasons why the public has been 
tolerating the dehumanization of medicine” [16].

In a recent publication, Atul Gawande, when dealing with aging and end-of-life 
care, also identifies the fetish that technology awakens in people, who are not encour-
aged to seek advice from a geriatrician, but who await with unquestionable expecta-
tion the invention of a device that doctors implant in them, for example, in the chest, 
hoping to reduce discomfort and prevent them from ending up, dependent on care, 
in a nursing home [17].

In general, it is common for people not to feel treated if the doctor does not 
request for an examination or does not prescribe a drug. On the contrary, they 
value the use of technologies, preferably the most up-to-date and sophisticated 
ones, without awareness of the iatrogenesis that tests and medications so often 
provoke.

“Medicalization” also reveals itself as a true outsourcing of care for one’s own 
health, when people renounce the possibility of taking preventive care, eliminat-
ing bad habits, to surrender to the medical arsenals, the side effects of medicines 
and imaging tests, in addition to choosing hospitals as a safe place to obtain health, 
forgetting the risk of exposure to nosocomial infection, iatrogenesis of the most 
harmful.
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Illich was radical and rebellious in renouncing “medicalization”, so coherent and 
determined in his conviction, that he suffered for ten years from a brain tumor, the 
cause of his death, giving up the therapies available at the time, using only opiates 
to relieve the pain and accepting to live with a huge bulge on his right face that even 
startled his interlocutors [18].

5. Drug iatrogenesis and its consequences

Iatrogenesis caused by drugs is usually studied based on factors related to the 
prescription: whether it is foreign to the therapeutic relationship; if it is at odds with 
the clinical diagnosis; whether the doses or duration of treatment are inadequate; 
whether undesirable, harmful or unexpected effects occur; if there is morbidity or 
mortality and if interactions between drugs occur that are harmful to the patient 
[19]. In addition, iatrogenic episodes occur even when prescriptions follow clinical 
protocols and drug labels, for the simple reason that people do not react in the same 
way, even if they have the same diagnoses.

In addressing some causes of iatrogenesis caused by drugs, Illich highlighted 
some factors not directly linked to the doctor-patient relationship as described 
above, but to other external aspects, such as the role of the pharmaceutical industry, 
whether in spending on advertising and commercial promotion with doctors, but 
mainly in stimulating the overconsumption of medicines, which increases the 
potential for damage related to the intake of medicines.

These aspects are still a current phenomenon and have been echoed by several 
authors, who denounce even the manipulation of academic studies, the creation 
of diseases that no longer admit any healthy individual [20], treating as medical 
problems which are non-medical [13], inventing diseases to sell their drugs [21], 
even considering that “a healthy person is just an undiagnosed patient” [22].

The laboratories’ obsession with increasing the consumption of medications 
seems to have no limit, as can be seen in the encouragement of prescription clas-
sified as off label, when manufacturers convince doctors to prescribe drugs for 
indications other than those approved regulatory agencies at the time of their 
registration. The pharmaceutical industry does this by preparing articles and 
paying researchers to put their names in these “studies”, with the explicit aim of 
increasing sales, as Marcia Angell, a Harvard professor, reported in a hard-hitting 
publication [23].

In ‘Medical Nemesis’, Illich pointed out that 3 to 5% of all hospitalizations in 
the United States of America (USA) had as a main reason, bad drug reaction. 
And that, once hospitalized, 18 to 30% of patients experienced an adverse reac-
tion caused by a drug substance, doubling the length of hospital stay (ILLICH, 
1975, p. 25).

The consultation of more recent studies confirms the relevance of this relation-
ship, as was verified in the assessment of patient admissions in the Department 
of Cardiology and Pulmonology, in a large hospital in the Netherlands [24]. The 
authors conclude, after evaluating 2,000 hospitalizations by pharmacists and 
epidemiologists, that 19% of hospital admissions were motivated by adverse drug 
reactions (using the World Health Organization definition for this type of occur-
rence) and this percentage may reach 29% if hospitalizations classified as possibly 
iatrogenic are also considered.

An observational study carried out at a University Hospital in Spain sought to 
estimate the prevalence of negative results associated with drugs as a cause of hos-
pitalization, by means of a random choice carried out by lot, which resulted in the 
analysis of 163 patients [25]. In 16.6% of the studied cases (27 patients) admission 
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to the hospital was caused mainly by an adverse reaction due to use of the drug, of 
which 88.9% were considered preventable. The study concluded that hospitaliza-
tions motivated by an adverse reaction to medications had a high prevalence and 
most would be preventable through pharmacotherapeutic follow-up.

Another cross-sectional study, also conducted in Spain, evaluated patients who 
were hospitalized from the emergency services of a hospital. We sought to assess the 
negative results associated with the use of drugs that motivated hospitalization, to 
know the drugs that appeared more frequently and to assess the economic impact of 
these occurrences [26]. The conclusion was that 19.4% of hospitalizations occurred 
as a direct consequence of negative clinical results associated with the use of drugs, 
65% of which were considered preventable. In addition, it was observed that the 
antineoplastic and immunosuppressive therapy groups motivated 38% of these 
adverse reactions. It was also found that 20.4% of the patients needed to be treated 
in an intensive care unit. Finally, it was found that the expense incurred was 237,377 
euros (estimated annualized cost of 15,568,952 euros).

In the case of illnesses caused by Adverse Drug Events (ADE), in a meta-analysis 
39 studies were selected (out of a total of 153) that evaluated the incidence of 
severe or even fatal ADE in American hospitals [27]. The conclusion was that the 
incidence of serious (6.7%) and fatal events (0.32%) was considered expressively 
high. Although the authors of the study noted the caveat that the results should be 
viewed with caution, because of the heterogeneity between the studies and pos-
sible bias in the samples, they warn that these data suggest that the adverse reaction 
to drugs represents an important health problem public in the United States of 
America (USA).

In a review article on adverse events (AE) in medical and hospital care, it was 
noted that ADEs are the most frequently identified, in addition to being also the 
most underreported [28]. In another evaluation carried out in a teaching hospital, 
which sought to estimate the frequency of this occurrence, it was observed that 
14.6% of the 240 hospitalizations evaluated were motivated by ADE [29].

In England, a prospective observational study conducted in two large general 
hospitals sought to assess the cause of hospitalization in 18,820 patients hospitalized 
over a six-month period, seeking to identify which of these admissions were due 
to ADE, in addition to other aspects related to them. The prevalence obtained was 
6.5% (1,225 cases), with 80% of this total directly related to an adverse drug reac-
tion. The study concludes that this is an important problem considering morbidity, 
mortality and extra costs attributed to the studied events [30].

In Brazil, an original study focused on hospital admissions related to intoxica-
tion and adverse effects of drugs in children under one year of age. The retrospec-
tive analysis of the Authorizations for Hospital Admissions (AHA) of the Unified 
Health System (SUS), from 2003 to 2005, identified that a total of 1,063 children 
under one year of age were hospitalized as a direct or indirect consequence of drug-
related intoxications or adverse effects [31].

Elderly patients are more susceptible to this type of occurrence due to the 
overuse and concomitant use of various drugs, administration errors and changes 
in the organism that interfere with pharmacodynamics and pharmacokinetics [32]. 
Although more vulnerable, the occurrence of iatrogenic disease in the elderly has 
not been studied in the dimension that the problem represents, since the population 
considered elderly is characterized by having multiple chronic diseases, is usually 
treated by many doctors and ends up being more subject to hospitalization and 
medical or surgical procedures [33].

Studies that analyze the relationship between pharmacotherapy and hospitaliza-
tion of the elderly population also confirm that the occurrence rates are signifi-
cantly high and are largely preventable [34]. Many of these hospital admissions for 
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elderly patients are attributed to known drugs and occur because of drug interac-
tions, which can also be prevented [35].

In the analysis of emergency hospitalizations for ADE in older adults, it was also 
found that they resulted from commonly used drugs and relatively few occurred 
due to the use of drugs considered to be high risk or inappropriate, which allows us 
to infer that such occurrences would also be preventable [36].

There are numerous studies that list hospital admissions due ADE and invariably 
conclude that we are facing an important public health problem, which not only 
reduces the patient’s quality of life but generates unnecessary expenses for hospitals 
[37] and, consequently, for the health system. Although the hospitalizations that are 
attributed to ADE vary in relation to the percentage, the findings are always signifi-
cant when studying the causes of hospitalizations [38].

Adverse reactions to medications, even in cases of diagnosis, prescriptions and 
correct administration, can be explained by the trial-and-error methodology, which 
is still decisive in medical practice.

It should be emphasized that the search for the definition of the most appropri-
ate drug and dosage makes use of experimenting with people’s reactions, and while 
pursuing the patient’s benefit, it often produces harmful effects. In the next topic, 
the potential contributions of knowledge of genomics to mitigate the harmful 
effects of iatrogenesis caused by drugs and their possible repercussions on people 
and health systems will be discussed.

6. Pharmacogenetics

The sequencing of the human genome has revolutionized biology in several 
fields of study. Until 2012, 67% of global investments in genome sequencing tech-
nologies were directed to pure research and 11% to field of health. The projection 
for 2017 pointed out that investments in health would channel 39% of resources, 
mainly due to the reduction in the cost of exams and the applicability in medical 
practice, diagnosis and treatment [7]. That is, the field of health is the one that 
increasingly uses the potential of next generation sequencing.

The influence of genetics on how people react differently to drugs has been 
observed for at least five decades. Recent knowledge brought by genomics has 
an invaluable support potential to medicine, for doctors, geneticists and for the 
pharmaceutical industry, in the use of personalized treatments [39].

In the case of drugs, therapeutic inefficacy or pharmacological toxicity has fre-
quently been observed due to the presence of some metabolizing enzymes in drugs, 
in which drugs can interfere as inhibitors or inducers of these enzymes, an activity 
that varies between individuals and that can be determined by DNA analysis [40]. 
Genetic variability, therefore, can affect how a drug can be absorbed, activated, 
metabolized or excreted from the organism [41].

The reaction to the same drug varies from person to person depending on 
weight, age, gender, liver and kidney function, interactions between drugs, type 
of disease and genetic factors. The drug goes through two major processes in the 
organism, called pharmacokinetics and pharmacodynamics. Pharmacogenetics 
seeks to study how the drug passes through these processes, establishing the link 
between metabolism and individual differences in people’s DNA [42].

This metabolization can occur in different ways. In addition to the normal 
metabolizers, which respond as expected to the dosage of the package insert leaflet, 
there are slow metabolizers, which, due to reduced enzyme activity, are at risk of 
accumulating toxic levels and are more exposed to adverse reactions. Ultra-rapid 
metabolizers tend to require higher doses and are subject to the inefficacy of 
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pharmacological therapy [41]. In addition, there is the intermediate metabolizer, 
which can benefit from the dose of the package insert leaflet but which can also be 
subject to the inefficacy of drug therapy.

The inclusion of genetic tests in the routine of medical practice is one of the 
main objectives of the Clinical Pharmacogenetis Implementation Consortium (CPIC), 
a non-profit entity created to disseminate knowledge and issue guidelines on the 
use of genomic findings in drug prescriptions [43], which brings together the 
PharmaGKB and Pharmacogenomics Research Network [44].

CPIC defines the terms pharmacogenetics and pharmacogenomics, which are 
sometimes used interchangeably by some authors. Pharmacogenetics is the study 
of the genetic influence on the response to the drug, normally considering one or 
only a few genes involved. Pharmacogenomics is the study of the variation of how 
genomics influences the response to the drug, considering the sequencing of the 
entire human genome1.

Pharmacogenetics emerged as a diagnostic tool that uses genetic information to 
guide pharmacotherapy decisions, improving the clinical outcome, giving rise to 
personalized clinical decisions [45].

These terms also differ according to their origin. Pharmacogenetic expression 
was coined by Friedrich Vogel in 1959 [46]. The word pharmacogenomics appears 
logically after the Human Genome Project.

Pharmacogenetics associates variability to drug response to hereditary aspects 
after the identification of some pharmacogenes [47]. Pharmacogenomics is one of 
the first clinical applications of the post-genomic era and expands this dimension to 
even point to the development of personalized drugs [48].

The following are some examples of the applicability of the use of pharmacoge-
netics in drug treatments widely used in psychiatry, cardiology and oncology.

7. Pharmacogenetics in psychiatry

The main causes of individual variability in response to the same dose of a drug 
are: age, biological factors, immunological factors, interactions between drugs and 
genetic factors [49]. Pharmacogenetics studies the role of genetics in variability of 
drug response.

This response can vary from potentially lethal adverse reactions to the equally 
serious lack of therapeutic efficacy.

Genetic variability plays an important role in pharmacokinetics (absorption, 
distribution, metabolism and excretion) and in pharmacodynamics, that is, in the 
interaction of the drug with the target and in the relationship between its concen-
tration and its effect [50].

Currently, many studies are published that relate drugs to individuals’ genetic 
variants. In psychiatry, in the case of initial treatment for depression, about 30 to 
40% of patients do not respond adequately to the prescribed medication, and it can 
take up to six weeks to characterize that it is not effective [51], exposing the patient 
to a long period therapy based on trial and error, with a high chance of adverse 
reactions.

The use of knowledge of the presence of variants in the genes involved in the 
metabolism of antidepressants such as CYP2D6 can provide the physician with an 
important subsidy in the choice of medications and in the definition of the dosages 
used in the treatment of depression [52].

1 PGKB – PharmGKB – The Pharmacogenomics Knowledgebase, available at https://www.pharmgkb.
org/page/overview
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The genetic variability of the drug response, depending on the type of metabo-
lizer, is very high, as shown in Figure 1, which shows the demonstration of the main 
marker genes (CYP2D6 and CYP2C19) for antidepressants and anxiolytics [53].

Considering the Extensive Metabolizer (MS) as one that obtains an adequate 
response with the dose of the package insert, the window of variability is very 
large in relation to the Ultra-Rapid Metabolizer (UM) and the Poor Metabolizer 
(PM), especially, as shown in Figure 1 in the cases of the psychotherapeutic drugs, 
Escitalopram and Desipramine.

8. Pharmacogenetics in cardiology

Several important drugs used in the treatment of heart disease are already the 
subject of studies on pharmacogenetics, especially in anticoagulants, antihyperten-
sive agents, antiarrhythmics and statins.

Warfarin is the most commonly used oral anticoagulant in the world and aims 
to prevent thromboembolism. Warfarin therapy is often associated with a high risk 
of increased bleeding, especially during the initial phase of treatment. The CYP2C9 
gene is responsible for the metabolic degradation of the activity of this drug and the 
VKORC1 gene is responsible for the activation of vitamin K-dependent coagulation 
factors. When inhibiting VKORC1, Warfarin produces the anticoagulant effect [54].

Although the consequences of undue dosages are always serious, the dose of 
Warfarin is usually adjusted by the trial-and-error method, or by considering other 
clinical parameters obtained in conventional laboratory tests. The optimal dose of 
warfarin varies greatly between patients. If the dose is too strong, the risk of serious 
bleedings increases, and if it is too weak, the risk of stroke increases. It is estimated 
that two million Americans start treatment with warfarin annually [55].

A study that sought to describe the frequency and characteristics of ADEs, 
which led people to seek emergency care in the USA, concluded, among other find-
ings, that the second drug that motivated the occurrence was warfarin, just behind 
the insulins [56].

Another study that evaluated the bleeding complications caused by the use of 
anticoagulants concluded that the drug has been used in an increasing proportion 
and that bleeding has been a predominant reaction, in addition to being an impor-
tant cause of mortality [57].

Figure 1. 
Genetic variability of enzymes that metabolize drugs. Source: Molecular Psychiatry (2013) 18, 273–287; 
doi:10.1038/mp.2012.42.
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From what we tried to describe, there is no doubt that we are dealing with a class 
of drugs (anticoagulants) of special relevance, which deserves all possible care 
in the prescription process, mainly due to the high potential for harm to patients 
and the cost it entails for the health system, as ADE almost always require hospital 
admissions.

In another case–control study in the USA, we sought to assess whether the geno-
typing test for patients starting warfarin treatment could reduce the incidence of 
hospitalizations due to bleeding or thromboembolism. Compared with the control 
group over a six-month period, one of the main conclusions was that genotyped 
patients had a 43% lower risk of hospitalization for bleeding or thromboembolism. 
The authors conclude that genotyping for the anticoagulant reduces the risk of 
hospitalization for hemorrhage or thromboembolism in patients who start outpa-
tient treatment with warfarin, with great statistical and clinical significance. They 
further defend that doctors should seriously consider the use of pharmacogenetic 
tests for patients who are starting treatment with the referred drug [58].

It should also be noted that oral anticoagulants are among the most sensitive to 
drug interactions, especially when taken simultaneously with antidepressants [59]. 
In these cases, the influence of metabolization between drugs must be observed 
by clinicians and pharmacists, without obviously disregarding the adverse events 
arising from these interactions.

More recent studies seek to evaluate new algorithms that increase assertiveness 
in warfarin prescription. Such algorithms associate genetic variables with age, gen-
der, body mass, vitamin K levels and thyroid function. At the current stage, studies 
should also be developed that also consider geographic areas and ethnic groups, in 
order to guarantee greater therapeutic efficacy, mitigate adverse reactions to the 
drug and reduce hospitalizations motivated by it [60].

In the case of statins, used in the control of cholesterol and in the prevention of 
cardiovascular diseases. Its use is widespread today, but the prescriptions ignore the 
effects of the presence of polymorphisms in the SLCO1B1 gene, in charge of synthe-
sizing a family of proteins inside the cells for their metabolism and therapeutic action.

Several studies have been and are being carried out to verify how patients 
metabolize the different types of statins, some more or less indicated according to 
the phenotype of each individual, in order to avoid the side effects that in the case 
of statins are manifested mainly in myopathies that can worsen patients’ living 
conditions.

Currently, at least 7 types of statins can be prescribed: atorvastatin, fluvastatin, 
lovastatin, pravastatin, pitavastatin, rosuvastatin and simvastatin. Although these 
different types share the same mechanism of action, they have differences in their 
chemical structures and pharmacokinetic profiles. Chemical structures end their 
solubility in water and influence the way they are absorbed, distributed, metabo-
lized and excreted [61]. The patient can metabolize each of these different types of 
statins differently, an aspect that can be revealed by the pharmacogenetic test.

As an area responsible for the main cause of death in the world, drug therapy for 
Cardiovascular Diseases is the focus of attention in pharmacogenetic studies also 
for other drugs related to it. In addition to those already mentioned, there are plenty 
of studies relating genetic variants to the way we process antiplatelet drugs such as 
Clopidogrel, aspirins and antihypertensive drug [62].

9. Pharmacogenetics in oncology

Minimizing toxicity while maximizing efficacy is a common goal for the 
treatment of any condition, but its importance is even more evident in the case 
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of oncology, due to the severe nature of the disorders and the aggressive toxicity 
caused by chemotherapeutic agents, in addition to the risk of relapse cancer or 
disease progression. The challenge of achieving an optimal therapeutic index is 
especially relevant for the elderly population, due to age-related changes in metabo-
lism and the interaction with concomitant medications [63].

Over the past decade, advances in pharmacogenetics and pharmacogenomics 
have revealed the relationship between genetic variables and individual differences 
in drug responses. A large part of these advances has been made in the field of 
antineoplastic therapy.

Periodically, the American agency U. S. Food and Drug Administration (FDA) 
updates drug labels and edits table with related pharmacogenomic biomarkers. 
In 2016, 166 drugs (55 of them for cancer treatments) made up the table in which 
the FDA defines it as mandatory or in which it at least recommends the pharma-
cogenetic test, before the first prescription [64]. The variable reaction to drugs in 
the forms of unresponsiveness and adverse effect, and the motivation to use them 
better are the basis for one of the main objectives of the so-called personalized 
medicine, more recently disseminated as precision medicine.

10. Final considerations

Currently, iatrogenesis classified as adverse events, including those caused by 
drugs, are still an important public health problem, as has been demonstrated.

In response to the effects of these events, which are almost always harmful 
to people and those who offend the cost of assistance, pharmacogenetics, which 
emerged to improve the assertiveness of treatments to the point of being able to 
personalize them, may also contribute to minimize iatrogenesis, including the most 
serious ones requiring hospital admissions.

Although this goal is promising, there are still many challenges in implementing 
pharmacogenetic tests in clinical practice. First, concomitant factors such as diet, 
age and drug interactions affect pharmacokinetics and pharmacodynamics, increas-
ing the complexity of assessing biomarkers in each patient. Second, the nature of 
the heterogeneity of clinical conditions presents a considerable therapeutic chal-
lenge. For example, in the case of cancer, treatment choices based on a biomarker 
present in a single biopsy sample may not be sufficient. Third, the definition of gene 
panels for each case is another area that needs to be developed, in order to facilitate 
the interpretation of clinicians [65].

The adoption of pharmacogenetic tests in routine clinical practice has been very 
scarce, particularly in Brazil. The main barriers to its implementation in the medical 
clinic are the lack of doctors’ knowledge about the applicability in prescriptions, in 
addition to the provision of clear and accessible recommendations, based on proven 
evidence, as CPIC has been trying to do [66].

It is noteworthy that another difficulty of great relevance has been the lack of 
studies that demonstrate the positive cost-effectiveness of its application [67].

However, the continuous fall in the costs of sequencing allows us to project a 
not-too-distant future in which the realization of the exome (mapping the approxi-
mately 20,500 genes currently known), in early life, will allow a continuous revisit 
to the genetic results, which will be available and applicable in medical clinic for life 
[43], including the specificity of drug reaction.

The use of the findings of pharmacogenetics may not be a redeeming strategy 
in the solution of all drug iatrogeneses, reported more than forty years ago by Ivan 
Illich, because other factors, as mentioned here, interfere in the metabolism of 
drugs. But their adoption may significantly mitigate the deaths and suffering caused 
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by them, in addition to replacing the practice of trial and error in prescriptions and 
dosimetry - a notable imperfection in medical practice and the health system.
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Abstract

For more than 50 years, oral vitamin K antagonists were the choice of  
anticoagulant for the long-term treatment and prevention of arterial and venous 
thromboembolic events. In recent years, four direct oral anticoagulants (DOACs), 
dabigatran, rivaroxaban, apixaban and edoxaban have been compared with warfarin 
for thromboembolism prevention. These anticoagulants directly inhibit specific 
proteins within the coagulation cascade; in contrast, oral vitamin K antagonists 
inhibit the synthesis of vitamin K-dependent clotting factors. Dabigatran, a direct 
thrombin inhibitor, and rivaroxaban, apixaban and edoxaban, the factor Xa inhibi-
tors, produce a more predictable, less labile anticoagulant effect. DOACs do not have 
limitations inherent vitamin K antagonists. DOACs have a predictable pharmacoki-
netic profile and are free of advers drugs reactions inherent in vitamin K antagonists. 
However, it is necessary to take into account the pharmacogenetic characteristics 
of the individual that can affect effectiveness and safety of use of DOACs. The 
results carried out to the present fundamental and clinical studies of DOACs studies 
demonstrate an undeniable the influence of genome changes on the pharmacokinet-
ics and pharmacodynamics of DOACs. However, the studies need to be continued. 
There is a need to plan and conduct larger studies in various ethnic groups with the 
inclusion of sufficient associative genetic studies of the number of patients in each 
of the documented groups treatments with well-defined phenotypes.

Keywords: dabigatran etexilate, dabigatran, rivaroxaban, apixsaban, edoxaban, 
pharmacogenetics, effectiveness, safety, single nucleotide variant, CES1, ABCB1, 
ABCG2, CYP3А5, CYP2C9, CYP2J2, SLCO1B1, UGT1A9, UGT2B7, UGT2B15

1. Introduction

Thromboembolism (such as stroke and systemic embolism) is a serious compli-
cation of non-valvular atrial fibrillation (AF) [1]. Pulmonary embolism (PE) can 
cause death within first 14 days after a stroke in 25–50% of cases [2]. In absence of 
preventive measures, venous thromboembolic complications in lower limb arthro-
plasty (deep vein thrombosis and PE) reached 15–30% of cases before widespread 
use of anticoagulant therapy in clinical practice. However, with introduction of new 
anticoagulants in 2001, these indicators decreased to 1–2% [3], and in recent years-
to 0.7–1.7% of [4]. Long-term use of anticoagulants is necessary for prevention of 
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thromboembolic complications in patients with high risk of thromboembolism. 
For long time, vitamin K antagonists (warfarin, acenocumarol, phenindione) and 
indirect thrombin inhibitors (heparins) were used as drugs to prevent occurrence of 
thromboembolic complications [5, 6]. However, despite its effectiveness, coumarin 
therapy has some limitations. Drugs of this group are characterized by delayed 
therapeutic effect (after 36–72 hours from start of administration, with develop-
ment of maximum effect on 5–7 days from start of use) [7]. Also, there is a need for 
regular therapeutic drug monitoring with the control of international normalized 
ratio (INR) indicator at safe level within 2–3, which entails additional economic 
burdens on health system [8]. A significant disadvantage of this group of drugs is 
irreversibility of drug in the event of an overdose [9]. The deviation of the INR from 
the permissible limits, both in lower and in higher direction, is prognostically unfa-
vorable indicator. In first case, the therapeutic effect of anticoagulant therapy will 
not be achieved. In second case, the risk of hemorrhagic complications increases 
[10]. Balancing the effectiveness and safety of anticoagulant therapy is a difficult 
task in real clinical practice. Genetically determined features of individual’s enzyme 
systems involved in drug metabolism make significant contribution to their effec-
tiveness and safety [11]. An alternative to vitamin K antagonists were direct oral 
anticoagulants (DOACs), which do not have limitations inherent in warfarin [12]: 
dabigatran, rivaroxaban, apixaban, endoxaban. DOACs have a predictable pharma-
cokinetic profile and are free of disadvantages inherent in vitamin K antagonists. 
However, it is necessary to take into account the pharmacogenetic characteristics of 
the individual that can affect effectiveness and safety of use of DOACs.

2. Dagibatran

Dabigatran etexilate is first DOAC that has direct reversible inhibitory effect 
on thrombin [13, 14]. Thrombin is catalyst for conversion of factors V, VIII and 
XI in blood clotting cascade, and also catalyzes conversion of fibrinogen to fibrin 
and factor XIII to factor XIIIa, which contributes to stabilization of fibrin [15]. 
Also, thrombin activates GPCR receptors, which leads to conformational changes 
in platelets and promotes their aggregation. This leads to the release of even more 
clotting factors and the formation of more thrombin [16].

After entering the human body, dabigatran etexilate, being an inactive precursor 
(prodrug), quickly turns into an active metabolite – dabigatran. Dabigatran revers-
ibly binds to the active center of the thrombin molecule, preventing thrombin-
mediated activation of clotting factors. An important feature of dabigatran is 
that it can inactivate thrombin, even if it is in a bound state with fibrin [17]. The 
maximum concentration (Cmax) of dabigatran in plasma and, accordingly, anti-
coagulant action is observed as early as 0.5–2 hours after oral administration [18]. 
The half-life (T 1/2) of dabigatran with a single dose is 11 hours, but with regular 
intake it increases to 12–14 hours, which allows you to prescribe dabigatran etexilate 
2 times a day [19]. Approximately one-third of the dabigatran circulating in blood 
binds to proteins. The drug is excreted unchanged from the body: 85% - with 
kidneys, 15% - with bile [20, 21].

It is important that dabigatran etexilate is not metabolized by cytochrome P450 
isoenzymes of liver and does not change their activity. The CES1 and CES2 enzymes 
are human liver carboxylesterases that hydrolyze various xenobiotics and endog-
enous substrates using ester or amide bonds. Conversion of dabigatran etexylate to 
dabigatran depends more on activity of CES1 than on activity of CES2 [22–24].

Glycoprotein P (P-gp) is an ATP-dependent transporter that is involved in trans-
fer of substrate molecules across membranes of expressing cells and components 
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(regardless of concentration gradient) [25, 26]. P-gp is widely present in human 
body tissues and plays leading role in pharmacokinetics of dabigatran etexilate, 
which is a substrate for P-gp [13]. It is necessary to take into account drug interac-
tion when prescribing dabigatran etexilate with P-gp inhibitors (verapamil, amioda-
rone, carvedilol, quinidine, spironolactone, nicardipine, propafenone, atorvastatin, 
clarithromycin, erythromycin, fluoroquinolones, ketoconazole, intraconazole, 
cyclosporine, fluoxetine, paroxetine, pentazocine, ritonavir, lopinavir, grapefruit 
juice, and others), as this leads to decrease in its effectiveness, increased absorption 
of these drugs, inhibition of their excretion, and increased penetration through 
barriers. This leads to an increase in the concentration of P-gp substrate drugs in the 
blood and tissues and increases the risk of adverse drug reactions (ADRs). Bernier 
et al. revealed development of bleeding in 30.4% of patients taking P-gp inhibi-
tors together with dabigatran [27]. On contrary, drugs that are inducers of P-gp 
(rifampicin, morphine, dexamethasone, retinoids, barbiturates, nicotine, diphenin, 
isoniazid, carbamazepine, caffeine, diazepam, diphenhydramine, tricyclic antide-
pressants, phenytoin, ethanol), when used with dabigatran, by increasing activity 
of P-gp, lead to inhibition of dabigatran absorption, increase its elimination and 
inhibition of penetration through barriers. This leads to decrease in concentration 
of P-gp substrate drug and a decrease in its effectiveness. It is also important to take 
into account that simultaneous use of substrates and P-gp inhibitors increases the 
risk of developing congenital anomalies in fetus [28].

In addition to CES1 and ABCB1, which affect biotransformation of dabigatran 
etexylate and the effectiveness of active dabigatran, glucuronidation enzymes 
UGT2B15, UGT1A9, and UGT2B7 also participate in its metabolism (elimination). 
Their activity reflects safety of using dabigatran [29]. The main and most interest-
ing enzyme involved in elimination of dabigatran is UGT2B15. When prescribing 
dabigatran etexilate, it is important to consider drug interactions with drugs that 
are metabolized by UGT2B15. By interacting competitively with enzyme, they can 
slow down metabolism of dabigatran (for example, acetaminophen, loratadine, 
lorazepam, oxazepam, morphine, valproic acid) [30, 31], and its concentration will 
increase, increasing the risk of ADRs.

To date, the CES1 and ABCB1 genes have been shown to have an important 
effect on metabolism of dabigatran etexilate, and single-nucleotide variants 
(ONVs) in these two loci probably play key role. There are many studies conducted 
worldwide to find out whether search for ONVs in CES1 and ABCB1 genes can 
explain some of inter-individual variability in the concentrations of the active 
metabolite dabigatran in the blood of humans, and UGT2B15 gene may be potential 
candidate gene for safety studies of dabigatran. Paré et al. investigated the ONV 
of CES1 gene to assess inter-individual profile of efficacy and safety of dabigatran 
as part of RE-LY (Randomized Evaluation of Long Term Anticoagulant Therapy 
study) [32]. Carriage of minor allele G (rs2244613) of CES1 gene occurred in 
32.8% of patients and was associated with minimal concentrations of dabigatran 
in the blood and, consequently, with a lower risk of bleeding (p < 9 × 10−8) [32]. 
Dimatteo et al. [33] found association of rs8192935 of CES1 gene with a lower con-
centration of dabigatran in blood plasma (p = 0.023). Carriers of allele T showed 
significantly lower concentrations of dabigatran in blood plasma than carriers of 
homozygous CC genotype, which reduces the risk of hemorrhagic complications. 
Overall, the average plasma concentration of dabigatran was higher in patients 
with the CC genotype (86.3 ng/DL) than in patients with the allele T (62.1 ng/DL). 
At the same time, there was no significant effect of rs4148738 of ABCB1 gene on 
concentration of dabigatran in blood [33].

Gouin-Thibault et al. [26] evaluated effect of clarithromycin on pharmacokinet-
ics of dabigatran in 60 healthy male volunteers selected for ABCB1 genotype (20 
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homozygous carriers of ONVs, 20 heterozygous and 20 homozygous carriers of 
the wild-type allele for haplotype 2677–3435). The results of the study AUC (Area 
Under the Curve – area under the curve) was 77% for dabigatran. The ABCB1 geno-
type did not significantly affect pharmacokinetics of dabigatran: AUC ratio in carri-
ers of studied ONVs and wild-type allele carriers was 1.27 (95% confidence interval 
(CI) 0.84–1.92), but clarithromycin administration led to twofold increase in AUC 
for dabigatran, regardless of ABCB1 genotype: and was 2.0 (95% CI 1.15–3.60) [29].

The aim of the study is Shi et al. [24] studied effect of the ONVs of CES1 
gene and gender of patients on effectiveness of dabigatran using several in vitro 
approaches. Thus, 104 biopsy samples obtained from liver of patients of vari-
ous racial backgrounds were examined for carriers of three ONVs: rs2244613, 
rs8192935, and rs71647871 or G428A, also referred to as G143E, which is variant of 
CES1 with reduced enzymatic activity. The study showed that G143E is ONV with 
reduced metabolism for dabigatran. The activity of CES1 enzyme was significantly 
higher in female liver samples than in male liver samples. The data obtained by 
the authors indicate that the studied ONVs of CES1 and the gender of patients 
are important risk factors contributing to variability of the pharmacokinetics of 
dabigatran etexilate in humans. A personalized approach to treatment with dabi-
gatran etexilate should be based on identifying patient-specific genetic changes 
in the CES1. This approach can potentially improve the effectiveness and safety of 
pharmacotherapy with this drug [24].

The activity of glucuronidation enzymes depends on the ONVs of their encoding 
genes. To date, we have not found any works that would present studies of associa-
tion of carrier of the UGT family genes on metabolism of dabigatran in humans. 
However, we can assume that this may change its concentration in blood plasma 
of patients. This hypothesis is based on previous studies of associations of ONVs 
carrier of UGT2B15 gene on concentration of drugs that are metabolized in a similar 
way to dabigatran. He et al. [34] found that carriage of allele A (rs1902023) of the 
UGT2B15 gene is associated with decrease in oxazepam clearance. In other words, 
in patients with this allele, glucuronidation of xenobiotics is slower, and concentra-
tion of drugs in blood plasma increases, thereby increasing the risk of developing 
ADRs [34]. A similar change in glucuronidation of drugs in carriers of this ONVs 
is shown for other drugs that are metabolized in similar way (lorazepam [31], 
acetominophen [35], tamoxifen [36], valproic acid [37]). In study of pharmacoki-
netics of cypoglitazarus Stringer et al. [38] showed that patients homozygous for 
UGT2B15*2 (rs1902023 G > T) had significantly higher concentrations of this drug 
in blood compared to patients carrying UGT2B15*1 genotypes/*2 or UGT2B15*1/*1 
[38]. Thus, carrier is rs1902023 (UGT2B15*2) of UGT2B15 gene is associated with 
delayed glucuronidation and is important predictor of interindividual variability in 
drug clearance. Therefore, this effect can have significant effect on metabolism of 
dabigatran as substrate of UGT2B15.

3. Rivaroxaban

Rivaroxaban is the first direct factor Xa inhibitor. Pharmacokinetics of rivar-
oxaban does not have disadvantages of vitamin K antagonists. However, pharma-
cokinetics and pharmacogenetics of rivaroxaban are variable. This can affect both 
effectiveness and safety of anticoagulant therapy.

Rivaroxaban inhibits platelet activation and fibrin clot formation by direct, 
selective and reversible inhibition of factor Xa in both intrinsic and extrinsic coagu-
lation pathways. Factor Xa, as part of prothrombinase complex, also composed of 
factor Va, calcium ions, factor II, and phospholipids, catalyzes the conversion of 
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prothrombin to thrombin. Thrombin activates platelets and catalyzes the conver-
sion of fibrinogen to fibrin. Thus, factor Xa is a coagulation factor that acts at point 
of convergence of internal and external pathways in blood coagulation system. 
It catalyzes the breakdown of prothrombin and is therefore critical for thrombin 
generation. It is important to note that rivaroxaban inhibits free prothrombinase- 
and clot-associated factor Xa without directly affecting platelet aggregation [39]. 
This distinguishes rivaroxaban from indirect inhibitors of factor Xa, which does not 
inhibit factor Xa associated with prothrombinase complex [40].

When taken orally, rivaroxaban reaches its maximum plasma concentration after 
2–4 hours. The absolute bioavailability of rivaroxaban for dosage of 10 mg is rela-
tively high (80–100%) and does not depend on food intake [41, 42]. Under fasting 
conditions, oral bioavailability of rivaroxaban at dosage of 20 mg decreases to 66%. 
When using drugs at a dosage of 20 mg with food, the AUC increases to 39%. This 
indicates an almost absolute absorption and, at same time, a high oral bioavailability 
of rivaroxaban. The connection with plasma proteins reaches 92–95%. Because of 
this high plasma protein binding, rivaroxaban is not removed during dialysis [43].

Rivaroxaban is eliminated from body in various ways, of which three are main 
ones. Approximately 36% of dose is excreted unchanged by kidneys through active 
transporter-mediated secretion by P-glycoprotein (Pgp) and BCRP (ABCG2). In 
addition, 14% of dose is eliminated by hydrolysis of amide bonds and 32% of dose 
is eliminated via oxidative metabolic pathways. Liver isoenzymes CYP3A4 and 
CYP3A5 are responsible for metabolism about 18%, and CYP2J2 - about 14% of 
the dose [44, 45]. Level of rivaroxaban when administered concomitantly with 
midazolam (a CYP3A4 substrate) is reduced by an average of 11% compared with 
rivaroxaban alone. The following drugs moderately alter the level of rivaroxa-
ban: erythromycin (a moderate inhibitor of CYP3A4/P-gp; an increase of 34%); 
clarithromycin (potent CYP3A4/mild P-gp inhibitor; 54% increase); fluconazole 
(moderate CYP3A4, a possible inhibitor of BCRP (ABCG2); an increase of 42%). A 
significant increase in blood levels and strength of action of rivaroxaban has been 
demonstrated when used simultaneously with drugs that are potent inhibitors of 
the CYP3A4 enzyme and P-gp/BCRP transporter proteins (ABCG2) and potential 
inhibitors of CYP2J2 enzyme, for example: use of ketoconazole 400 mg once a day 
leads to an increase in level of rivaroxaban by 158% (95% CI: 136% - 182%); the use 
of ritonavir increases level of rivaroxaban by 153% (95% CI: 134% - 174%) [46].

The expression of rivaroxaban transporter proteins may be influenced by SNVs 
of ABCB1 gene, but information on their clinical significance is inconsistent. The 
systematic review and meta-analysis by Xie et al. [47] showed that Cmax was lower 
in carriers of ABCB1 rs1045642 CC than carriers of TT, and carriers of rs2032582 
GG than carriers of A/T allele, and AUC0-∞ was lower in rs1045642 CC carri-
ers than in TT carriers [47]. In the study by Gouin-Thibault et al. [26] found that 
ABCB1 polymorphisms is not significant determinant of individual variability in 
pharmacokinetics of rivaroxaban, and combined use of P-gp/CYP3A4 inhibitor 
clarithromycin with rivaroxaban may require caution in patients at risk of overdose, 
as it leads to two-fold increase in AUC genotype ABCB1 [26].

In the study by Sychev et al. found no significant differences in peak steady-state 
concentration of rivaroxaban between mutant haplotypes and wild haplotypes of 
ABCB1 gene [48]. The similar result was posted by Sennesael et al. [49]: ONVs 1236 
C > T, −2677 G > T-3435, C > T and 1199 G > A of ABCB1 gene did not significantly 
affect the intracellular accumulation of rivaroxaban compared to wild-type protein. 
These results suggest that ABCB1 SNVs studied in present study are unlikely to 
contribute to individual variability in plasma rivaroxaban concentrations [49]. At 
same time, it was found that use of strong inhibitors and inducers of P-gp should be 
avoided in patients taking rivaroxaban [26, 50].
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Promising direction is study of BCRP protein, encoded by ABCG2 gene, which, 
like P-gp, provides absorption and excretion of rivaroxaban from intestinal lumen 
and renal tubules. The ABCG2 gene is increasingly recognized as an important 
mediator of drug transport in the intestine and renal tubules [51], and its SNVs 
affect decrease in BCRP substrate transport in case of co-administration of rivar-
oxaban and other drugs [52]. Most studied SNVs in this gene, Q141K (rs2231142), 
is associated with decrease in ABCG2 activity and, consequently, with a decrease in 
activity of its drug substrates transport [53]. This SNVs has not yet been studied in 
context of pharmacogenetics of rivaroxaban; however, in an experimental mouse 
model, absence of P-gp (ABCB1) and BCRP (ABCG2) was associated with signifi-
cantly reduced drug clearance [54].

Metabolism of rivaroxaban in liver is carried out by cytochrome P450 isoen-
zymes 3A4 (CYP3A4) and 2 J2 (CYP2J2), as well as by mechanisms independent 
of CYP [46]. To date, more than 50 SNVs of CYP3A4 gene have been discovered, 
associated with different levels of activity of CYP3A4 isoenzyme. Associations 
between CYP3A4 SNVs carriage and changes in pharmacological response have been 
described for atorvastatin, simvastatin, sacrolimus, and fentanyl [55]. Information 
on the change in pharmacological response of rivaroxaban in literature available 
to us was not found. At same time, it was found that use of strong inhibitors and 
inducers of CYP3A4 and P-gp should be avoided in patients taking rivaroxaban 
[50]. For example, “old” antiepileptic drugs (AEDs) that act on cytochrome P450 
isozymes, and especially on CYP3A4, such as phenobarbital, phenytoin, and carba-
mazepine, are more likely to significantly reduce the anticoagulant effect of DOACs 
(especially rivaroxaban, apixaban, and edoxaban). New AEDs that do not signifi-
cantly affect CYP or P-gp, such as lamotrigine or pregabalin, are unlikely to affect 
the effectiveness of DOACs. Zonisamide and lacosamide, which do not significantly 
interfere with in vitro CYP activity, may have a safe profile. However, their effect 
on P-gp has not yet been studied. Levetiracetam only has a potential effect on P-gp 
activity, so it may also be safe [56].

The study of effect of a potent P-gp inhibitor cyclosporin and its combination 
with a moderate CYP3A inhibitor fluconazole on pharmacokinetics of rivaroxaban 
and CYP3A activity (compared with baseline) showed that cyclosporine increased 
average exposure of rivaroxaban by 47%, maximum concentration of CYP3A4 and 
decreased by 34%, and cyclosporine in combination with fluconazole increased the 
average exposure of rivaroxaban by 86% and maximum concentration by 115%. 
This effect was significantly stronger than that observed in control group that 
received rivaroxaban with fluconazole alone [57].

The high clinical significance of interaction of rivaroxaban with other drugs is 
shown in a systematic review and meta-analysis of studies in which patients with 
atrial fibrillation were randomized to groups taking DOACs or warfarin, stratified by 
number of concomitant drugs [58]. Polypharmacy was significantly associated with 
poor outcomes and reduced the benefit in terms of risk of major bleeding in patients 
receiving rivaroxaban, especially in presence of drugs that modulate P-gp/CYP3A4.

Also, about 10 different SNVs for CYP2J gene are known, but their clinical role 
was mainly studied in the context of coronary heart disease (CAD) and arterial 
hypertension, since isoenzyme CYP2J encoded by this gene plays a role in the 
metabolism of arachidonic acid [59].

4. Apixaban

Apixaban is a potent direct oral reversible and highly selective factor Xa inhibitor 
that does not require antithrombin III for antithrombotic activity [60, 61]. Apixaban 
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inhibits both free and clot-associated factor Xa and prothrombinase activity, which 
inhibits clot growth [62]. By inhibiting factor Xa, apixaban reduces formation of 
thrombin and development of blood clots. It has no direct effect on platelet aggrega-
tion, but indirectly inhibits thrombin-induced platelet aggregation [63].

Absorption of apixaban occurs mainly in small intestine and gradually decreases 
as it passes through it [64]. For oral doses up to 10 mg, absolute bioavailability of 
apixaban is about 50% due to incomplete absorption [65, 66] and first passage 
through liver [67, 68]. Apixaban Cmax in plasma is reached 3–4 hours after oral 
administration [69, 70]. Binding of apixaban to blood plasma proteins, mainly 
albumin, is about 87% [71]. After oral administration, unchanged apixaban is 
main drug component in human blood plasma without presence of active circulat-
ing metabolites [66]. Excretion of apixaban involves several pathways, including 
metabolism in liver, as well as excretion by unchanged parent compound in bile and 
kidneys, and direct intestinal excretion [72].

Metabolic pathways of apixaban include O-demethylation, hydroxylation, and 
sulfation of hydroxylated O-demethylapixaban [66]. At same time, metabolism 
mainly occurs through isoenzymes CYP3A4 /5 of liver cytochrome P450, with an 
insignificant participation of isoenzymes CYP1A2, CYP2C8, CYP2C9, CYP2C19 
and CYP2J2 [67].

The role of non-functional allele G (rs776746) of CYP3A5 gene has been most 
studied. At same time, in heterozygous carriers (genotype AG), metabolism of 
apixaban is moderately reduced due to carriage of one non-functional allele G, and 
in heterozygous carriers (CYP3A5 * 3, genotype GG) CYP3A5 isoenzyme is not 
expressed. This is a risk factor for development of ADRs (in particular, bleeding) 
when taking apixaban [73]. Ueshima et al. found that patients with AF and a homo-
zygous TT genotype (rs77674) of CYP3A5 gene may have decreased blood apixaban 
concentrations compared to patients with CC and CT genotypes. Therefore, 
carriage of allele T may be associated with an increased clearance of apixaban [73]. 
However, this study was conducted on patients from Asian population, which does 
not allow extrapolation of the results to other racial and ethnic groups.

The highest risk of developing apixaban-induced ADRs due to a slowdown 
in the metabolism of drug in liver, especially when combined with drugs-
inhibitors of CYP3A5 isoenzyme, in homozygous carriers of non-functional 
alleles CYP3A5*2 (rs28365083), CYP3A5*3 (rs776746), CYP3A5*6 (rs10264272), 
CYP3A5*7 (rs41303343), CYP3A5*8 (rs55817950), CYP3A5*9 (rs28383479), 
CYP3A5*10 или CYP3A5*3 K (rs41279854), CYP3A5*11 (rs72552791), CYP3A5*3D 
(rs56244447), CYP3A5*3F (rs28365085), CYP3A5_3705C > T(H30Y) (rs28383468), 
CYP3A5_7298C > A(S100Y) (rs41279857). Among them, the most common is 
non-functional allele CYP3A5*3 (rs776746). In terms of phenotypes, individu-
als are “expressors” of CYP3A5 if they carry at least one CYP3A5*1 allele, and 
“non-expressors” if not. It should be noted that frequency of carriage of SNVs of 
CYP3A5 gene varies significantly depending on ethnicity of patients. For example, 
most Europeans are not expressors, while many people of African descent are 
CYP3A5 expressors [63, 74]. Higher concentrations of active component of drugs, 
metabolized with participation of isoenzyme CYP3A5, in blood plasma are higher 
in non-expressors of CYP3A5 compared with expressors [75]. In patients belong-
ing to group of non-expressing CYP3A5 (homozygous carriers of the above non-
functional alleles), apixaban dosing should be cautious and requires monitoring of 
ADRs. Co-administration of apixaban with other drugs metabolized with participa-
tion of CYP3A5 isoenzyme should be avoided in non-expressors,

The study SNVs of CYP3A5 gene was conducted among 200 postmenopausal 
women who had an episode of venous thromboembolism and more than 500 
comparable control groups. It is known that oral estrogen intake increases the 
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risk of venous thromboembolism in all women (odds ratio (OR) - 4.5; CI: 2.6–7). 
Compared with women who did not receive oral estrogens, the OR for venous 
thromboembolism in users of oral estrogens was 3.8 (CI: 2.1–6.7) among women 
who did not have the common (wild) CYP3A5 * 1 allele encoding a highly func-
tional isoenzyme CYP3A5, and 30.0 (CI: 4.4–202.9) among patients with this allele 
(interaction test p = 0.04) [76]. This is important to consider when prescribing 
apixaban to postmenopausal women.

Carriage of low-functional alleles CYP1A2*1C (rs2069514), CYP1A2*1K_-
729C > T (rs12720461), CYP1A2*1K_-739 T > G (rs2069526), CYP1A2*3 
(rs56276452), CYP1A2*4A (rs56276455), CYP1A*4A (rs28399424) of CYP1A2 
gene leads to decrease in activity of CYP1A2 isoenzyme. This may be of clinical 
significance in long-term therapy with apixaban in homozygous carriers of low- or 
non-functional alleles of CYP3A5 gene, due to the cumulative risk and disruption 
of auxiliary pathway of apixaban metabolism in the liver with the participation of 
the isoenzyme CYP1A2. This reduces metabolism of drug and increases the risk 
of ADRs. In addition, in carriers of CYP1A2*1C (rs2069514), concomitant use of 
apixaban with inhibitors of the isoenzyme CYP1A2 may slow down the breakdown 
of caffeine, which can lead to overstimulation by caffeine. On contrary, carriage 
of highly functional allele CYP1A2*1F (rs762551) can lead to an acceleration of 
apixaban metabolism. Smoking is a well-known CYP1A2 activator (especially in 
CYP1A2*1F carriers). This leads to a more rapid degradation of drugs metabolized 
with the participation of CYP1A2 isoenzyme, and possibility of insufficient con-
centration of drugs in body to obtain significant therapeutic benefits [77].

Carriers of SNVs of CYP2C9 gene can metabolize drugs in different ways. From 
a clinical point of view, it is important of carriage of the following SNVs: rs1057910 
(two variants that encode the “wild-type” CYP2C9*1 allele and the non-functional 
CYP2C9*3 allele), as well as rs1799853, rs9332131, rs72558190, rs72558 (non-
functional variants CYP2C9*2, CYP2C9*6, CYP2C9*15, CYP2C9*25 respectively). 
In particular, the carriage of non-functional alleles CYP2C9*2 and CYP2C9*3 
should be taken into account when co-administration of apixaban and clopidogrel, 
which inhibits the CYP2C9 isoenzyme in sufficiently high doses. This may affect the 
metabolism of drugs that are metabolized with the participation of the isoenzyme 
CYP2C9, and patients who are homozygous carriers of non-functional alleles of 
CYP2C9 (slow metabolizers) are likely to be at greater risk of ADRs (in particular, 
the risk of bleeding) when taking clopidogrel and apixaban [78].

Some of major metabolic pathways of apixaban include o-demethylation, 
hydroxylation, and sulfation, with o-demethylapixaban sulfate being main 
metabolite [66]. Potentially important pharmacogenomic metabolic pathway is via 
sulfotransferases (SULT) SULT1A1 and SULT1A2, which are responsible for sulfa-
tion of o-demethyl-apixaban to o-demethyl-apixaban sulfate [79, 80]. SULT1A1 
enzyme is more efficient than SULT1A2 in sulfation of o-demethyl-apixaban [81]. 
O-demethyl-apixaban is the most well-known metabolite and accounts for 25% 
of the estimated active apixaban [66]. It is important to know that o-demethyl-
apixaban sulfate does not have any inhibitory activity against factor Xa, which 
may contribute to anticoagulant efficacy of apixaban [81]. Three important 
SNVs of SULT1A1 gene have been described: SULT1A1*1 (wild type), SULT1A1*2 
(rs9282861), and SULT1A1*3 (rs1801030) [80]. Vmax of all three allelic variants of 
SULT1A1 gene (SULT1A1*1 > SULT1A1*3 > SULT1A1*2) varies, and this explains the 
differences in sulfation of active apixaban. The SULT1A*3 variant has a moderate 
potential to influence anticoagulant effect of apixaban, whereas SULT1A*2 has low 
potential to influence apixaban metabolism [82]. These different alloenzymes have 
different enzymatic efficiencies and can lead to different concentrations of metabo-
lites and variations in anticoagulant efficacy of apixaban [83]. However, the effect 
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of common genetic variants of SULT1A1 gene on apixaban metabolism in patients 
has not yet been formally studied [78].

5. Edoxaban

Edoxaban is a selective, direct and reversible inhibitor of activated blood 
coagulation factor X (F Xa), a serine protease responsible for thrombin formation. 
Edoxaban is used to prevent stroke in nonvalvular AF, treat deep vein thrombosis 
and PE [84–86].

It binds to both free FXa and free FXa in prothrombinase complex, thus causing 
a dose-dependent decrease in thrombin formation [87].

Edoxaban is characterized by linear, predictable pharmacokinetic profile [88]. 
After oral administration, edoxaban reaches peak plasma concentrations  
(C max) within 1–2 hours [89]. The half-life (T1/2) of edoxaban is approximately 
10–14 hours [88]. Edoxaban is absorbed mainly in upper gastrointestinal tract, 
approximately 13% is absorbed in large intestine [90].

In an in vitro study, five phase 1 metabolites of edoxaban were found in human 
liver microsomes: M-1, M-4, M-5, M-6 and a hydroxylated metabolite at the 
N-dimethylcarbamoyl group of edoxaban (hydroxymethylenedoxaban) (M-7) [91]. 
Formation of a metabolite M-4, unique for humans, is catalyzed by CES1, which is 
present in human liver microsomes and in the cytosol. Cytochrome P450 (CYP) 3A4 
isoenzyme mediates formation of M-5 and hydroxymethylenedoxaban in presence 
of nicotinamide adenine dinucleotide phosphate (NADPH). It is assumed that M-8, 
minor metabolite, arises spontaneously (non-enzymatically) via an intermediary, 
hydroxymethylenedoxaban, which is formed via CYP3A4/5 [92].

Second phase of edoxaban metabolism is mediated by glucuronidation to form 
N-glucuronide metabolite (M-3). This metabolite has not been quantified. Three 
metabolites (M-4, M-6 and M-8) have anticoagulant activity with half-maximum 
inhibitory concentration (IC50) values   for anti-FXa 1.8 nM (M-4), 6.9 nM (M-6) 
and 2.7 nM (M-8). The IC 50 value of edoxaban for anti-FXa is 3 nM [93]. However, 
due to its low content and high protein binding (80%), it is expected that most 
abundant metabolite M-4 will not make a significant contribution to overall phar-
macological activity of edoxaban in patients with at least a moderate decline in renal 
function [94]. Other metabolites are present in even smaller amounts and (in the 
absence of liver cytochrome P450 inducers) do not significantly contribute to total 
anticoagulant activity of drugs. None of metabolic pathways alone contributes more 
than 10% to total clearance of edoxoban [92].

Edoxaban is a substrate for P-gp and is not a substrate for other transporters 
such as anion transport polypeptide (OATPs), 1B1, or organic cation transporters 
(OATs) 2 [95].

Edoxaban is mainly excreted unchanged in urine and through the secretion of 
biliary tract with feces [92]. Renal clearance of unchanged drugs is approximately 
50% of total clearance, and remaining 50% of non-renal clearance occurs due to 
metabolism and secretion of the biliary tract. As previously described, edoxaban 
is metabolized by the enzymes CES1 (<10%), CYP3A4 (<10%) and by glucuroni-
dation; but metabolism is a minor route of elimination of edoxaban in patients 
with normal renal function. Therefore, inhibitors or inducers of these enzymes 
are unlikely to have clinically significant interactions with edoxaban. However, 
drug interaction studies have been performed to investigate the effect of CYP3A4 
inhibitors on the pharmacokinetics of edoxaban. In addition, the effects of other 
drugs that could be administered concurrently with edoxaban were evaluated. 
Since edoxaban is a substrate of the P-gp efflux transporter, several studies have 
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been carried out on interaction of drugs with inhibitors, substrates and inducers of 
P-gp. The effect of co-administration of P-gp inhibitors was an increase in effect of 
edoxaban (maximum observed drug concentration in plasma C max and area under 
the curve of concentration versus time AUC), but the increase was less than 2 times. 
P-gp inhibitors and potent CYP3A4 / 5 inhibitors (eg, ketoconazole, erythromycin) 
do not result in greater increases in exposure compared to mild P-gp inhibitors (eg 
verapamil) or mild inhibitors (eg cyclosporine) CYP3A4 / 5. This confirms that the 
metabolism of CYP3A4/5 is not the main route of elimination of edoxaban [96, 97].

Сo-administration of ketoconazole (P-gp inhibitor; potent CYP3A4 inhibitor) 
increased the single dose peak and overall exposure to edoxaban by 89% and 87%, 
respectively [98]. However, co-administration of oral quinidine (P-gp and OCT2 
transporter inhibitor; potent CYP2D6 inhibitor) increased the single dose peak and 
24-hour exposure of oral edoxaban by 85% and 77%, respectively [99].

Co-administration of sustained-release verapamil (P-gp inhibitor (main effect); 
moderate CYP3A4 inhibitor) increased the peak and 24-hour exposure of single 
doses of edoxaban by 53% [99].

Co-administration of erythromycin (P-gp inhibitor; moderate CYP3A4 inhibi-
tor) increased the peak and total exposure of single doses of edoxaban by 68% 
and 85%, respectively [91]. Co-administration of cyclosporine (P-gp inhibitor, 
OATP1B1 and BCRP; weak inhibitor of CYP3A4) increased both the peak and 
total exposure of single doses of edoxaban by 74% and 73%, respectively [98]. 
Co-administration of dronedarone (a P-gp inhibitor) increased the peak and total 
exposure of single doses of edoxaban by 46% and 85%, respectively [99].

The administration of amiodarone (P-gp inhibitor; moderate CYP2C9 inhibitor, 
weak CYP2D6 inhibitor) to patients receiving edoxaban for 3 days of once daily 
administration increased the peak and total exposure of single doses of edoxaban by 
66% and 40%, respectively [99]. This is important to remember because amiodarone 
has a long half-life, reaching an average of 58 days [100]. Rifampicin, inducer of P-gp 
(strong CYP3A4 inducer; moderate inducer of CYP2B6, 2C8, 2C9, 2C19; inhibitor of 
P-gp, OATP1B1, OATP1B3) after 7 days of dosing reduced the total exposure to edox-
aban by about 34%, without affecting its peak exposure [101]. Co-administration of 
digoxin (P-gp substrate) increased the C max of edoxaban by 16% without signifi-
cantly affecting overall exposure or renal clearance at steady state [99].

At the same time, atorvastatin (OATP1B1 and OATP1B3 substrate; weak CYP3A4 
inhibitor), when taken together with edoxaban, does not affect the peak or total 
exposure of edoxaban [99]. Co-administration of naproxen and edoxaban also had 
no effect on the peak and total exposure of edoxaban. However, led to an increase 
in the duration of bleeding compared with each drug administered separately. 
Co-administration of naproxen increased the baseline-adjusted bleeding time ratio 
by 72% on day 2 compared with edoxaban alone (90% CI: 139.3–213.3). In contrast, 
concomitant administration of edoxaban with naproxen increased the equivalent 
bleeding time by 22% compared with naproxen alone (90% CI: 98.1–151.0) [102]. 
Naproxen reduced the baseline-adjusted platelet aggregation coefficient on the 2nd 
day of co-administration by 69.89% (90% CI: 68.20–71.62), while edoxaban itself 
did not affect platelet aggregation.

Co-administration of high doses of aspirin (325 mg) increased the station-
ary peak and total exposure of edoxaban by 34% and 30%, respectively, and 
decreased renal clearance by 17%, possibly due to inhibition of active renal secre-
tion. Co-administration of low-dose aspirin (100 mg) did not affect the peak or 
total exposure of edoxaban either after a single dose or with stable use (90% CI: 
80–125%). Co-administration of edoxaban and aspirin at low (100 mg) or high 
(325 mg) doses resulted in an additive effect in terms of increased bleeding time. 
The anticoagulant effects of edoxaban were not affected by the simultaneous 
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administration of aspirin. Coadministration of low doses of aspirin (100 mg) did 
not significantly affect INR, prothrombin time (PTI), activated partial thrombo-
plastin time (APTT), or intrinsic FXa activity [102]. Enoxaparin did not affect the 
peak and total exposure of edoxaban with simultaneous dosing or with an interval 
of 12 hours. Co-administration of edoxaban at a dose of 60 mg and subcutaneous 
enoxaparin at a dose of 1 mg/kg led to an increase in the effect on the parameters 
of the analysis of thrombin formation compared to any of the drugs introduced 
separately. The effect was generally not additive, with the exception of the delay in 
thrombin formation and the time to peak. The effect on anti-FXa with the simulta-
neous use of both drugs was additive [103].

Candidate genes influencing the concentration of edoxaban are genes encod-
ing key enzymes of its metabolism: CES1, CYP3A4/5, ABCB1 [54] and, to a lesser 
extent, SLCO1B1 [104].

Edoxaban and its active metabolite M4 are substrates for P-gp encoded by 
ABCB1 (MDR1) gene and the organic anion carrier protein OATP1B1 encoded by 
SLCO1B1 gene. The pharmacogenomic analysis combined genotype and concentra-
tion-time data in 458 healthy volunteers in 14 completed phase 1 studies. The SNVs 
effect of ABCB1 gene (rs1045642: C3435T) and SLCO1B1 gene (rs4149056: T521C) 
on pharmacokinetic parameters of edoxaban was studied. Although some pharma-
cological inhibitors of P-gp and OATP1B1 increased exposure to edoxaban, C3435T 
(rs1045642) of ABCB1 gene, nor T521C (rs4149056) of SLCO1B1 gene did not affect 
the pharmacokinetics of edoxaban. Although, a slight increase in M4 exposure was 
observed in carriers of minor allele C* of SLCO1B1 gene [104].

Only a limited amount of edoxaban is metabolized by liver cytochrome P450 
isoenzymes (less than 4%) [105]. Metabolites M4 and M1 are formed during the 
hydrolysis of edoxaban with the participation of the CES1 enzyme encoded by 
CES1 gene, while M6 is formed through metabolism with the participation of the 
CYP3A4/5 isofermet, encoded by CYP3A5 gene [92]. Analysis of genomic associa-
tions showed that SNVs of CES1 gene affect the plasma levels of dabigatran [106]. 
So far, no studies have been found on the effect of carriage of the studied SNVs of 
CES1 gene on the pharmacokinetics of edoxaban. However, this may be promising 
in terms of personalized selection of DOACs.

There is probably a high risk of developing edoxaban-induced adverse reactions 
due to a slowdown in the metabolism of the drug in the liver when combined with 
drug inhibitors of the CYP3A5 isoenzyme in homozygous carriers of non-functional 
alleles CYP3A5. Thus, in patients belonging to the group of non-expressing CYP3A5 
(homozygous carriers of the above non-functional alleles), dosing of edoxaban 
should be calculated with caution and requires monitoring of the risk of bleeding. 
Co-administration of edoxaban with other drugs metabolized with the participa-
tion of the isoenzyme CYP3A5 should be avoided in non-expressors, including 
antipsychotics (olanzapine), antiestrogens (tamoxifen), antineoplastic (irinotecan, 
docetaxel, vincristine), immunomodulatory agents (tacrolimus), antiplatelet agents 
(clopidogrel), antihypertensive agents (nifedipine, amlodipine, felodipine, vera-
pamil), antiviral (indinavir, nelfinavir, ritonavir, saquinavir), HMG-CoA reductase 
inhibitors (atorvastatin), antibiotics (clarithromycin), steroids (testosterone, 
estradiol, progesterone and androstenedione), antimalarial drugs (mefloquine, 
artemether, lumefantrine) [107].

6. Conclusion

The results carried out to the present fundamental and clinical studies of 
DOACs studies demonstrate an undeniable the influence of genome changes on the 
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pharmacokinetics and pharmacodynamics of DOACs. However, the studies need to 
be continued. There is a need to plan and conduct larger studies in various ethnic 
groups with the inclusion of sufficient associative genetic studies of the number of 
patients in each of the documented groups treatments with well-defined pheno-
types. Additional work needed to translation of research results into real clinical 
practice using results of pharmacogenetic testing and taking into account genomic 
variations for selection DOACs, their starting and target dosages, which is especially 
important when the need for long-term pharmacotherapy.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 6

Possibilities of Combinatorial 
Therapy: Insulin Dysregulation 
and the Growth Hormone 
Perspective on Neurodegeneration
Priyanka Sengupta and Debashis Mukhopadhyay

Abstract

RTKs have been reported to be implicated in several neurodegenerative  disorders 
and the roles of insulin receptor family have emerged as a key common pathway 
across diseases. Thus we focussed on the Insulin receptor family and discussed 
the irregulation from the growth hormone axis. The signaling, regulation and 
physiology of the production in liver and CNS has never been discussed in signaling 
perspectives and is extremely crucial for understanding the possibilities of IGF1 in 
neurodegeneration specifically. The commonalities across neurodegenerative dis-
eases such as oxidative stress, mitochondrial dysfunction, and protein misfolding 
and insulin pathway anomalies have been elucidated and correlated with the insulin 
pathway. The crosstalk possibilities of the pathways, along with other regulatory 
modes for the development of combinatorial therapy have been discussed to visual-
ize a common platform for neurodegenerative diseases including AD, PD, HD, ALS 
and FTD. Furthermore, the incretin based therapies that have gradually emerged as 
alternatives for insulin based therapy due to its inherent drawback of resistance has 
been briefly discussed.

Keywords: neurodegeneration, insulin, IGF1, GPCR, combinatorial therapy, 
lncRNA, Alzheimer’s disease

1. Introduction

Insulin dysregulation is a common phenomenon in several diseases, though 
their cause-effect relationship with progression is debatable. This review focuses 
on the degenerative pathways but essentially incorporates cues from prolifera-
tive mechanisms to develop a holistic approach towards understanding the 
disease progression. In case of neurodegeneration such as that in Alzheimer’s 
disease [AD], Huntington disease [HD], Fronto temporal Dementia [FTD] and 
Parkinson’s disease [PD], insulin dysregulation has been reported [1]. Therapies 
have been successfully developed encompassing the insulin pathway in ADwhere 
intranasal administration of insulin assists in recuperation, however resistance 
towards insulin and mode of administration remains an elusive matter [2]. Similar 
strategies are gradually being developed for FTD as well using Novolin-R insulin 
[3]. Insulin shock therapy for the schizophrenic patients was one of the initial 
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approaches towards tackling the disease, but with time insulin resistance or insen-
sitivity to higher dosages led to search for better ways of ameliorating the disease 
on relapse [4]. Insulin like growth factor 1 [IGF1] therapy has been implemented 
in ADbut due to the lack of conclusive evidence, resistance and contentious results 
from experimental models, the attempt did not stand the test of time [5]. It is thus 
impending to further investigate the modes of regulation and pathways which 
could lead the therapeutic development.

Insulin receptor family is a subset of the broader Receptor Tyrosine kinase 
[RTK] family comprised of 20 precise receptor sub-families further sub divided 
into more families based on ligand and domains of the receptors that play varied 
roles in neurodegeneration [6]. They include ErbB, PDGF, Ins, VEGF, FGF, Trk, 
PTK7, Ror, MuSK, Met, Axl, Tie, Eph, Ret, Ryk, DDR, ROS, LMR, STYK1 and ALK 
[7]. Many of these families have been shown to be involved in AD, PD as well as 
proliferative diseases such as cancer. The alterations in expression as well as activity 
has been documented which clearly elucidates the importance of understanding 
the roles of these receptors in disease pathology. With respect to neurodegeneration 
however, the roles played by RTKs are gradually being explored and understood 
since the complexities both on the membrane front and intracellular pathways are 
numerous. Insulin receptor family composed of Insulin Receptor [INSR], Insulin 
like growth factor receptor [IGF1R, IGF2R], and Insulin receptor related recep-
tor [INSRR] [8] forms a common bridge for understanding neurodegenerative 
pathways as they are implicated in almost all diseases and relatively well studied yet 
poorly understood. It is crucial to mention that unlike other members of the insulin 
family, INSRR is an orphan receptor with no known ligand. Recent studies have 
shown that it is pH sensitive and the receptor is activated by alkaline pH [9]. IGF2R 
unlike IGF1R is non-mitogenic and involved in targeting IGF2 to lysosomes for 
degradation. It basically functions in signal attenuation and on overexpression has 
been reported to increase the amyloid beta generation [10].

Thus we begin with an overview of the hallmarks of neurodegeneration, their 
underlying mechanisms in brief and then delve into the possibility of therapeutics 
encompassing insulin pathway as a future prospect for palliation of neurodegenera-
tion. Insulin pathway involves mainly insulin andIGF1 which elicit different roles 
in the cell despite being structurally similar with common pathways that had been 
studied for decades but is still poorly understood in the context of neurodegenera-
tion. Insulin pathway being a metabolic pathway primarily, is capable of modulat-
ing several downstream important signaling molecules and influences metabolism, 
growth and survival through P13K pathway and MAPK mediated pathway that 
determines cellular fate [11]. IGF1 additionally engages in the Jak–stat pathway [12] 
and uses several components of the GPCR pathways and in turn get regulated by 
them as well [13].

2. Commonalities of neurodegenerative diseases

Neurodegenerative diseases like Alzheimer’s and Parkinson have been long 
studied and the key proteins identified have been tried and tested for targeting in 
order to ameliorate the disease. However most of it has failed [14]. Several muta-
tions have been identified for both such as APOEε4 allele, APP, PSEN1 and PSEN2 
for AD, but people without any of these mutations have also been found to develop 
the disease [15], which adds to the complexity. The triggers for both these diseases 
have been shown to be associated with multiple factors as diverse as gut microbiota 
for PD [16], bacterial infections of the gum for AD [17], or genetic pre disposition 
and epigenetic modifications.
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Patients with Huntington often develop diabetes, whereas those with diabetes are 
more prone to developing AD [18]. The impairment of insulin pathways is common 
across patients suffering from different neurodegenerative diseases. Studies with 
transfected striatal nerve cells in vitro, showed that IGF1 can block the mutant 
protein huntingtin-induced cellular death and decreases formation of intranuclear 
inclusions [19]. Reduction in apoptosis was perhaps not the reason for this observa-
tion since BDNF which does the same, did not prohibit formation of such inclusions. 
The mitochondrial dysfunction in these striatal cell lines derived from huntingtin 
Knock-in mice is perhaps ameliorated by insulin and IGF1. The roles of these factors 
have further been observed in several studies where reduced energy metabolism in 
lymphoblasts derived from HD patients was shown to be associated with downregu-
lation of Akt and Erk activation which can be helped with IGF1 and insulin [20].

ALS and FTD are different diseases but both elicit a degeneration of neurons, 
their clinical as well as pathological manifestations are similar. Interestingly both 
of these display alterations in Growth hormone and IGF1 secretions [21]. ALS was 
initially characterized by the mutation in a gene, Superoxide dismutase [SOD1] 
with a 10–20% incidence in patients and since then more than a hundred different 
types of SOD1 mutations that cause ALS has been discovered [22]. The trigger for 
ALS and proposed mechanism though could be through growth hormones anomaly, 
could as well be through glutamate-induced neurotoxicity with an aberrant increase 
in glutamate concentration in CSF [23].

The aggregated proteins form intra cellular inclusions or extra cellular aggre-
gates in different brain areas. These proteins usually have a beta -sheet structure 
that allows aggregation and fibril formation as part of the misfolding process [24]. 
Misfolding of protein aggregates is one of the key underlying cause of neurode-
generation. Amyloid fibrils form plaques found in AD, Phosphorylated tau leads to 
neurofibrillary tangles, prions mediate in neurodegeneration and alpha synuclein 
aggregates in PD are also common [25].

In case of PD, ALS and AD, upto10% cases are inherited. However, in HD almost 
every case has a familial history [26]. The common disease/common variant [CD/
CV] hypothesis explains that common disorders are governed by common DNA 
variants which elevates risks but are usually not causative factors and might add to 
the understanding of genetic involvement in phenotypic manifestation of disease 
[27]. For example, the Apolipoprotein E [APOE] encodes a 299 amino acid long 
glycoprotein and is estimated to be a major contributing factor in AD development. 
It has also been reported in PD [27]. This similarity further elicits that neurode-
generative disorders might have a common underlying protein–protein interaction 
network (Figure 1). Also, intervention for neurodegenerative disorders could be 
facilitated by exploring the genes and its regulatory components including ncRNAs 
that might govern the progression and allow scope of regulating the protein–pro-
tein network downstream [28, 29]. Studies have focused on individual disorders 
but rarely generated a common platform that allows better understanding of the 
network by taking varied disorders into perspective.

Amongst the hallmarks of neurodegeneration that significantly contributes 
towards the progression is oxidative stress. It has been implicated in several diseases, 
including AD, PD and ALS [30]. Extensive oxidation of lipids, DNA and proteins 
leads to deactivation of major processes or upregulation of toxic cellular cascades. 
The imbalance in the scales of Reactive oxygen species [ROS] generation damages the 
cells [31]. Amyloid beta which is originally generated by neurons in AD in response to 
insults and cellular damage in pursuit of protection, in turn coordinates iron and cop-
per to generate peroxide that accelerates ROS generation by Fenton chemistry [14]. 
Dopamine buildup in cytoplasm in PD coordinates iron and induces ROS formation. 
Active site destabilization of SOD also allows further oxidation. Such unregulated 
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ROS further affects calcium regulation which leads to excitotoxicity [32]. The current 
drugs encompassing ROS generation affect the rate of progression at late stages and 
thus it is increasingly important to understand the growth hormone axis that changes 
early in the disease cycle and determines the final outcome, ROS generation and toxic 
misfolding of proteins aggregates amongst other catastrophic events that lay ahead of 
the domino like cascade of neurodegenerative pathways.

3. Insulin resistance and neuroinflammation

The growth factors bind to receptors and they no longer respond to the ligand 
binding when resistance develops, which would have otherwise triggered a cascade 
of downstream signaling. Several studies have attempted to evaluate the total IGF1 
or Insulin levels that are responsible for the resistance to overcome it. Dosage up 
to 100 nM Insulin even instead of physiologically relevant 1 nM have been unsuc-
cessful in reinstating the sensitivity. This further drives attention towards the 
receptor [33]. The anomalies in the reports pertaining to the receptor stimulation 

Figure 1. 
Commonalities across neurodegenerative disorders, two or more are often shared.
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particularly in AD clearly elucidate a faulty signaling cascade operating at different 
stages of the disease [2]. The receptors of the Insulin family, vis-à-vis INSR and 
IGF1R are elusive and bind to both ligands, Insulin and IGFs. Their diverse intracel-
lular domains allows them to bind several other adaptor proteins other than the 
conventional mediators of signaling cascade, IRS1 and IRS2 [34]. There are numer-
ous astounding facts about these receptors which make them unique targets and add 
to their therapeutic value. INSR and IGF1R forms hybrids that has a higher affinity 
for IGF1 [35–37] but their activity if its varied from individual dimers and their 
respective localization after stimulation is unknown. The insulin resistance poses a 
major setback to its therapeutic value and correcting the axis by identifying other 
players in the cascade both downstream and at the membrane front could thus help 
in re-sensitizing the receptors.

Both Insulin and IGF1R has been shown to enter the nucleus when activated 
recently and it is speculated that they perform physiological roles which might be 
altered in different disease situations [38]. It has been experimentally illustrated as 
an orchestrated event that occurs physiologically in non-cancerous cell lines along 
with different cancers, in which this behavior of nuclear migration was first found. 
It however remains due to illustrate the proportions of the nuclear and cytoplasmic 
amount of IGF1R in different disease conditions where these metabolic signaling 
pathways are known to be altered. Their phosphorylation status too remains to be 
explored since IGF1R has multiple phosphorylation sites [39] and they could be 
important in understanding their role in neurodegeneration.

Recent studies show that phosphoINSR can be translocated into the nucleus in 
a clathrin mediated manner. It forms a complex with RNA pol-II, HCF 1 and DNA 
binding transcription factors like THAP 11. Mass-spectrometry data shows the 
translocation involves KPNA 2 and HSP 70 [40].

IGF-1R has been observed in the nucleus in case of prostate cancer and breast 
cancer cells. Full length IGF-1R alpha and beta chains were reported in the nuclear 
extract of prostate cancer cells. This is the only example of a receptor which traffics 
as individual sub unit to the nucleus [41]. Other RTKs such EGFR, FGFR has also 
been previously been observed in the nucleus. The endocytosis is here both clathrin 
and caveolin mediated. The nuclear transport here is not mediated by adaptor 
proteins like IRS 1 or an inherent NLS but by SUMOylation [42].

The cause and effect relationship for the ever so complex pathway and its 
involvement in AD or PD remains unclear and further experimental studies are 
required to investigate the connection of this underlying nuclear migration with 
disease progression. The ligands and receptors need to betreated an individual 
elements instead of a holistic component in the cascade, since there remains the 
possibility that Insulin and IGF1 both can stimulate other receptors [43]. The con-
cerned receptors could be activated in diseases like AD by Amyloid beta fragments 
[44, 45] and behave differently in terms of interacting partners and localization, 
thus altering the signaling cascade majorly.

4.  Insulin as a growth factor with prospects in therapeutics for 
neurodegeneration

Insulin production in the body was assumed to primarily happen in the pancreas 
and circulated throughout, however production in the CNS of both insulin and IGF1 
is now proven [46–48]. Insulin production in CNS appears to be important for the 
lower organisms than that in higher organism like humans. However further research 
in the last decade has yielded results that clearly indicate that insulin is secreted in 
the CNS and might play important roles in physiology. The amount of the same is 
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presumed to be lower compared to the pancreas derived insulin which is transported 
into the brain through receptor mediated transcytosis. However it can also be inde-
pendent of the receptor as illustrated by [49]. Insulin circulating in the bloodstream 
binds to receptors present on the endothelial cells at the blood brain barrier which is 
further moved into the interstitial fluid. There it binds to insulin receptors distributed 
throughout the cerebral cortex, olfactory bulb, hippocampus, hypothalamus, amyg-
dala and septum [48]. IGF1 on the other hand, binds to one of its 6 binding proteins 
and remains in the inactive form in the bloodstream and in local tissues. The entrance 
into the brain occurs in a similar fashion as in the case of insulin [50].

Several parts of the brain are sensitive towards insulin and they have a different 
relationship associated with the alterations of the levels. Neuroimaging studies have 
shed light on the insulin induced brain responses in the fusiform gyrus, hippocampus, 
pre-frontal cortex, striatum, hypothalamus and insular cortex. Thus healthy insulin 
signaling controls brain networks implicated in reward processing, memory retrieval, 
homeostatic control and cognitive control in general [51]. These wide involvements of 
insulin in regulation of distinct parts of the brain responsible for different activities 
leads to the marked impact of a mild dysregulation and thus indicate an alteration 
could infact be an initial event in the cascade of neurodegeneration.

Insulin is known to activate cell growth, cell repair, mitochondrial activity, gene 
expression, energy utilization and protein synthesis for decades. In both AD and 
PD, insulin signaling pathway and downstream regulators contribute significantly 
to the pathology of the disease. Insulin signaling in the brain of these patients is 
desensitized and while analyzing post-mortem brains, it appears that they have 
inactivated receptors and downstream IRS1 and 2 as well. The key secondary mes-
sengers of this signaling pathway, Akt and mTOR also appears to be inactivated in 
these patients as it is observed diabetes [14, 20, 27]. Thus, AD was termed as Type 
3 diabetes where a systemic resistance to the pathway occurs [52]. However, unlike 
diabetes the reasons could be very different. Insulin desensitization occurring in the 
brain could be part and parcel of the inflammatory response in the brain. In case of 
AD, where amyloid beta aggregates lead to plaque formation, the oxidative stress 
and cytokines involvement in the long run could restrict the supply of the insulin 
and IGF essential for growth and repair of the neurons [53]. Pro-inflammatory 
cytokines like Tumor necrosis factor [TNF] could possibly block the signaling 
pathways of insulin and IGF1.

Saenger et al. [54] investigated into the SOD1-G93A mouse lines that elicit ALS 
like pathology, both mild and severe phenotype form. The results indicated IGF1 
therapy in the early stages can be effective but in case of severe cases, the functional 
outcomes were no better. Despite increase signaling in brain, at high doses, survival 
chances did not improve. Clinical trials that evaluated the role of Growth hormones 
in patients with ALS yielded mixed results. Researchers back in 1993 employed a very 
small dosage [0.1 mg/day] which impacted the IGF1 levels after therapy. In another 
study recently in 2012, 2.8 mg/day was used, but that further led to a reduction in the 
IGF1 and IGF1-BP3 demonstrating the effectiveness of the therapy further [46].

5. IGF1 as a pleiotropic factor in aging and neurodegeneration

The brain receives its IGF1 supply through both autocrine and paracrine path-
ways. IGF1 is secreted by liver, in response to binding of growth hormone [GH] to 
their respective GH receptors, which leads to increase in the circulating IGF1 levels. 
The IGF1 thus secreted by liver then binds to their receptors IGF1R in the pituitary 
and hypothalamus, which in turn inhibits Growth hormone releasing hormone 
[GHRH] and Growth hormone [GH] production [46].
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The hepatic IGF1 production makes up for 70% of the total circulating ligand 
pool and caters to the brain by passing through the blood brain barrier at choroid 
plexus directly into the Cerebrospinal fluid [CSF] with the assistance of IGF1R 
and Megalin, a low density lipoprotein receptor related protein 2 transporter [46]. 
There is a clear feedback loop for the hepatic production regulation, but not for the 
autocrine production in the brain (Figure 2). Studies show mutations that manifest 
in GH deficiency or resistance present normal cognitive functionality [55] however 
when IGF1 production is globally eradicated or insensitivity is induced, that leads 
to microcephaly and cognitive deficits in children [56]. This suggests the autocrine 
brain production might be preserved in GH mutated scenarios and a separate feed-
back loop exists for that regulation. Adding to the complexity, the circulated IGF1 is 
bound to IGF binding proteins [IGFBPs] mainly IGFBP-3 being the most abundant, 
making them unavailable for receptor stimulation [57].

The autocrine production though expected to be independent of the hepatic IGF1 
production, appears to decline with age similarly. The endocrine decline in IGF1 levels 
has been related to the diminished GH pulse frequency and amplitude, observed in 
case of aging. It is partly due to the decrease in ghrelin binding to GH secretagogue 
receptor [GHSR] [57]. Aging and lowering of cognitive abilities is observed to be 
associated with lower levels of IGF1, where the receptor levels increase to compensate 

Figure 2. 
Feedback loop for hepatic and autocrine production of IGF1 in the brain.
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for the lower availability perhaps. The increase in the receptor levels in aged indi-
viduals could also be a coping mechanism for combating insults and stress induced 
due to the breach in blood brain barrier. Nevertheless, it is evident that IGF1 plays a 
major neutrophic role within PNS and CNS and is strongly involved in neurogenesis, 
anti-apoptotic, synaptogenesis and anti-inflammatory effects at cortical, sensory and 
motor levels and hence further investigation into the puzzling characteristics of the 
receptor shall shed light on the definitive involvement in neurodegeneration.

IGF1 other than being implicated in AD and other neurodegenerative diseases is 
also a major risk factor for cancer. Its upregulation is a major implication of prolif-
eration in several cancers. Modulation of the cell cycle, apoptosis and cell survival 
through interaction with IRS1 and IRS2 and downstream effectors like PI3K/AKT/
mTOR allows IGF1 to drive the cell towards proliferation [58]. Some pre-clinical 
studies state that mutations in genes that control the GF/INS/IGF axis can increase 
the lifespan even in invertebrate and vertebrate animal models [59].

Aging and IGF1 are intertwined on several levels, adding to the complexity of 
the insulin pathway. Research shows IGF1 deficiency could slower aging [60–63] 
and thus is a separate concern for therapy development for patients who develop 
Late onset AD [LOAD]. However combinatorial treatment with other membrane 
receptor antagonists or agonists for that matter which are implicated in the diseases 
could offer better options for prophylaxis.

6. Impact of growth factors on the neurophysiology

The amyloid hypothesis that focuses primarily on the protein misfolding that 
occurs in AD and aggregation associated with it largely fails at analyzing the actual 
neuronal pathophysiological developments in the brain. Inflammatory mediators 
like cytokines can promote the state in CNS through several mechanisms, crossing 
the BBB or entering by circumventricular organs, communication transmitted via 
the vagal nerve, and signaling through the cerebral endothelium [51]. These path-
ways allow insinuation and perpetuation of pro-inflammatory responses within the 
brain. Amyloid beta oligomerisation and tau phosphorylation which are hallmarks 
of AD can also be promoted through such changes [51].

The impact of growth factors comes into play since important cellular phenomena 
like inflammation and underlying reasons for neuronal loss are in turn corrected with 
insulin based therapies. The problems with such therapies persist, and have been 
long known, as progressive resistance. Key growth factors present in the brain such as 
BDNF, NGF, GDNF, IGF1 and insulin all lose their capacity of reversing or controlling 
the damage over time [64]. However, the improvements are often long lasting and dis-
ease progression is halted effectively by them through receptors in the glia initially [51]. 
Neurodegenerationis a complex process andfactors like GLP1, GIP1, and insulin cross 
the blood brain barrier in order to provide protection on several levels including ROS 
generation. In response to these, synaptic activity as well as plasticity is restored, brain 
functionality and memory retention is improved, and mitogenesis and mitochondrial 
function which dysregulates the energy utilization is also corrected [65]. Autophagy 
occurs normally and apoptosis rates are reduced as well.

7.  Future prospects: cross talk between insulin signaling and other 
pathways

In order to improve the capabilities of the insulin therapy and circumvent 
the issues with hyperinsulinemia, it is important to understand the crosstalk 
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possibilities for this important axis. The goal to re-sensitize the cells towards treat-
ment or induce a similar cascade by receptor stimulation through other ligands or 
adaptors could pave the way for combinatorial therapy. Thus, understanding the 
cross talk possibilities for neurodegenerationis impending. In case of heart diseases 
a crosstalk between insulin receptors and beta 2 adrenergic receptors [β2AR] is 
found which paved the path towards understanding the exploitation of GPCR 
signaling pathways by RTKs [66]. RTKs can use Beta arrestin, G protein receptor 
kinases, insulin to directly induce tissue RAS activation, regulate beta-adrenergic 
catecholamine stimulation and even to attenuate contractile response to β2AR 
stimulation in myocardial ischemia [67].

Angiotensin II [AII] acts on the cell by virtue of its receptor and since 1996, 
the direct connection between the two pathways on the phosphorylation and the 
downstream P13K activity has been known. Stimulation with AII inhibited both 
basal and insulin stimulated PI3K activity in rats [68].

Amongst interesting findings, IGF1R has been found to exist in associa-
tion with GABAB, which offers neuroprotection to cerebellar granule neurons 
from low potassium induced apoptosis. This process involves Akt recruitment 
and activation of IGF1R with the assistance of Gi/o- protein and FAK1 [69, 70]. 
Antidepressants can potentially trans-activate RTKs like EGFR by inducing 
activation of LPA receptors [71]. Reports show that acute MOR agonists can 
induce beta arrestin dependent and src-dependent IGF1R transactivation through 
subsequent Erk phosphorylation, prolonged treatment with the agonist however 
leads to heterologous desensitization of IGF1R based cascade [72]. The studies 
corroboratively indicate insulin GPCR heterocomplex plays important roles in 
different tissues and several of such associations could be involved in neurons in 
physiological and disease scenarios as well.

Studies show IGF1 receptor signaling and anti-apoptotic activity in cortical 
neurons is partly due to the Src dependent PACAP type I receptor which is trans-
activated [73]. Non-canonical insulin pathway receptors like TrkA has also been 
observed in such complexes with another receptor LPA1 that allows for constitutive 
activation of the cascade involving ERK1/2 in response to NGF [71]. IGF1 can also 
mediate G protein dependent ERK1/2 activation through transactivation of sphin-
gosine 1 phosphate receptors [73].

Dopamine and Insulin signaling pathways are also intertwined as they elicit 
a reciprocal relationship. Antagonism of D2 receptors for a short duration leads 
to upregulation of insulin secretion [74]. Insulin can also enhance reuptake of 
dopamine, which has been visualized with respect to mental health and metabolic 
syndromes.

Recent studies on ncRNAs are also evolving and shows that several lnc RNAs 
and miRs that are involved in controlling key phenomena in neurodegenerative 
diseases like AD, PD, HD and ALS. Long non-coding RNAs like BACE1-AS, 
XIST are upregulated in AD [75, 76]. Neat1 and MALAT1 are upregulated 
in FTD as well as ALS, where they form paraspeckles with TDP-43 and FUS 
proteins. UCHL1-AS1 leads to perturbation of ubiquitin-proteasome system 
that and is upregulated in PD. HTT-AS, HAR1 and BDNF-AS were reported 
to be dysregulated in HD. Interestingly, insulin responsiveness of these genes 
have not been explored in neuronal perspective. Some lncRNAs such as H19, 
lncASIR have been reported by several groups [29, 77] but their implications 
and involvement, interaction with other proteins or ncRNAs shall open up 
avenues for therapy oriented research. Furthermore, Lnc RNAs that are known 
to interact with these receptors such as IRAIN, GAS5, NNT-AS1 [78] needs to 
be studied in the neurodegenerative landscape to allow translational medicine 
development.
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8.  Combinatorial and peptide based therapies: insulins, incretins and 
drugs

Insulin resistance remains a major challenge towards drug development and 
meanwhile alternative strategies encompassing hormones are being tested and devel-
oped forneurodegenerative diseases. Incretin hormones like GLP1 and GIP show 
similar therapeutic roles and do not lead to insulin desensitization, as they do not 
activate the receptors however they lend similar effects [79]. Furthermore, analogues 
of the peptide hormones do not affect the blood glucose levels in non-diabetics with 
normoglycemic index. The side effects are mild loss of appetite and nausea. Detemir 
study led to this important realization that drugs for non-diabetic with AD or PD 
who require intervention with hormones needs to be developed with caution. Those 
with higher peripheral insulin resistance performed better with the drug, however 
those with lower peripheral resistance suffered from worsening of memory forma-
tion. Though there is plenty to understand and explore about the insulin pathway 
and its role in complex multifactorial neurodegenerative diseases, the treatments 
encompassing these factors that appears to be effective must be discussed.

GLP1 is part of a peptide based growth factor family that activates a glucagon 
type GPCR, expressed in primates, rodents and human neurons. Other receptor 
agonists such as lixisenatidemliraglutide and semaglutide available for treating Type 
II diabetes are also being tested for eeffectiveness in AD and PD [1]. Some of them 
can traverse the blood brain barriers and are thus prospective game changers for 
therapeutics. GLP 1 mimetic have shown promising results in animal models of AD, 
they exhibit fascinating reduction of chronic inflammation which is a major driver 
for progression of disease.

GIP is another sister incretin that bind to a GPCR on the membrane and its 
receptor is abundant in a wide range of cells including pyramidal neurons, Purkinje 
cells in cerebellum and basal brain areas. It was capable of offering neuroprotection 
to APP/PS1 mice, reduced loss of synapses and recreated synaptic plasticity [79]. 
Furthermore, the amyloid plaque load was also reduced along with oxidative stress 
and DNA damage.

9. Conclusions

Substantial advancement in the field of growth hormone, RTKs and their 
involvement in neurodegeneration has been made in the last two decades. The 
development of peptide based therapies involving incretins that can mitigate the 
degenerative processes in the brain is a major feat that shows promise. Controlling 
this major InsR and IGF1R, which are prominent and one of the most important 
albeit in age reversal [61, 80] is yet to be achieved but picking up cues from diseases 
like cancer that elicits an alternate pathway [81], in terms of therapy could acceler-
ate the process of developing therapies (Figure 3). The ability of growth factors 
to modulate cellular events such as ROS generation, energy utilization and others 
are remarkable and thus developing more sophisticated approaches using the 
knowledge thus gathered to invoke the right set of signals for slowing the cycle and 
early detection are important. Though possibilities involving the insulin pathway 
have been only explored on the protein level, regulation on the RNA level could be 
utilized yet to enhance sensitivity.

Pre-clinical studies from growth hormone therapies often leave out important 
aspects like multiple binding partners, transactivation and cross talks that leads to 
different results when applied to humans. Research on analogues with no resistance, 
compounds that re-instate sensitivity and alternative drugs such as mAbs against 
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RTKs altered are the need for the hour. The current peptide based drugs on the market 
are promising since they can potentially reverse a range of pathophysiological param-
eters of neurodegeneration. However understanding the hormonal axis that led to 
the death is important for further biomarker development and therapy development 
as well. The growth hormone axis could indeed be an underlying cause amongst the 
plethora of factors already known for neurodegeneration. Studies on their involve-
ment in determining cellular fate and their tuning in accordance with progression 
of disease are required for developing a better understanding about stages of the 
progressive disorders discussed holistically. The crosstalk with other pathways and 
gradual involvement of several miR and Lnc RNA which are crucial are complicating 
the story and yet simplifying it in terms of the puzzling and contentious results.

In conclusion, it is apparent that the neurodegenerative disorders have an under-
lying insulin pathway abnormality and growth hormone axis plays a major role the 
CNS and in turn affects progression of neurodegeneration. The Insulin receptor 
family amongst the RTKs is an important set that could lead the path towards 
therapies for degenerative disorders in a non-invasive manner if understood in their 
entirety and the regulation though complex could be a common network of pro-
tein–protein interaction that would simplify prognosis and prophylaxis.
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Therapies that could exploit the unified approach and yield therapeutic benefits.
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Abstract

Though significant clinical advances have been made, lung cancer remains 
the most lethal, with a low 5-year survival rate. The variability in patient 
response towards therapy is substantial and is associated with lung cancer’s 
genomic landscape. Pharmacogenetic studies have deciphered many clinically 
relevant associations between tumor genetic alterations and their influences 
on drug efficacy, toxicity sensitivity and overall outcomes of cancer treatment. 
Biomarkers are tools in the arsenal that can help in the prediction, prognosis, 
diagnosis and follow-up of cancer treatment. Bulk and single-cell next-generation 
sequencing of large patient cohorts have generated a better understanding of the 
genetic underpinnings of lung cancer, and opening up personalized therapeutic 
opportunities. Immunotherapy and personalized medicine are providing hope for 
lung cancer patients. This review highlights the genetic alterations and important 
lung cancer biomarkers. The pharmacogenetic associations, personalized 
immunotherapy and challenges associated with effective therapy are also discussed. 
Pharmacogenetics and pharmacogenomics can open up new vistas for optimized, 
personalized NSCLC treatment.

Keywords: Lung cancer, NSCLC, Pharmacogenetics, Biomarkers, Personalized 
medicine, Tyrosine kinase inhibitors, Immunotherapy, Checkpoint inhibitor, 
Challenges

1. Introduction

Lung cancer is the principal cause of cancer-related death worldwide and 
affects both smokers and non-smokers [1]. Men have the highest incidence and 
mortality related to lung cancer, while in women, it is third by incidence and second 
by mortality. With exceptions, the five-year survival rate of lung cancer patients 
is between 10 and 20%, the lowest among most cancer types [2]. Histologically 
80–85% of lung cancers are classified as non-small cell lung cancer (NSCLC), while 
the remaining is small cell lung cancer (SCLC). Adenocarcinoma (LUAD; ~ 65%), 
squamous cell carcinoma (LUSC; ~ 30%), and large cell carcinoma (LCLC) are the 
major subtypes of NSCLC and originates from different types of lung cells [1, 3, 4]. 
While SCLC is less frequent but more aggressive as compared to LUAD and LUSC. 
NSCLC is mainly treated by surgery, chemotherapy, radiation, or targeted therapy 
but with dismal lung cancer survival outcomes. There has been extensive progress 



Pharmacogenetics

120

in aiming targeted drug delivery towards cancer cells; the accuracy, efficacy, and 
success are often limited by resistance developed by tumor cells and inter-subject 
variability. Low therapeutic indices, differences in health effects, and toxicity from 
chemotherapeutic agents are some of the drawbacks of current NSCLC treatment. 
This has prompted researchers to explore other cancer treatment options, keeping 
in mind individual patient’s genetic responses and adverse drug reactions (ADR) to 
chemotherapeutic agents as ‘pharmacogenetics’ studies [5].

Pharmacogenetics is an evolving branch of pharmacology that examines the 
genetic variation between individuals and its correlation with their response to 
drugs/pharmaceuticals and other xenobiotics. In comparison, pharmacogenomics 
encompasses all genes in the genome that modulates drug response. The awareness 
of the genetic heterogeneity in oncology is of significant importance, owing to 
the limited therapeutic index of cancer therapies and the possibility of ADR-
associated life-threatening complications. Within an individual and comparison 
among NSCLC patients, genomic alterations are major reasons for variations 
in chemotherapeutic drug response and related toxicity [6]. Studies on NSCLC 
genetic and molecular alterations provide new targets for treatment, help in the 
identification of biomarkers for early diagnosis, and helps to predict patient 
prognosis and progression [7]. NSCLC genetic polymorphism can act as either 
predictive or prognostic markers [8]. Single-nucleotide polymorphisms (SNPs) or a 
single nucleotide substitution can affect the expression or functionality of essential 
enzymes and/or targets in the metabolism and activity of anticancer drugs. Genetic 
polymorphism is extensively investigated as a prognostic or predictive factor in 
various tumor types, including NSCLC [9].

Further, pharmacogenetics also helps to prevent cancer-related mortalities 
by forecasting pre-symptomatic diagnosis, designing customized or tailor-made 
dosage regimens for individuals, and optimization of a therapeutic window of 
antineoplastic drugs on a personalized basis. However, pharmacogenetics is an 
evolving arena in cancer treatment and has obvious underlying limitations that 
need to be investigated. Determination of genetic variants has primarily relied 
on SNP, although lately, haplotypes of SNPs and non-genetic factors (like age, 
lifestyle, diet, profession, and intestinal microflora) are included in studies. 
Nonetheless, an additional challenge in pharmacogenetics for treating NSCLC 
deals with validation and standardization of genotyping procedures that are a 
major deciding factor in the personalization of cancer therapy. Many therapeutic 
interventions can be utilized for pharmacogenetics-associated NSCLC treatment. 
The examples include, but not restricted to chemotherapeutic agents (cisplatin, 
gemcitabine, pemetrexed, taxanes, etc.), immune checkpoint inhibitors [pro-
grammed cell death 1 (PD-1), cytotoxic T-lymphocyte protein 4 (CTLA-4)], and 
a combination of immunotherapy with chemotherapy [10]. This chapter throws 
light on the current status of pharmacogenetics-based therapeutics in NSCLC with 
a focus on genetic alterations by gene mutations, exploration of possible treatment 
modalities, challenges involved, and prospects of pharmacogenetics in treat-
ing NSCLC.

2. Gene mutation in NSCLC and Pharmacogenetics

Human Genome Project (HGP) has revealed that the genetic composition of 
humans is 99% similar, with only 1% variations leading to individual differences. 
This clarifies why individuals show a difference in response to anticancer drugs 
concerning drug pharmacology, toxicity, and controlling proliferation, invasion, 
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and metastasis of tumor cells in NSCLC [11, 12]. Simultaneously, several studies 
have suggested a personalized medicine approach to achieving maximum 
efficacy and minimum toxicity of anticancer drugs using pharmacogenetics to 
target NSCLC [12]. Thus, NSCLC patients’ categorization based on underlying 
genetic and molecular alterations can help in personalizing anticancer drugs 
and dosage regimens. Therapy tuned to individual patient’s genotypic and 
phenotypic landscape can achieve the highest therapeutic benefits [13]. The 
complete knowledge of driver mutation pathways and biomarkers can explain 
NSCLC heterogeneity for identifying personalizing therapies. Information about 
driver mutation frequency and associated functional changes can help decipher 
actionable, personalized molecular targets. Therefore, a brief description of the 
critical driver genes that frequently undergo mutations-associated with lung cancer 
(Figure 1).

NSCLC is a heterogeneous disease, and recent sequencing studies have revealed 
the genomic landscape (Figure 1). Common genomic alterations in LUAD include 
KRAS, EGFR, HER2, MET, RET, ALK, and ROS1, while the important alteration 
in tumor suppressor includes TP53, KEAP1, LKB1, and NF1 (Figure 1) [1, 14]. 
Interestingly the major genomic alterations in LUSC include TP53, PIK3CA, CDKN2A, 
NFE2L2, KEAP1, SOX2, PTEN, CDKN2A, RB1, CCND1, NOTCH1, MLL2, and 
HLA-A (Figure 1) [1, 15] (Figure 1). Inhibitors of these genes are primarily used as 
a treatment procedure and as one of the targeted therapies. Several driver oncogenes 
involved in NSCLC have been identified to be targeted with prior information of 
molecular testing and individual patient’s pharmacogenetics towards drugs employed. 
Examples of such targets include EGFR, ALK, KRAS, BRAF, ROS 1, PTEN, HER 2, 
MET, and FGFR, identified in some patient subsets of NSCLC as potential treatment 
targets [16].

Figure 1. 
Comparison of genetic changes in major oncogenic pathways in individuals with LUAD, LUSC, and SCLC 
and the frequencies are shown in the specific boxes. The genetic alterations data is a sum of somatic defects, 
homozygous deletions, focal amplifications, and major changes of gene expression. Reproduced from Salehi-Rad 
et al. [1].
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2.1 Epidermal growth factor receptor (EGFR)

EGFR (HER1 in humans) is part of the ErbB family of receptor tyrosine kinases 
(RTKs). Intracellular signaling occurs when RTKs are bound extracellularly to 
form homo or heterodimers [17]. Clinically significant mutations occur within 
the tyrosine kinase domain and are associated with drug sensitivity. The genetic 
alteration, including mutation or amplification in EGFR, results in increased 
tumoral metastasis, angiogenesis, and proliferation. Multiple mutations in the 
EGFR tyrosine kinase domain (deletion exon 19, L858R in exon 21) are associated 
with NSCLC. ATP-competitive TKIs bind to EGFR and yield promising clinical 
outcomes. Though targeted therapy for most EGFR mutations has produced better 
clinical outcomes, T790M mutation inhibition in EGFR resulted in resistance to 
targeted therapy [18]. Three generations of TKI have been reported for personalized 
NSCLC precision therapy based on patient pharmacogenetics; first-generation 
examples being gefitinib and erlotinib, second-generation Afatinib, and Neratinib 
while the third generation includes osimertinib [12]. Afatinib is an irreversible TKI, 
which has a unique property that, unlike other TKIs it does not require CYP3A4 
activity in the liver for its targeted anticancer action. Thus, NSCLC patients with 
pharmacogenetics of deficient or abnormal CYP3A4 activity can be treated with 
afatinib over other established TKIs [19].

2.2 Anaplastic lymphoma kinase (ALK) and ROS Proto-Oncogene 1 (ROS 1)

A fusion gene of anaplastic lymphoma kinase (ALK) with echinoderm 
microtubule-associated protein-like 4 (EML4) (EML4-ALK) is prevalent in 3–5% 
NSCLC patients. EML4-ALK variants act as driver mutations and modulate the 
JAK/STAT, PI3K/AKT, and MAPK pathways, thereby provide proliferative and 
survival advantages to the cancer cells. Crizotinib blocks the kinase activity of the 
EML4-ALK and induces cancer cell apoptosis. ALK fusion is also familiar with other 
genes, including HIP1, KIF5B, KLC1, DCTN1, PTPN3, STRN, and show association 
with NSCLC. Individuals with NSCLC having significant ALK rearrangements 
can be genetically identified with advanced techniques like comprehensive next-
generation sequencing (NGS), immunohistochemistry, and in-situ fluorescence 
hybridization (FISH). In advanced NSCLC stages, ALK TKIs have confirmed 
the progression-free survival of patients with better prognoses. Several second-
generation ALK inhibitors can help target ALK-positive NSCLC, such as alectinib, 
ceritinib, and AP26133 developed and are currently under evaluation in clinical 
trials [20]. ROS1 rearrangements are observed in 1–2% of NSCLC patients. ROS 
1 is a receptor tyrosine kinase and is structurally homology to ALK protein and 
serves as the basis of using ALK inhibitors to target ROS1+ NSCLCs. Crizotinib and 
entrectinib are FDA approved and show a quick positive response by slowing cancer 
progression in ROS-1+ NSCLC [21].

2.3 BRAF

BRAF encodes a threonine/serine protein kinase that is an effector protein 
of KRAS. BRAF activates the MAPK signal transduction, which regulates cell 
proliferation and survival. Mutations in BRAF are about 1 to 3% in NSCLC, with a 
predominance of V600E (50%), G469A (39%), D594G (11%), and K601E, G469S, 
G596R, G466R, and T599dup [21]. Dabrafenib is a BRAF inhibitor combined 
with trametinib (MEK inhibitor), is FDA approved for BRAF V600E+ metastatic 
NSCLC. Vemurafenib, another BRAF inhibitor, showed a 42% overall response rate 
for BRAF V600E+ NSCLC in a basket trial.
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2.4 Kristen Rat Sarcoma Viral oncogene (KRAS)

KRAS encodes a G protein and is a member of the RAS proto-oncogene family. 
KRAS-GTP complex activates the RAS/MAPK, PI3K/mTOR, and RalGDS-RalA/B 
signaling pathways and regulates cell proliferation, differentiation, and survival. 
Mutations in KRAS are recurrent in NSCLC (25–40%), especially LUAD. Ras gene 
and three forms are present H-Ras, N-Ras and K-Ras. In general, KRAS mutations 
have a poor prognosis. Out of KRAS mutations, G12C, G12V, G12D, and G12A are 
common and more frequent in male smokers. Common mutation among smokers 
is G12C (about 41%), while in nonsmokers, it is G12D (56%) and G12V. Though 
compounds are discovered that target the GDP-binding pocket (ARS-853, SML-
8-73-1) but the efficacy and toxicity have been a hurdle. Currently, there is no 
specific developed FDA-approved anticancer agent that uniquely targets KRAS; 
however, MEK and PI3K/mTOR/MEK inhibitors are thought to be selective in the 
inhibiting downstream targets of KRAS mutant cases [22]. KRAS gain-of-function 
mutations serve as predictive markers for NSCLC chemotherapy, but recent studies 
present a geographical bias. KRAS mutations are frequent amongst westerns (30%) 
compared to Asian (10%) LUAD patients [23]. Moreover, the prognostic and 
predictive response is more efficient in LUAD than other NSCLC subtypes, and 
proper clinical pharmacogenetic evaluation and implementation is needed.

2.5 Receptor 2 of the human epidermal growth factor (HER2)

HER2 (ERBB2) is a proto-oncogene, encodes for tyrosine kinase receptors, and 
relies on heterodimerization for activation with receptors from the EFGR family. 
Upon activation, HER2, in turn, triggers downstream signaling like PI3K/mTOR, 
RAF/MEK/ERK, and the MEK/JNK pathways and regulates cell proliferation, 
differentiation, and migration. HER2 genetic alteration not only drives several 
tumors (breast and gastric cancer) but also plays a crucial role in NSCLC formation. 
HER2 amplification and overexpression are associated with 7–34.9% of NSCLCs 
and are related to poor prognosis. Activating mutations (like HER exon 20) are 
observed in 2–4% of NSCLCs cases, especially in LUAD [24]. The mutations in the 
tyrosine kinase domain are investigated as attractive therapeutic targets in NSCLC. 
Targeted therapy against HER2 (TKIs and antibody) is under clinical investigation, 
and the value of HER2 for such patient screening is gaining precedence. 
HER2-targeted TKIs, include afatinib, ipatinib, neratinib, and pyrotinib, while 
trastuzumab and T-DM1 conjugate are antibody-based [25].

2.6 REarranged during Transfection (RET)

RET proto-oncogene encodes for an RTK, localized to chromosome 10, and acti-
vates replication, cell proliferation, motility and differentiation. The GDFN family 
ligand (GFL) interaction with GDFN-family receptor α (GFRα) initiates RET recep-
tor protein dimerization and formation GFL-GFRα-RET heteromeric complex. The 
complex formation results in RET activation and downstream signaling via RAS/
RAF/MEK/ERK or PI3K/AKT1/mTOR pathways. Abnormal RET signaling may lead 
to cancerous growth and have a driver potential. RET Rearrangements are common 
in lung cancers (1–2%). RET fusions are common in NSCLC with partner genes 
like kinesin family member 5B (KIF5B), coiled-coil domain containing 6 (CCDC6), 
tripartite motif-containing 33 (TRIM33), Cut like homeobox 1 (CUX1), nuclear 
receptor coactivator 4 (NCOA4), and KIAA1468 [26]. Selpercatinib, a TKI that is 
FDA approved for use in RET+ NSCLC [27]. Other TKIs like vandetanib, cabozan-
tinib, sorafenib and sunitinib can inhibit activated RET signaling and tumorigenic 
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transformation. Activating RET mutations like M918T and acquired RET mutations 
(G810R, G810S, and G810C) in response to selpercatinib treatment is also reported 
in NSCLC [28]. Thus, RET is an interactive target and a biomarker for NSCLC.

Other actionable biomarkers in the lung include MET, PI3KCA, NTRK1, FGFR2, 
and DDR2 and are explained in detail elsewhere [29]. As driver mutations affect 
specific and exclusive cellular pathways to cause cancer, opportunities are being 

Target gene 
(% mutation 
frequency)

Genetic 
alterations

Mutation effect Drugs employed References

EGFR [10–25] Mutation ↑ angiogenesis, 
proliferation and 
metastasis

Gefitinib, Erlotinib, 
Afatinib, Neratinib, 
Osimertinib

[14]

EML4-ALK 
[2–4]

Fusion ↑ proliferation, 
migration and 
survival

Alectinib, Crizotinib, 
Ceritinib,

[30, 31]

ROS 1 [2, 3] Fusion, 
rearrangement

↑ cell survival 
and resistance

Crizotinib and 
Foretinib

[32]

KRAS [2–5] Mutation ↑ Chemotherapy 
resistance, 
survival and 
proliferation

Sorafenib, 
Ridaforolimus, 
Selumetinib + 
Docetaxel

[33]

MET [1, 2] Amplification, 
exon 14 
skipping

↑ proliferation 
and metastasis

Cabozantinib, 
Crizotinib 
Ornatuzumab, 
Tivantinib

[34]

BRAF [2, 3] Mutation ↑ Proliferation, 
and survival,
↑ Resistance to 
EGFR inhibitors

Sorafenib, Debrafenib [35]

RET Fusion, 
rearrangement

↑ Proliferation Carbozantinib, 
Ponatinib, Vandetanib

[13]

FGFR 1 Amplification ↑ chemo 
resistance 
proliferation and 
survival

Dovitinib Nintedanib, 
Ponatinib

[36]

PTEN Deletion and 
mutation

↑PI3K signaling, 
survival and 
proliferation

PI3K inhibitors [37]

PIK3CA [1–3] Mutation ↑ Metastasis and 
survival

Buparlisib, inhibitors 
for AKT

[38]

TP53 [30–50] Mutation ↓ apoptosis,
↑ Growth

— [39]

DDR2 Mutation ↑ invasion and 
Cell migration,, 
proliferation and 
survival

Dasatinib [40]

CDKN2A Deletions ↑ Cell growth — [41]

HER2 [5–10] Mutation ↑ Amplification Afatinib, Dacomitinib, 
neratinib, 
Trastuzumab

[16]

Table 1. 
Mutating genes associated with NSCLC, mechanism of mutation with its effects, and targeted therapy.



125

Updates in Pharmacogenetics of Non-Small Cell Lung Cancer
DOI: http://dx.doi.org/10.5772/intechopen.97498

explored for targeted drug therapies towards various mutating genes associated 
with NSCLC, as mentioned in Table 1.

3. Genetic alterations and lung cancer treatment response

NSCLC is a widely prevalent and challenging health problem for the human 
race. Despite rapid advances in lung cancer treatment, it is still one of the leading 
causes of death worldwide. Traditional chemotherapeutic approaches failed to 
yield satisfactory results in terms of treatment outcome. Interestingly, the associa-
tion of genetic variations with treatment outcome of some of the most commonly 
used chemotherapeutic drugs has opened new vistas in the domain of lung cancer 
treatment [12]. The relatively new area of Pharmacogenetics aims to correlate the 
association between genetic variations and drug effects and formulate a rational 
personalized drug treatment offering minimum side effects and maximum efficacy 
[42]. The inherited genetic variations such as single-nucleotide polymorphisms 
(SNPs) have been primarily studied, most commonly focusing on the candidate 
gene approach. These genetic changes can either lead to the altered expression or 
function of drug-metabolizing enzymes or their targets, thereby modulating the 
activity of chemotherapeutics [43].

Pemetrexed is a commonly used folate antimetabolite, a multi-targeted anti-
cancer drug used in NSCLC treatment. Pemetrexed causes inhibition of critical 
enzymes in the folate pathway including, thymidylate synthase, dihydrofolate 
reductase, and glycinamide ribonucleotide formyl transferase leading to a reduc-
tion in folate depletion resulting in altered purines and pyrimidines synthesis [44]. 
Thymidylate synthase (TS) expression is associated with the treatment outcome, 
especially in nonsquamous carcinoma patients treated with pemetrexed-based 
chemotherapy [45]. Studies conducted on the role of polymorphisms in TS, such 
as polymorphic tandem repeats located in the TS enhancer region (TSER), provide 
conflicting results. While some studies have observed that increased expression of 
TS with three copies (TSER*3) of the R than with two copies (TSER*2) is associated 
with treatment outcome in lung cancers, other studies did not observe such an asso-
ciation [46]. However, the homozygous variant T677 T of methylenetetrahydrofo-
late reductase was associated with prolonged progression-free survival compared to 
the wild-type or heterozygous genotype. The observation could be due to increased 
TS inhibition by pemetrexed due to the polymorphic variant since methylenetetra-
hydrofolate reductase is an essential regulator of folate homeostasis.

The entry of pemetrexed into the cells is mediated by the reduced folate carrier 
(RFC). A study investigating the combined action of pemetrexed and bevacizumab 
suggested the role of polymorphisms in RFC exon6 and progression-free survival. 
A similar association was also observed with IVS7 (1478) polymorphism in glutamyl 
hydrolase (GGH) while GGH IVS2 (1307) CC genotype was associated with signifi-
cantly longer overall survival [47]. On the contrary, no association was observed 
with the outcome for GGH IVS7 (1478) and IVS2 (1307) in a randomized phase II 
trial involving fifty four patients for treatment with pemetrexed and gemcitabine 
[48]. The study also reported an association of RFC-exon6-SNP with outcome fol-
lowing treatment with pemetrexed.

The tyrosine kinase inhibitor (TKI) family has been clinically successful as 
an anti-cancer strategy. An enhanced expression of EGFR leads to the activation 
of pathways and proto-oncogenes that can lead to lung cancer development. 
For the EGFR gene, most of the studies have focused on polymorphisms present 
in regions regulating the expression, such as those present in the 5′-flanking 
region and intron-1. Two important SNPs located in the transcriptional start 
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site of the promoter region of EGFR are −191C/A and − 216G/T. The −191C/A 
polymorphism causes enhanced EGFR expression and activity, while the 
−216G/T genotype, located at the binding site for the transcription factor Sp1, 
increases mRNA expression. However, the A-G variant, causing substitution 
of an arginine with a lysine at codon 497 (R497K), leads to the reduction of 
EGFR activity [49]. All three polymorphisms were evaluated for association 
with gefitinib treatment response in advanced NSCLC patients. Out of the 
three polymorphisms, the −216G/T variant showed a significant association 
with prolonged progression-free survival, high rates of stable disease/partial 
response, and treatment-related side effects such as rash and diarrhea [50].

Another EGFR polymorphism present in intron one was also reported to play an 
important role in the treatment outcome of gefitinib for NSCLC in different ethnic 
groups. The dinucleotide polymorphism is associated with a variable number of 
CA repeats in NSCLC. Upon gefitinib-treatment, it was observed that a smaller 
number of CA repeats was associated with increased EGFR transcription and 
better survival. This was observed in both Asian and Caucasian populations. For 
instance, studies conducted in Chinese patients treated with gefitinib reported 
better responses in NSCLC patients with shorter CA repeats (less than 16 repeats) 
[51]. However, the results were inconsistent in Caucasian patients as no association 
was observed for CA repeats and clinical outcomes in patients treated with gefitinib 
[52]. Similar observations were also made in a study involving advanced NSCLC 
patients treated with erlotinib [53].

Genetic polymorphisms in Protein kinase B (AKT1), DNA repair pathway genes 
like ATP-binding cassette superfamily G member 2 (ABCG2) also play an essential 
role in determining the treatment outcome in NSCLC patients. In studies involving 
the Caucasian populations, lower Akt protein levels were observed associated with 
haplotype having two polymorphisms (SNP3 and SNP4). The same haplotype was 
also found associated with lower rates of apoptosis-induction by radiation in EBV-
transformed lymphoblastoid. In another Caucasian study involving NSCLC patients 
treated with gefitinib, AKT1-SNP4 A/A genotype was associated with shorter 
overall survival while AKT1-rs2498804 GT and GG alleles resulted in metastases 
in the brain [54]. Similar observations were also made in a Korean study where 
it was observed that in NSCLC patients, several genetic variations in the PI3K/
AKT pathway served as a useful marker in response to various chemotherapeutic 
drugs [55].

ABCG2 is a member of the ATP-binding cassette (ABC) transporter family 
and plays a crucial role in the absorption and elimination of gefitinib. ABCG2 
binds gefitinib and is expressed at higher levels in the gastrointestinal tract. 
Polymorphisms in ABCG2 could affect the metabolism of gefitinib due to variations 
in expression, function, and localization of ABCG2. One such polymorphism, 
ABCG2 421C/A (Q141K), has been found to be associated with a decreased protein 
expression and associated activity of ABCG2, resulting in the accumulation of both 
gefitinib and erlotinib [56] though conflicting reports are also available.

Investigators have also explored the association of selected genetic variations 
with toxicity caused by EGFR-TKIs, such as rash and diarrhea. In a study involv-
ing 52 NSCLC patients undergoing treatment with gefitinib, different intron-1 
CA repeat variants were found to be associated with varying grades of skin rash 
[57]. Similarly, studies have also reported the association of genetic variations in 
EGFR and ABCG2 with diarrhea in patients undergoing treatment with gefitinib. 
Examples of such variants are EGFR 191C/A and A/A, EGFR 216G/G, R497K A/A, 
and ABCG2 421C/A variant [50, 58]. However, another study failed to find such 
an association with ABCG2 421C/A, though moderate–severe diarrhea was  
found to be associated with ABCG2 15622C/T polymorphism and the ABCG2 
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(1143C/T, −15622C/T) haplotype [59]. A category of enzymes that play an essential 
role in the metabolism of chemotherapeutics is cytochrome P450s. Commonly used 
anti-cancer drugs used in the treatment of NSCLC such as gefitinib and erlotinib 
are metabolized by the CYP3A4, CYP3A5, and CYP1A isozymes. However, erlotinib 
but not gefitinib is metabolized by CYP1A2. CYPs also exhibit a large number of 
genetic variations, which results in different pharmacokinetics of TKIs in NSCLC 
patients. In cases undergoing treatment with erlotinib and having skin rash due to 
A/A variant of CYP3A4 resulting in lower CYP3A4 expression [60]. The same study 
also reported the association of CYP3A5*3 G polymorphism with grade ≥ 2 rash and 
diarrhea.

The ALK gene, encoding a TK receptor, gets fused with echinoderm microtubule 
associated protein like 4 (EML4), leading to the development of lung cancer. The 
fusion gene EML4-ALK encodes a fusion protein that leads to the constitutive 
activation of ALK kinase as a result of oligomerization of ALK in absence of the 
ligand. Crizotinib is a commonly used ALK-inhibitor drug that targets lung cancer 
caused as a result of the EML4-ALK fusion protein. It acts as a ATP-competitive 
inhibitor and binds to the ATP binding pocket necessary for kinase activity 
leading to carcinogenesis [61]. The role of ALK gene mutations in determining the 
treatment outcome in lung cancer patients receiving Crizotinib was brought to light 
when it was observed that a male patient of lung cancer developed resistance to the 
drug after an excellent initial response [62].

Further investigations revealed that the cause of resistance was two mutations  
in the ALK gene (C1156Y and L1196M). The observations were validated by an 
in vitro study in which the mutated gene, when transfected into mouse cells, 
resulted in reduced drug sensitivity and enhanced cellular growth when exposed 
to different concentrations of ALK inhibitors. In another study involving 14 ALK-
positive patients, the same pattern of treatment response was observed. After 
promising initial response to the drug, the patients experienced tumor progression. 
In this study also, the reason for drug resistance was identified as mutations on the 
ALK gene (L1196M and G1269A) along with two more gains of copy number [63]. A 
study by 3D modeling into the insights of mechanisms by which the mutations alter 
crizotinib activity revealed that L1196M, G1202R, S1206Y and 1151insT mutants are 
near the crizotinib-interacting ATP-binding pocket. L1196M worked as a gatekeeper 
mutation as it prevents the interaction between crizotinib and the ATP-binding 
pocket while G1202R and S1206Y decrease affinity to crizotinib by changing the 
solvent-exposed region [64].

4.  Antibodies and immune checkpoint inhibitors in non-small cell  
lung cancer

Apart from the conventional chemotherapeutic agents used for the treatment of 
NSCLC, immune checkpoint inhibitors (ICIs) have gained much attention in recent 
times. Though our immune system can target the cancer cells, yet cancer cells 
escape this immunosurveillance and destruction. The main hallmark of anti-tumor 
immune response is T cell-mediated identification of tumor-specific antigens. 
Tumor cell often activates immune checkpoints to effect an immune escape. 
Programmed cell death protein 1 (PD-1/CD279) and cytotoxic T-lymphocyte pro-
tein 4 (CTLA4) are the best-studied checkpoint inhibitors. Programmed cell death 
ligand-1 (PD-L1) expression, especially by tumor cells, can inhibit the response 
of PD-1 expressing effector T cells and induce T cell exhaustion. Treatment using 
anti-PD-1 or anti-PD-L1 antibody causes checkpoint blockade and thereby releases 
the inhibitory brake on anti-tumor effector T cell function [65, 66]. The approved 
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monoclonal antibodies for targeting PD-1 are nivolumab and pembrolizumab 
while the anti-PDL1 antibodies are atezolizumab and durvalumab for lung cancer 
treatment [67]. The effects of pembrolizumab may be influenced by two possibili-
ties: change in its binding site on the receptor or genetic changes that may reduce 
the immune system’s capability to target cancer cells. A study conducted on cases 
showing resistance against pembrolizumab did reveal mutations that inactivated 
Janus kinase1 (JAK1), Janus kinase2 (JAK2), and β2 microglobulin (B2M). The data 
indicated that the immunological pathways were affected by the mutations [68].

CTLA-4, also known as CD152, is a receptor expressed on the surface of lym-
phocytes and fibroblasts. This receptor on the surface of T lymphocytes competes 
with CD28 (co-stimulatory receptor) to bind to the B7 ligands CD80 and CD86, 
expressed on the surface of antigen-presenting cells. Since the CTLA4 receptor has 
a higher affinity for binding to the B7 ligands, it inhibits the binding of CD28, which 
leads to the decreased production of the cytokine IL-2 and ultimately prevents 
the activity of the Cancer-Immunity Cycle (CIC) [69]. Thus, inhibition of CTLA4 
checkpoint can lead to the suppression of binding between CTLA4 receptor and 
ligand B7. This will boost the clearance of cancer cells by activating the innate and 
adaptive components of the immune system. US FDA has already approved ipilim-
umab and tremelimumab as immune checkpoint inhibitors targeting the CTLA4 for 
patients with metastatic melanoma. Moreover, studies are going on with immune 
checkpoint inhibitors targeting the CTLA4 for NSCLC and may deliver promising 
results [70].

The field of immunotherapy has shown significant advancements in the 
treatment of several cancers, including NSCLC. However, the success is also 
accompanied by serious challenges, particularly in NSCLC. Some NSCLC patients 
show primary resistance and are unresponsive to ICIs, while others develop 
secondary resistance during/after the treatment. Moreover, a unique spectrum of 
immune-related adverse events (IRAEs) also limits the use of ICIs. The mechanism 
governing both the primary and secondary resistance needs further investigation. 
Immunopharmacogenomics can explain these resistance mechanisms. The current 
phase III studies of PD-1 and PD-L1 inhibitors, either alone or in combination with 
conventional approaches in different stages of NSCLC, will serve to improve the 
treatment outcome significantly [1]. However, there are still many challenges ahead 
though immunotherapy with checkpoint inhibitor has already raised new hopes of 
novel treatment modality with better and more effective treatment outcomes for 
NSCLC patients.

5. Challenges in pharmacogenetics in lung cancer

Lung cancer is one of the leading causes of cancer-related death worldwide, 
with a 5-year survival rate of approximately 15%, suggesting a comprehensive 
genomic alteration map may help. The lack of an early diagnosis and inefficiency 
in conventional therapies causes poor prognosis and lung cancer patients’ overall 
survival. Moreover, pharmacogenetic trials ended in conflicting and inconclusive 
data because of non-standardized methodologies, sample heterogeneity, clinical 
sample processing techniques, and the inadequate number of enrolled individuals. 
Clinical sample preparation protocols are varied and challenging to follow in a 
clinical setting. Collection of needle biopsy of lung tumor is a challenge in itself. 
The tumor cores are usually retained as Formalin-Fixed Paraffin-Embedded 
(FFPE) tissue specimens. Defining the normal tissue needs more attention than 
we think. Recent findings suggest that normal-looking tissue adjacent to the 
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tumor may be existing in an intermediate state. Considering tumor variability, it is 
unclear whether core biopsies are indicative of the oligoclonal nature of NSCLC? 
Data generated from specific experiments suggest histological markers can vary 
significantly and therefore contributing to sequence data heterogeneity within 
and amongst various studies. Another aspect related to biomarkers is robustness, 
sensitivity, and false-positive assessment of the molecular diagnostic, especially 
regarding immune checkpoint therapy.

Lack of pharmacogenetics biomarkers is another challenge for NSCLC 
pharmacogenetics. Biomarkers are significant in drug development and are used 
to measure the investigational drug effects on people. Cancer biomarkers are 
essential for diagnosis, risk assessment, the staging of cancer, screening, patient 
stratification, prognosis, and predict the impact of the therapy [71]. The selection 
of cytostatic drugs is based on the estimated responsiveness as per the predictive 
molecular biomarkers. In NSCLC, the predictive biomarkers that are providing 
for targeted therapy include EGFR and ALK. As an example, FDA-approved drugs 
like afatinib are associated with biomarker EGFR, and ceritinib is related to the 
biomarker ALK. Other essential genomic alterations in key genes like KRAS, ROS1, 
MET, NTRK1, FGFR, BRAF, PI3KCA, RET, PTEN, and DDR2 provide valuable 
information (Figure 2). The REMARK (Reporting Recommendations for Tumor 
Marker Prognostic Studies) guidelines provides criterion and suggestions for 
designing prognostic and tumor biomarker studies [72]. Several NSCLC studies 
still do not follow and comply with the standardization protocols of REMARK, 
thus obfuscating the clinical use scenario of biomarkers. Many trials do not include 
biomarker analysis as a criterion for including patients, especially in NSCLC, 
and serves as a significant challenge by creating selection bias. Tumor prognostic 
biomarker staining (for TUBB3) and scoring was done in a fraction of NSCLC in the 
N + IFCT-0002 trial [73].

Immune checkpoint therapy relies on monoclonal antibodies and may mediate 
a variety of adverse hypersensitivities, including anaphylaxis (type I), cytotoxic 
(type II), immune (type III), and T cell-mediated (type IV) reactions [74]. The 
Discovery of predictive biomarkers for immune-associated adverse reactions are 
essential pharmacogenetic needs for personalized cancer therapy. Genetic poly-
morphism, especially in the genes associated with antibody recognition, presenta-
tion, and immune response, may affect the efficacy. The role of polymorphism 

Figure 2. 
Representation of biomarkers and targeting drug acting on the same.
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concerning the metabolism of therapeutic antibodies can alter antibody half-life 
and therapeutic response. Genotypic variation in the PD-L1 (rs4143815 C/C and 
C/G genotype in comparison to G/G phenotype) show higher progression-free sur-
vival upon treatment with nivolumab in NSCLC [75]. A study conducted by Rizvi 
et al. showed a correlation of pembrolizumab efficacy with an increased nonsyn-
onymous somatic mutational burden. A higher mutational burden was associated 
with an expanded neo-antigen repertoire and effective T cell-specific response 
[76, 77]. The Discovery of personalized biomarkers for risk assessment, detection, 
diagnostic, prognostic, and monitoring can be crucial in tailored NSCLC therapy. 
Pharmacogenetic studies correlating genetic alterations regarding immunotherapy 
are yet to be correctly established.

6. Future direction and conclusion

In this modern world of fast-growing medicine and research, treatment is not 
just about curing an aliment but also providing a better standard of life and living. 
With new social standards, smoking habits, and environmental pollution, NSCLC 
diagnoses are projected at approximately 116,660 women and 119,100 men in 
2021. To treat lung cancer, it is essential to identify the disease at the earliest. The 
Discovery of NSCLC biomarkers can help identify disease susceptibility and aid 
in disease screening, diagnosis, prognosis, prediction of response, and monitor-
ing disease recurrence. Recent advances in novel detection techniques like high 
throughput omics technology, multiplexed immunofluorescence microscopy, 
bioluminescence resonance energy transfer (BRET), CRISPR-based biosensors, 
surface-enhanced Raman spectroscopy have generated hope for better treatment. 
Bulk and single-cell next-generation sequencing (NGS), circulating cell-free DNA 
(cfDNA), single-cell proteomics can help in biomarker discovery and push modern 
pharmacogenetics and personalized medicine. Discovery strategies including 
hotspot panels (frequently observed gene mutations), Actionable gene panels 
(targeted gene exons), disease-focused panel (genes involved in a disease), com-
prehensive panels (correlative genes), and validated panels (tested genes) NGS 
applications can reduce biomarker discovery time. Machine learning-based data 
analyses platforms and algorithms may help undertake candidate polymorphism 
search; candidate pathway searches better predict correlations between gene 
 alterations and therapeutic response.

Exploring new molecular signature-based personalized medicine can open up 
future potential healthcare environments. Considering the massive expansion in 
NGS-based NSCLC molecular data generation, integrating pharmacogenetics and 
genomic knowledge with the potential of theranostics can lead to effective therapy. 
Theranostics, the fusion of therapeutics and diagnostics, using a nanotechnology-
based delivery platform can pave the way to precision and personalized medicine 
[78]. Nanotechnology is a quickly evolving biomedical research area and has been 
used to address several biological issues, including therapeutics and diagnostics 
[79]. Nanoscale-based delivery platforms like liposomes, polymeric nanoparticles, 
metal nanoparticles, and bio-nano particles can be efficiently used for theranostic 
applications for targeting cancer. Nanoparticle offers a benefit over standard 
medicinal therapies regarding biocompatibility, enhanced permeability retention, 
higher drug loading, targeting precision, a significant degree of versatility, and 
real-time monitoring of the disease [80]. Nanoparticle-based nanotheranostics can 
provide multifunctional benefits including, imaging, prognostic, diagnostics, and 
monitoring therapeutic outcome in NSCLC patients. Mukherjee et al. presented a 
detailed analysis of lung cancer theranostics [4].
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Liquid biopsy and microfluidic technology can help in early disease  detection. 
NGS has already helped identify new cancer-driving mutations, and this has 
encouraged scientists for drug repurposing. Scientists are deciphering synthetic 
lethality interactions, where two or more gene simultaneous alteration in the pres-
ence of a therapeutic may lead to lethality. Efficacy of immune checkpoint therapies 
is associated with genotypic variance, and immune-based biomarkers may provide 
a clear understanding of immunepharmacogenetics. Big data analyses of the grow-
ing pharmacogenetic or pharmacogenomic dataset can soon lead us to personalized 
NSCLC therapeutics.
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Chapter 8

Pharmacogenomics of “Core” 
Essential Medicines
Molungoa Sello

Abstract

Pharmacogenomics uses information about a person’s genetic makeup to choose 
the drugs dosage regimens that are likely to work best for that particular person. 
The genomic research has changed the “one size fits all” approach and opened the 
door to more personalized approaches that consider individual genetic makeup tend 
to enhance the efficacy and safety of drugs; thus saving time and money. Patient 
DNA influences multiple steps in which the drugs interact with the body and where 
will the drug act in the body. Genetic makeup-based prescription, design, and 
implementation of therapy do not only improve the outcome of treatments, but 
also reduce the risk of toxicity and other adverse events. The aim of the chapter is 
to explore the documented pharmacogenomics of essential as per pharmacoge-
nomic biomarkers in drug labeling; and suggest efficacy and safety modifications. 
Polymorphism of drug metabolizing enzymes has the greatest effect on inter indi-
vidual variability of drug response; affecting the response of individuals to drugs 
used in the treatment of diseases. Also, genetic deficiency of some enzymes limits 
effectiveness of drugs in treating concerned diseases. Gene testing prior to initiat-
ing concerned treatment is the best clinical practice that to enhance the efficacy and 
safety of drugs.

Keywords: Pharmacogenomics, 21st WHO essential medicines “core” list,  
genetic testing

1. Introduction

The National Institute of General Medical Sciences define pharmacogenomics 
(or pharmacogenetics) as is a field of research that studies how a person’s genes 
affect how he or she responds to medications [1]. The Centers for Disease Control 
(CDC) have regarded pharmacogenomics as an important example of precision 
medicine whereby medical treatment is tailored for each patient; based on indi-
vidual genetic makeup [2]. The National Human Genome Research Institute further 
contended that Pharmacogenomics uses information about a person’s genetic 
makeup (or genome) to choose the drugs and dosages that are likely to work best 
for that particular person. The field is an amalgam of two fields; namely pharma-
cology (the science of how drugs work) and genomics (the science of the human 
genome) [3].

The long term goal of pharmacogenomics is to help doctors select the drugs and 
dosage regimens best suited for each person. This is done in order to eliminate the 
ancient perspective that drugs have been developed with the idea that each drug 
works pretty much the same in everybody. But genomic research has changed that 
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“one size fits all” approach and opened the door to more personalized approaches 
to using and developing drugs [3]. The approaches that consider individual 
genetic makeup tend to enhance the efficacy and safety of drugs; thus saving time 
and money.

The World Health Organization (WHO) defines essential medicines as those 
medicines that satisfy the priority health care needs of the population and are 
selected with due regard to evidence on efficacy and safety, and comparative cost-
effectiveness. Essential medicines are intended to be available within the context 
of a well-functioning healthcare system at all times in adequate quantities, in the 
appropriate dosage forms, with assured quality and adequate information, and at a 
cost the individual and the community can afford [4]. Since 1977, WHO developed 
a model Essential Medicines List (EML) that could be adapted by member states 
in order to keep essential medicines up to date in a healthcare system. The current 
version of the list is the 21st WHO EML updated in June 2019 [5].

With the background given above about pharmacogenomics and essential 
medicines, the aim of the chapter is to explore the documented pharmacogenomics 
of essential medicines “core list” of 21st WHO EML as per United States Food and 
Drug Administration (USFDA) Table of Pharmacogenomic Biomarkers in Drug 
Labeling updated in June 2020 [6]; and suggest therapeutic modifications that can 
be done in order to enhance efficacy and safety of essential medicines.

1.1 How pharmacogenomics work

Patient DNA influences multiple steps in which the drugs interact with the body 
and where will the drug act in the body.

1.1.1 Drug receptors

In order to interact with the body, most drugs associate with cellular molecules 
called receptors. The receptor is the component of a cell or organism that interacts 
with a drug and initiates the chain of events leading to the drug’s observed effects 
[7]. The patient genetic makeup (DNA) determines the type of receptors to have 
and their quantities, which can affect the response to the drug. As illustrated in 
Figure 1 below, some individuals might need a higher or lower amount of the drug 
than most people or a different drug.

A living example of this kind of a scenario is the case of Trastuzumab emtansine 
(T-DM1) and breast cancer tumors with or without human epidermal growth factor 

Figure 1. 
Patient response relative to drug-receptor interactions and receptor availability.
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receptor 2 (HER2) receptor. Some breast cancers make too much HER2 and this 
extra HER2 helps the cancer develop and spread. T-DM1 has shown potential activ-
ity in this subset of patients in small clinical series because it works by attaching 
to HER2 on cancerous cells and killing them. In terms of receptor availability, this 
mean if a patient tumor has a high amount of HER2 (HER2 positive), the doctor 
may prescribe T-DM1; but if the tumor does not have enough HER2 (HER2 nega-
tive), T-DM1 will not work for such a patient [8].

1.1.2 Drug uptake

Some drugs have receptor inside the cells or receptor binding sites on the inside 
part of the target cell. Therefore these drugs need to be actively taken into the tissues 
and cells in which they act. The ability and the rate of a cell to uptake the drug is deter-
mined by that cell’s genetic makeup. The genetic makeup can also affect how quickly 
some drugs are removed from the cells in which they act and if drugs are pumped out 
from the cell too quickly, they might not have time to elicit observed effect. Decreased 
uptake can mean that the drug does not work as well and can cause it to build up in 
other parts of your body, which can cause problems (refer to Figure 2 below) [2].

For instance, in the treatment of dyslipidaemia (high cholesterol and/or fats 
levels in blood) drugs called statins are used to reduce cholesterol from the liver 
and these drugs are known to cause muscle problems. Intake of simvastatin for 
the disease requires that the drug be taken up into the liver by the protein encoded 
by SLCO1B1 gene. Some people have a specific change in this gene that causes less 
of simvastatin to be taken into the liver. Intake of high doses of simvastatin could 
lead to build up of the drug in the muscles, causing muscle weakness and pain. 
Therefore prior to prescribing simvastatin, genetic testing of SLCO1B1 gene to 
check if simvastatin is the best statin for use is key [9].

1.1.3 Drug breakdown

Genetic factors that influence enzyme levels account for differences in drug 
breakdown, giving rise to “genetic polymorphisms” in drug metabolism. If the 
patient breaks the drug down more quickly than most people, the body gets rid of 
the drug faster and the patient might need more of the drug or a different drug; 
lesser if the body breaks the drug down more slowly as illustrated in Figure 3 below.

Metabolic reactions mediated by P450 phase I enzymes typically modify 
functional groups (−OH, −SH, −NH2, −OCH3) of endogenous and exogenous 
compounds (drugs), resulting in an alteration of the biological activity of the com-
pound. Phase I enzymes are involved in the metabolism of over 75% of prescription 
drugs; therefore, polymorphisms in these enzymes may significantly affect blood 
levels, which in turn may alter response to many drugs [10].

Figure 2. 
Differences in drug uptake and potential accumulation leading to toxicity.
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1.2 The impact of pharmacogenomics on medical treatment

Pharmacogenomics provides a better understanding the reasons behind the 
differing responses of a drug by individuals. The discovery of genetic variation and 
its associated response variation to a drug, provide the basis for recommending a 
drug regimen to an individual patient. Genetic makeup-based prescription, design, 
and implementation of therapy do not only improve the outcome of treatments, but 
also reduce the risk of toxicity and other adverse events. Therefore genetic testing 
promotes a better understanding of individual variations and their effect on drug 
response, metabolism excretion, toxicity and this will replace the trial-and-error 
approach of treatment which is a common practice [11]. Pharmacogenomics  
promote personalized medicine instead.

1.3 Biomarkers and “core” essential drugs

The Table 1 below is a summary of “core list”essential medicines identified from 
the 21st WHO EML updated in June 2019 [5] presented against the corresponding 
biomarkers and therapeutic areas from the USFDA Table of Pharmacogenomic 
Biomarkers in Drug Labeling updated in June 2020 [6].

2. Clinical pharmacogenomics of the biomarkers and implicated drugs

2.1 Cytochrome p450 isozymes

Polymorphic cytochrome P450 isozymes, CYP2C9, CYP2C19 and CYP2D6 
in particular, mediate approximately 40% of P450-oxidative drug metabolism, 
which makes drug dosing problematic. Generally four genetically different types of 
individuals have been identified, namely:

1. Poor metabolizers (PMs), who lack the functional enzyme;

2. Intermediary metabolizers (IMs), who are heterozygous for one deficient allele 
or carry two alleles that cause reduced enxyme activity;

3. Extensive metabolizers (EMs), who have two normal alleles; and

4. Ultrarapid metabolizers (UMs), who have two have multiple gene copies, a 
trait that is dominantly inherited.

Figure 3. 
Rates of drug metabolism.
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Biomarker Drug (s) Therapeutic area

CYB5R Metoclopramide Gastroenterology

CYP2B6 Efavirenz Infectious diseases

CYP2C19 Clopidogrel Cardiology

Diazepam Neurology

Ethinyloestradiol Gynaecology

Omeprazole Gastroenterology

Voriconazole Infectious diseases

CYP2C9 Phenytoin Neurology

Warfarin Hematology

CYP2D6 Amitryptilline Psychiatry

Codeine Anaesthesiology

Fluoxetine Psychiatry

Ondansetron Gastroenterology

Risperidone Psychiatry

Quinine Infectious diseases

DYPD fluorouracil Oncology

G6PD Ascorbic acid Gastroenterology

Ceftriaxone Infectious diseases

Chloroquine Infectious diseases

Erythromycin Infectious diseases

Nitrofurantoin Infectious diseases

Potassium chloride Gastroenterology

Primaquine Infectious diseases

Sulfasalazine Gastroenterology

Sodium chloride Gastroenterology

Sulfadiazine Infectious diseases

Tetracaine Anaesthesiology

Quinine Infectious diseases

Sulfamethoxazole Infectious diseases

Trimethoprim Infectious diseases

Dapsone Infectious diseases

HLA-B Abacavir Infectious diseases

Carbamazepine Psychiatry

IFNL3 (IL28B) Daclatasavir Infectious diseases

Dasabuvir Infectious diseases

Ledipasvir Infectious diseases

Ombitasvir Infectious diseases

Paritaprevir Infectious diseases

Ritonavir Infectious diseases

Sofosbuvir Infectious diseases
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Polymorphism of cytochrome P450 metabolizing enzymes has the greatest 
effect on inter individual variability of drug response. These polymorphisms affect 
the response of individuals to drugs used in the treatment of diseases not limited 
to cardiology, hematology, neurology, psychiatry, gynaecology, gastroenterology, 
anaesthesiology and infectious diseases [12].

The effect on CYP2C9 on warfarin dosing has been evident. Individuals who 
are heterozygous for a *2 allele and *3 allele of CYP2C9 would require, on average, 
a 21% and 34% lower daily dose of warfarin for maintenance, respectively; than 
homozygous wild-type patients, and individuals who are homozygous for the *2 
allele or the *3 allele require a 60–75% lower dose of warfarin than homozygous 
wild-type patients [13].

CYP2D6 is responsible for the metabolism of most psychoactive drugs, includ-
ing the tricyclic antidepressants and the dosage required corresponds closely with 
the CYP2D6 phenotype. The kinetics of nortriptyline is dependent on the number 
of active CYP2D6 genes and the dosage required to reach the same plasma levels 
varies from 30 to 50 mg in PMs to 500 mg in UMs [14].

The majority of phenytoin metabolism is done by CYP2C9 and effective dosing 
of phenytoin is highly linked to the CYP2C9 genotype. Several examples of adverse 
effects of phenytoin, including CNS intoxication and other neurological symptoms, 
have been described in patients with defective CYP2C9 alleles following phenytoin 
treatment [15].

Dosing with proton pump inhibitors to reach a therapeutic drug plasma concen-
tration highly depends on the CYP2C19 phenotype. A study conducted using a low 
dose omeprazole (20 mg) to treat ulcers, revealed very low cure rates in EMs (25%), 
higher in IMs (50%) and complete in PMs (100%), illustrating the necessity of 
higher plasma levels for effective treatment [16].

CYP2B6 polymorphisms can affect the pharmacokinetics and therapeutic 
outcome of anti-HIV agents, such as efavirenz, which is a substrate of CYP2B6. 
The CYP2B6*6 allele harboring the 516G > T (Q172H) and 785A > G (K262R) was 

Biomarker Drug (s) Therapeutic area

Nonspecific (Congenital 
Methemoglobinemia)

Dapsone Infectious diseases

Lidocaine Anaesthesiology

Nonspecific (Genetic Susceptibility 
to Malignant Hyperthermia)

Isoflurane Anaesthesiology

Nonspecific (NAT) Sulfamethoxazole Infectious diseases

Trimethoprim Infectious diseases

Hydralazine Cardiology

Sodium Nitrite Toxicology

POLG Valproic acid Neurology

PROC1 Warfarin Hematology

Estradiol Gynaecology

SERPINC1 (Antithrombin III) Progesterone Gynaecology

UGT1A1 Dolutegravir Infectious diseases

Raltegravir Infectious diseases

VKORC1 Warfarin Hematology

Table 1. 
Biomarkers, “core” essential drugs and their therapeutic areas.
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significantly associated with a pronounced decrease in CYP2B6 expression and 
activity. CYP2B6 genetic polymorphisms markedly influence the metabolism of 
efavirenz in human liver microsomes [17].

2.2 Cytochrome b5 reductases (CYB5R)

Patients with NADH-cytochrome b5 reductase deficiency, encoded by CYB5R1, 
CYB5R2, CYB5R3 and CYB5R4 genes, are at an increased risk of developing methe-
moglobinemia and/or sulfhemoglobinemia when metoclopramide is administered. 
Additionally, neonates have reduced levels of NADH-cytochrome b5 reductase and 
prolonged drug clearance, and therefore are also more susceptible to methemoglo-
binemia [18].

2.3 Non-cytochrome p450 enzymes

2.3.1 Vitamin K epoxide reductase complex subunit 1 (VKORC1)

The wide variation in warfarin dose highlights the heterogeneity amongst 
patients in therapeutic response to warfarin. A study conducted by Harrington et al. 
demonstrated that a heterozygous 196G → A transition that predicted a Valine-66 
Methionine substitution in the VKORC1 polypeptide is the cause of warfarin 
resistance [19]. VKORC1 polymorphisms can significantly changes pharmacody-
namics and maintenance dose requirements for warfarin. Patients with the 1639A 
(rs992323) and 1173 T (rs9934438) allele require a lower warfarin dose compared 
with patients with 9041A (rs7294) allele rather need a higher warfarin dose. 
Incorporating VKORC1 and CYP2C9 genotype information into the warfarin dosing 
equation holds great promise to select the optimal dose for the individual patient at 
the start of warfarin therapy [20].

2.3.2 Glucose-6-Phosphate Dehydrogenase (G6PD)

G6PD deficiency is an X-linked genetic disorder with 187 known allelic 
mutations. G6PD is a critical enzyme in the pentose phosphate pathway. G6PD 
deficiency exhibits diminished activity in these patients, leading to inadequate 
production of protective intracellular thiols during oxidative stress. The deficiency 
makes erythrocytes more vulnerable to oxidative stress and has been associated 
with neonatal hyperbilirubinemia, acute hemolysis, and chronic nonspherocytic 
hemolytic anemia [21]. Some drugs should be avoided by all G6PD-deficient 
patients: these include primaquine, nitrofurantoin, and dapsone; while others like 
IV ascorbic acid, chloroquine and quinine should be used with caution.

2.3.3 Uridine diphosphate-glucuronosyltransferase 1A1 (UGT1A1)

Dolutegravir (DTG) is metabolized mainly by UGT1A1. Individuals carrying 
UGT1A1*6 and/or UGT1A1*28 polymorphs were demonstrated to be associ-
ated with high DTG trough concentrations, and that carrying UGT1A1*6 and/or 
UGT1A1*28 alleles might be a risk factor for neuropsychiatric adverse events [22]. 
HIV-1 infected patients demonstrated significant impact of UGT1A1*28 variant on 
raltegravir exposure with UGT1A1*28 carriers showing higher raltegravir plasma 
levels and lower metabolic ration when compared to UGT1A1*1/*1 carriers. This 
effect appeared to be allele-dose dependent. This pharmacokinetic effect did not 
correlate with any clinical adverse events or biological abnormalities except for 
the sensation of fatigue. Some virological failures have been associated with low 
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raltegravir exposure; hence UGT1A1*28 genotyping may still be considered as an 
interesting tool to improve raltegravir therapy particularly when risk factors for 
virological failure are present, such as high viral load at baseline, once daily regi-
men or when raltegravir is used to replace high genetic barrier drug in treatment- 
exposed patients [23].

2.3.4 Human leukocyte antigen B (HLA-B)

Abacavir-induced hypersensitivity reaction has been associated with the 
presence of the major histocompatibility complex class I allele HLA-B*5701. A 
screening test for the HLA-B*5701 allele can assist clinicians to identify patients 
who are at risk of developing a hypersensitivity reaction to abacavir. Abacavir 
hypersensitivity reaction affects 5 to 8% of patients and can be observed during 
the first 6 weeks of antiretroviral therapy [24]. Relatively high incidence of HLA-
B*1502 in many Asian populations has resulted in the FDA’s decision to recom-
mend testing for all Asians prior to initiating carbamazepine. Han Chinese who 
have the HLA-B*1502 allele are at a much increased risk of developing Stephen-
Johnsons Syndrome/ Toxic Epidermal Necrolysis (SJS/TEN) when exposed to 
carbamazepine [25].

2.3.5 Interferon Lambda 3 (Interleukin-28B)

Sofosbuvir is a potent nucleotide hepatitis C virus (HCV) Nonstructural 
protein 5B (NS5B) polymerase inhibitor that is also a P-glycoprotein (encoded by 
the ABCB1 gene) substrate. Sofosbuvir is metabolized mainly into GS-331007 in 
the liver. ABCB1 gene (3435 CT/TT and 1236 TT genotypes) are the predictors of 
GS-331007 concentrations [23]. P-glycoprotein (P-gp) removes chemical toxins 
and metabolites (including GS-331007) from cells into bile, urine and the intestinal 
lumen. Alterations in P-gp function may affect the bioavailability, distribution and 
clearance of many drugs [26]. The genetics of IL28B have played an important role 
in predicting outcome and toxicity of HCV polymerase inhibitors.

2.3.6 DNA polymerase gamma (POLG)

DNA polymerase gamma (POLG) determines the risk of sodium valproate 
induced liver toxicity. Rare mutations in POLG, which codes for the mitochondrial 
DNA polymerase gamma, cause the Alpers-Huttenlocher syndrome (AHS); a 
neuro-metabolic disorder associated with an increased risk of developing fatal 
sodium valproate hepatotoxicity [27]. Thus, sequencing the POLG gene remains 
the best diagnostic test to prevent sodium valproate-induced liver failure and 
patient death.

2.4 Clotting factors

2.4.1 Protein C, inactivator of coagulation factors Va and VIIIa (PROC, PROC1)

PROC encodes for vitamin K-dependent plasma glycoprotein called Protein C. 
The protein is cleaved to its active form by the thrombomodulin-thrombin complex. 
The activated form contains a serine protease domain and functions in degrada-
tion of the active forms of coagulation factors V and VIII. Mutations of this gene 
have been associated with thrombophilia due to protein C deficiency and recurrent 
venous thrombosis [28].



147

Pharmacogenomics of “Core” Essential Medicines
DOI: http://dx.doi.org/10.5772/intechopen.96581

2.4.2 SERPINC1 (Antithrombin III)

The gene SERPINC1 encodes a serine protease inhibitor named antithrombin III 
(ATIII). Antithrombin III is the most important coagulation factor inhibitor, and 
even minor changes in ATIII can significantly alter the risk of thromboembolism. 
The incidence of ATIII-inherited deficiency is relatively rare in the general popula-
tion but in patients with thromboembolism, the prevalence of ATIII deficiency 
ranges from 0.5–5%. Acquired deficiency of ATIII can be found in patients on oral 
contraceptives (progesterone). In overall, patients with the acquired type of ATIII 
deficiency are exposed to a high risk of thromboembolism, due to depletion of 
coagulation factor inhibitor critical to anticoagulation in plasma [29, 30].

2.5 Dihydropyrimidine dehydrogenase (DYPD)

The dihydropyrimidine dehydrogenase, encoded by DPYD gene, is an enzyme 
that catalyzes the rate-limiting step in fluorouracil metabolism. Genetic variations 
in the DPYD gene can lead to enzymes with reduced or no activity. Individuals who 
have at least one copy of a non-functional DPYD variant especially the DPYD*2A or 
DPYD*13, will not be able to metabolize fluorouracil at normally. As a result, these 
individuals are at risk of potentially life-threatening toxicity to fluorouracil includ-
ing bone marrow suppression and neurotoxicity. The prevalence of dihydropyrimi-
dine dehydrogenase partial deficiency is approximately 35%; although it varies in 
different populations. Complete absence of this enzyme function is often fatal with 
exposure to 5-FU chemotherapy [31].

2.6 Biomarkers inducing genetic susceptibility to diseases

Younker et al. reported a G6PD deficient 22-month-old baby who suffered 
Malignant Hyperthermia (MH). They concluded that decreased major antioxi-
dant system activity may cause susceptibility to MH [32]. Altikat et al. found that 
isoflurane has an inhibitory effect on G6PD activity; thus predisposing anaesthe-
sized patient to developing MH [33]. Malignant hyperthermia is a pharmacogenetic 
disorder in the regulation of calcium in skeletal muscles which is related to an 
uninhibited muscle hypermetabolic reaction to potent inhalation agents such as 
isoflurane.

Methemoglobin is an aberrant form of hemoglobin arising from oxidation of 
iron in the normal heme molecule from the ferrous form (Fe2+) to the ferric (Fe3+) 
form. The presence of ferric heme molecules causes a structural change in the 
hemoglobin molecule, resulting in reduced oxygen-carrying capacity and impaired 
unloading of oxygen at the tissue; resulting in left shift in the oxygen saturation 
curve causing functional anemia referred to as methemoglobinemia. While methe-
moglobinemia can be congenital and should be considered in cyanotic infants, it is 
more often an adverse medication effect, most commonly related to dapsone use. 
Dapsone most commonly causes methemoglobin, but other offending drugs include 
the local anesthetics such as lidocaine [34].

3. Conclusion

There is a correlation between individual genetic makeup and the pharmacologi-
cal response to drugs. Genetic variation plays a pivotal role in the efficacy and safety 
of different drugs. Thus gene testing prior to initiating concerned treatment is the 
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best clinical practice that will eliminate the “one size fits all” approach and promote 
personalized approaches that consider individual genetic makeup in attempt to 
enhance the efficacy and safety of drugs.

4. Future aspects

The future has that the putting in place proper technologies to perform gene 
testing in clinical settings will be of great help in individualizing treatment to 
patients. However, genetic polymorphism varies between populations; therefore 
further research needs to be done on different populations so that gene testing 
technologies will focus on respective populations.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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In Silico Studies on
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25Mg2+: Releasing
Nanocationites - Background
and Perspectives
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Aleksander G. Majouga and Dmitry A. Kuznetsov

Abstract

Sharp blood circulation disorders are known for their capability to promote such
abundant and hardly treatable pathologies as myocardium infarction and the ische-
mic brain stroke (“insult”). Noteworthy, the stroke— related brain tissue metabolic
damages involve an essential ATP deplete clash along with a suppression of brain
specific nucleotide — associated kinases and ATP synthase, both Mg2+ — depen-
dent complex enzyme “machineries”. This itself makes the latter’s a legitimate
target for some advanced pharmaceuticals as long as the drug — induced
overstimulation of corresponding enzymatic activity is the case. Thus, magnetic
isotope effects (MIE) of the nuclear spin possessing paramagnetic 25Mg2+ ions might
modulate the brain creatine kinase, alfa-glycerophosphate kinase and pyruvate
kinase catalytic activities in a way of a remarkable ATP hyperproduction required to
compensate the hypoxia caused acute metabolic breakdown. To realize the Magne-
sium-25 pharmacological potential, a low-toxic amphiphilic cationite nanoparticles
were introduced lately. Particularly, the Magnesium — releasing porphyrin-
fullerene nanoadduct (cyclohexyl-C60-porphyrin, PMC16) has been proposed to
meet expectations dealing with a targeted delivery of 25Mg2+ towards the brain
ischemia surrounding areas. In order to optimize a multi-step [25Mg2+]4PMC16
preclinical trial scenario, the In Silico algorithms are to be developed and analyzed.
In this study, these algorithms are in a focus with a special emphasize on a novel
combination of slightly modified Gompertzian equation systems and a non-Markov
population dynamics concept. This In Silico approach takes into account some
literature-available patterns of brain hypoxia pathogenesis, the resulted simulation
model could be considered as a promising tool for further research on experimental
nanopharmacology of the ischemic stroke.

Keywords: Magnetic isotope effects, brain ischemia disorders, hypoxia,
fullerene— porphyrin nanoparticles, In Silico pharmacokinetic algorithms
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1. Introduction. Formulation of the problem

Research in the field of development of promising drugs for the treatment of
ischemic stroke based on nanoparticle carriers of cations of paramagnetic isotopes
of divalent metals is at an early stage. Such studies are compounded by the lack of
descriptions of relevant mathematical models of ischemic stroke in scientific litera-
ture, as well as drug-specific models of the pharmacokinetics of targeted delivery of
PMC16 nanoparticles. All this is required for the development of In Silico instru-
ments for preclinical and clinical studies of the neuroprotective potential of
[25Mg2+]4PMC16 in the treatment of ischemic stroke [1–4] (Figure 1).

Creation of In Silico - algorithms for optimization of multistage scenarios of
preclinical trials of [25Mg2+]4PMC16 in experimental nanopharmacology of ische-
mic stroke represents a completely new, complex, innovative and challenging
interdisciplinary problem.

Speaking of the direct and clear practical benefits which are supposed to be
gained from the appropriate use of mathematical modeling in specifying the plan of
preclinical anti-hypoxia medicines research, this requirement is undoubtedly
essential for optimizing this plan. Notably, an applied pharmacological potential of
such a peculiar In Silico simulation approach might be taken as a “hopeful pullout”
for coming up with a novel element in a preclinical trial strategy for prevention of
metabolic breakdown in brain ischemia and/or correction based on the administra-
tion of paramagnetic bivalent metal isotopes released and delivered by amphiphilic
nano-cationites belonging to the superfamily of PMC16 (C60-porphyrin)
nanoparticles [5].

Noteworthy, a so-called “sovereign trend” in computational modeling of
pharmacological processes within the current preclinical trial paradigm has
already made a significant impact on preclinical trial design in experimental
neurology and neuropharmacology [6–8]. This correlates with the PubMed statistics
showing a remarkable increase in the number of publications on the above-specified
issue [6].

Figure 1.
Prospects for the use in neurobiology of “smart” nano-cationites based on porphyrin adducts of fullerene C60.
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2. Methods

Simulation of processes occurring in biological objects and systems is necessary
to optimize algorithms for preclinical and clinical studies in pharmacology. These
tasks are solved using in vitro, in vivo, In Silico models. Modeling is one of the
leading research methods of this kind. The variety of processes in a living organism
is so great that it is almost impossible to get a detailed and complete understanding
of the behavior of a living system. In view of this, the development of new treat-
ment methods, diagnosis, pharmacy, etc., requires the modeling of objects of
appropriate research. Any type of modeling consists of replacing the investigated
object (process, phenomenon) with a model, which is a semblance of a real object
(process, phenomenon). At the same time, such an object representing the model is
consciously perceived as simplified. However, it is vital that it retains the main,
most essential properties for research, which are available for a real object (system,
process, phenomenon).

Modeling is a method in which the study of its model replaces the study of a
complex object (process, phenomenon). Accordingly, such an object (process, phe-
nomenon) itself, which resembles the real object, but has been deliberately simpli-
fied, is called a model.

Any scientific research method, including both theoretical and empirical, is
based on the idea of modeling.

In this work, we will adhere to the classical algorithm for constructing mathe-
matical models adopted in biophysics.

The main stages of modeling can be summarized as follows:

1.Primary collection of information about the object of modeling: about its
properties, processes occurring in it, patterns of behavior under various
external conditions.

2.Formulation of the problem. The goal of the study and its main tasks are
formulated. It is determined what new knowledge should be obtained after the
research has been conducted.

3.Substantiation of basic assumptions. It is necessary to determine the
characteristics of the object that are insignificant for solving the research
problem, which can be neglected.

4.Creating a model, researching it.

5.Checking the relevance of the model to the object under study.

3. General task structure

The difficulty lies not only in the fact that in the domestic and foreign literature,
there are no relevant mathematical models of ischemic stroke, and they need to be
created almost from scratch, but also within the problem itself, which arises from
the necessity not only to develop but also to align mathematical models of several
processes mutually:

1.The process of necrosis of brain tissue as a result of ischemia and related
phenomena (apoptosis, toxicosis, edema, etc.) in the absence of
pharmacotherapy;
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2.Pharmacokinetics (i.e., delivery) of the [25Mg2+]4PMC16 drug to the desired
area of the brain and distribution throughout the tissue;

3.Model of the process of the effect of the drug [25Mg2+]4PMC16 on the synthesis
of ATP and the prolongation of the life cycle of cells, which are subjected to
hypoxic conditions, but have not lost their viability;

4.The recovery process (reperfusion, [neuro]glialisation, regeneration) of the
functions of living ischemic cells as a consequence of the pharmacotherapy of
ischemic stroke with the drug [25Mg2+]4PMC16.

5.Phagocytosis.

6.Other processes.

The general structure of the problem is shown in (Figure 2).
At the same time, the In Silico development process is implemented in several

stages:

1.Formation of a hypothesis and a general structural model In Silico.

2.Acceptance of initial constraints and simplifications.

3.Formation of hypotheses and primary models of processes.

4.Mathematical modeling of individual processes.

5.Combining mathematical models of individual processes into a system of
differential equations.

6.Search for optimal solutions to the system of differential equations (In Silico
level I).

Figure 2.
General structure of the task of developing In Silico pharmacokinetics and neuroprotective potential of
fullerene-porphyrin nano-cationites carrying 25Mg2+ in relation to the pathogenesis of ischemic stroke.
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7.In Silico level II development: algorithmization, IT programming, debugging,
testing.

8.Use of level II In Silico for prediction and simulation of in vivo.

9.Raising accuracy, development, improvement.

10.Development of “smart” In Silico level III based on artificial intelligence neural
networks: Design of neural network architecture, debugging, training, testing.

11.Use of “smart” In Silico level III as a predictive tool for preclinical trials.

12.Laying the foundations of smart In Silico level IV architecture as a predictive
tool for clinical trials.

4. Mathematical modeling of ischemic stroke. Hypothesis formation

Mathematical modeling of ischemic stroke is a complex task in itself. Several
pathogenetic subtypes (atherothrombotic, cardioembolic, lacunar, hemodynamic
and microcirculatory) have been highlighted. Accordingly, the mechanisms of
occurrence and development of the disease also differ. All this significantly compli-
cates the modeling of the development of this disease at the level of hypotheses and
primary algorithms laid down in the In Silico process. This nosology of ischemic
stroke complicates approaches to the formation of primary algorithms for the pro-
cess of occurrence and course of ischemic stroke, as well as solving problems of
mathematical formalization.

It is customary to distinguish 4 stages [9] of ischemic stroke (Figure 3):

1.Terminated (3–5 days)

2.Most acute (7–10 days)

3.Acute (up to 1 month)

4.Early recovery (up to 6 months)

5.Late recovery (from 6 months to 1 year)

6.Long-term (over 1 year)

Of these, the acute phase is characterized by the most severe course and high
mortality, which is why the study of patterns of the disease in the acute phase (first
five days of the disease) is the most significant. During this period, the right
therapeutic tactics can bring the maximum result. During this period, the drug
[25Mg2+]4PMC16 should have the maximum positive effect on the dynamics of the
course of the disease.

In the development process in silico, we will build on the simplest concepts of the
course of the disease, introducing some assumptions and simplifications. According
to the need to improve the model, these simplifications will subsequently be
removed or replaced by more complex designs. Then the problem of merging the
models of the various processes as mentioned earlier into a single structure needs to
be solved.
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Based on this, we will simplify the growth of an ischemic stroke as a process of
necrotic death of cells of normal brain tissue caused by a stop in the blood supply to
its part due to blockage of a part of the vascular bed that feeds the brain. Conse-
quently, hypoxia begins to develop in the area of the brain, the blood supply of
which was carried out from the clogged vascular network. As a result of hypoxia,
cells that lack oxygen begin to die off gradually. A process of necrosis of this part of
the brain’s tissues takes place (Figure 3).

The process of necrotic cell death is stretched out in time. For this reason, there
is a transition region between the infarct nucleus and healthy tissue (ischemic
penumbra), in which the functions of the cells are disrupted, but they remain
viable. It is vital to note that penumbra cells’ death is reversible and progresses more
slowly than in the infarct nucleus, within a few hours [10]. This “therapeutic
window” (at least 3–6 hours) provides time for diagnosis and treatment measures
aimed at restoring nerve cells, limiting the area of damage and reducing neurolog-
ical consequences.

Thus, in order to solve the general problem: the in silico development of the
neuroprotective potential of [25Mg2+]4PMC16 nanoparticles, it is necessary to develop
in silico of ischemic stroke and combine this model with the pharmacokinetics of
[25Mg2+]4PMC16 as a drug. At the same time, it is necessary to consider the particu-
larities of targeting (targeted delivery) of [25Mg2+]4PMC16 nanoparticles in the
infarction zone, more precisely in the area of ischemic penumbra.

5. Acceptance of initial restrictions and simplifications

Starting the mathematical modeling of ischemic stroke at the cellular level, we
will accept a number of assumptions and simplifications, namely:

1.We consider the brain to be homogeneous in composition, structure and cell
type. Cell differentiation is neglected;

Figure 3.
Graphic model of ischemic stroke, the development of ischemic penumbra and the spread of the damaged brain
tissue due to ischemia and blockage of the vascular bed branch.
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2.We do not consider any other causes of cell death other than necrosis as a
result of hypoxia;

3.We do not consider the processes of removing the decay products of dead cells
and toxins that occur in the process of brain activity;

4.We do not take into account the consequences of brain tissue necrosis, such as
edema, an increase in the volume of necrotizing tissue, leading, in particular,
to a spike in intracranial pressure, deformation of brain structure, etc.

5.We will assume that brain volume and the number of its cells before, after and
during the development of a stroke remain unchanged;

6.We will assume that there is a certain “point of no return” for brain cells in the
process of hypoxia, after which the process of cell restoration (regeneration) is
not possible. This factor affects the size of the ischemic penumbra zone;

7.Wewill assume that during the period considered in silico, the general blood supply
to the brain and the body as a whole does not stop (the patient does not die);

8.We will assume that no outside interference (both therapeutic and surgical) is
carried out in the body during the period under consideration.

9.In this way, the general model of the dynamics of the development of ischemic
stroke in time will look as follows, presented below (Figure 4):

Figure 4.
Time model of progression of ischemic stroke. In the figure: t0 is the moment when blood supply stops and
hypoxia begins, t1 is the onset of cell necrosis, t2 is the start of recovery processes, t2 is the moment of cessation of
brain cell death, t3 is the moment when hypoxia ends (blood supply is restored), t4 is the end of cell necrosis, t5
is the moment of completion of the post-stroke recovery process.
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6. Formation of hypotheses and primary models of processes

Then, in light of the assumptions made, for the purposes of mathematical
modeling, the hypothesis of the scenario of ischemic stroke progression will look in
the following manner.

Until time t0 (pre-stroke phase), the brain functions normally, the blood supply
is not disrupted. At time t0 instantaneous (additional) cessation of blood supply
occurs, and the process of necrotization of the brain tissue begins. We believe cell
death in hypoxia is also stretched over time and occurs in stages. That is, up to a
specific time period t1, the cell is still capable of recovery, and we can talk about the
existence of a “point of no return”, after which cell recovery is impossible. We will
take this into account later. At time t2 recovery processes in the body are activated,
due to the entry of blood supply from the brain area that has not undergone
necrosis. Thus, we can talk about the presence of two “counter” processes in the
model of ischemic stroke: the process of dying (necrotization) of cells and the
process of restoring the functions of brain cells (Figure 5).

Based on this, we can distinguish the following phases of ischemic stroke:

1.Pre-stroke phase, t≤ t0,

2.The phase of brain cell death (necrotic phase), t0 ≤ t ≤ t4;

3.Brain cell recovery phase, t2 ≤ t ≤ t3;

4.Post-stroke phase, t ≥ t5.

7. Mathematical modeling of individual processes

Now, we can write in general algebraic form the first simple equation, which we
will call the “hypoxia equation”, describing the amount of GM tissue that has
undergone hypoxia at time Δt ¼ t� t0, taking t0 ¼ 0 as the starting point of the
hypoxia period. (Δt ¼ t):

Qg ¼ vg ∗ t (1)

Where Qg – the amount of GM tissue that has undergone hypoxia,
vg – specific rate of hypoxia (death) of the brain tissue,
t – time elapsed since the end of the blood supply to the brain area.

Figure 5.
Counter processes and the resulting process of ischemic stroke growth.
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In this case, the amount of necrotizing tissue can be represented as its volume V,
mass m, or the number of dead Nd cells. At the same time, the structure of the
formula will not change. Analogously to formula Eq. (1), we write down the
necrosis formula for the number of dead Nd cells:

Nd tð Þ ¼ δ ∗ t (2)

Where Nd tð Þ – the number of dead cells since the end of the blood supply,
δ – specific rate of cell necrosis (death),
t – the time elapsed since the end of the blood supply.
Or, in differential notation:

dNd tð Þ
dt

¼ δNd (3)

Similarly, let us write in differential form the formula for the regeneration of
brain cells in the ischemic zone.

dNR tð Þ
dt

¼ αNR (4)

Where NR tð Þ – number of recovered cells,
α – the specific rate of cell repair.
Under our assumptions, the conservation law (balance formula) will look like this:

Ntot ¼ Nn tð Þ þNg tð Þ (5)

Where Ntot – the total number of brain cells,
Nn tð Þ – the number of living normal cells not exposed to hypoxia,
Ng(t) – the number of hypoxidated cells and those at different stages of

necrosis (dying).
Assuming that the volume of the brain does not change, and due to the assump-

tion of its homogeneity and the absence of processes for removing dead and
damaged cells, the number of brain cells also does not change, we can write:

Ntot ¼ const (6)

It is obvious that the number of hypoxidated cells consists of dead cells that are
no longer subject to restoration and regenerated cells, since the processes of dying
and restoration in the population of hypoxidated cells proceed simultaneously.

Ng tð Þ ¼ Nd tð Þ þNR tð Þ (7)

Then equation Eq. (7) can be rewritten as follows:

Nn tð Þ þNd tð Þ þNR tð Þ ¼ const (8)

Based on our assumptions, and considering that:

Ntot ¼ ρ ∗m (9)

Where ρ – cell density per unit of brain mass, m is brain mass.
The balance formula Eq. (8) can be rewritten as follows:

Nn tð Þ þNd tð Þ þNR tð Þ ¼ ρm (10)

where in our assumptions ρ,m ¼ const.
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The derived formula will be useful in the future for clarifying In Silico by in vitro
because in biological models and in humans, the volume and mass of the brain, and
therefore the number of brain cells, are different. If no distinction is made between
healthy normal cells, which have not been exposed to hypoxia, and restored cells,
their sum, i.e. the number of functioning cells, can be designated as N(t). Then the
balanced equation will take the following form:

N tð Þ ¼ ρm�Nd tð Þ (11)

Let us consider a spatial model of progression of necrosis and restoration of brain
tissue in the process of hypoxia (Figure 6), where we distinguish 3 fundamentally
different areas:

Typically, the blood supply to a particular area of the brain is carried out from all
sides via the branched vascular network that runs through the brain from the
arteries. In case of a local stop of blood supply, the brain will be fed through the
active vascular branches located on the periphery of the hypoxic zone. Thus, the
cells closest to the focus of the stroke will experience the greatest shortage of blood
supply (the focus of the stroke), and the cells located on the periphery will be
exposed to the opposite effect (ischemic penumbra).

So, we can imagine that the wave of necrotization, i.e. area 3 (Figure 6), from the
moment of local blood supply failure (the beginning of hypoxia), spreads from the
focus of the stroke (the place of blockage of the vascular bed) to the periphery. The
recovery process goes in the opposite direction: from the periphery to the center of
ischemia. After a short period of time after a local stop of blood circulation and the
occurrence of hypoxia, necrotization of brain tissue begins. This area of necrotization,
expanding, capturing more and more arrays of healthy cells, quickly spreads to the
periphery until it meets the area that receives sufficient nutrition from the vascular
branches that are not affected by the stroke. Meanwhile, during the development of a
stroke, the body starts the recovery processes, increasing the blood supply to the
healthy branch. At some point, the “necrotizing wave”, which can be called the
“stroke front”, reaches the brain’s area that receives sufficient blood supply from the
neighboring unclogged vascular branches. By this time, adaptive processes have
already been activated in the body, and through the neighboring non-clogged vascu-
lar branches, an increased blood supply is carried out, compared with the norm,
sufficient to restore the functions of the brain tissue in the nearby ischemic penum-
bra. Here, the functions of the cells that are still capable of this restoration are
restored. These cells are put back into operation. In this zone, the recovery process

Figure 6.
Brain tissue at the border of the hypoxic zone and the normal zone. Area of normal tissue that has not undergone
hypoxia (normal area); 2. Area of dead tissue (area of necrosis); 3. Area of “semi-dead” tissue (ischemic penumbra).
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begins to dominate over the necrotic one, and the “stroke front” begins to move in
the opposite direction (to the focus of the stroke) under the influence of the recovery
process. This recovery process is carried out in the ischemic penumbra until the cells
capable of recovery are completely exhausted. This process affects all cells for which
recovery is still possible. The cells that have finally died are phagocytized, and their
remains are removed from the body through the active vascular networks. The
released space is filled with connective or adipose tissue.

This complex process can be considered as two opposite “counter” processes: the
process of necrosis and the process of recovery. As mentioned earlier, the recovery
process is oppositely directed to the process of necrosis and passes with some delay
in time.

They can be represented on average as one, a process that is carried out with a
certain specific variable total speed, which consists of the specific speeds of
necrotization and recovery.

We can write this circumstance as the sum of the corresponding functions as:

ε tð Þ ¼ α tð Þ þ δ tð Þ (12)

Then, the differential equation Eq. (3) is transformed into the following form:

dNd tð Þ
dt

¼ εNd (13)

Where ε tð Þ – the specific total speed of the ischemic stroke process, is a rather
complex function of many variables.

By rewriting equation Eq. (13) in the form:

dNd tð Þ ¼ εNddt (14)

The solution of this equation in general form can be obtained by integrating over
t in the range [t0, t]:

Nd tð Þ ¼
ðt

t0

εNddt (15)

At ε ¼ const,which can be understood as the average specific rate of development
of necrosis in stroke. The trivial solution to this equation forN ¼ N0, is the exponent:

Nd tð Þ ¼ N0eεt t≥0ð Þ (16)

Where N0, – the number of brain cells that have undergone hypoxia.
In the case of ε<0 formula Eq. (17) represents a specific case of a process where

necrosis dominates, and eventually, all brain cells that have undergone hypoxia die.
In this case, the formula, which we obtained generally reflects the dynamics of
necrosis, which leads to the complete death of the population of brain cells,
coinciding with the population dynamics according to Malthus (Figure 7).

Furthermore, substituting the obtained formula Eq. (16) into the balance
equation Eq. (11), we have:

N tð Þ ¼ ρm�N0eεt t≥0ð Þ (17)

Where N tð Þ – the number of living, functioning (including cells that have
undergone hypoxia, but have regained their functions) brain cells during the course
of an ischemic stroke,
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ρ – brain cells density,
m – brain mass,
N0 – the number of brain cells that underwent hypoxia during the [t0, t] course

of ischemic stroke,
ε – the specific average rate of ischemic stroke during the period from the

beginning of hypoxia to recovery.
The resultant formula is a level I mathematical model obtained with the maxi-

mum simplification of the process of ischemic stroke. For large ε>0 it has no
biological meaning. For small positive ε≥0, ε ! 0, it exponentially approaches
from the value of N0 to the value of ρm, i.e. it mainly describes the recovery process
after the acute phase of an ischemic stroke. The model does not describe the initial
phase of an ischemic stroke in sufficient detail, resulting from the simplification
made when obtaining the formula (17). Additionally, the model does not clearly
express the phases of ischemic stroke development.

Figure 7.
Model graph of brain cell necrosis.

Figure 8.
Graph of the growth of ischemic stroke according to the mathematical model of the first level.
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Accordingly, in the most simplified form, we have obtained a mathematical
model of level I, which reflects the essence and the general dynamics of ischemic
stroke in borderline conditions, but does not take into account many parameters
and, accordingly, does not have the required predictive accuracy. According to the
level I model, the graph of the development of ischemic stroke is demonstrated in
(Figure 8).

Further improvement of the mathematical model of ischemic stroke will require
the addition and solution of a system of differential equations, the number of which
will correspond to the number of input variables. In such cases, you usually have to
rely on approximate solutions.

To optimize the multistage scenario of preclinical trials of [25Mg2+]4PMC16, it is
necessary to further develop the obtained model and combine it with the pharma-
cokinetic model of targeted delivery of [25Mg2+]4PMC16 NPs to the hypoxidated
area of the brain at the border of healthy and necrotized tissues, for which it is
necessary to refine and analyze the In Silico algorithms.

8. Combining mathematical models of individual processes into a
system of differential equations

Let us detail the pathogenesis model of ischemic stroke and describe the
hypothesis of the process at the cellular level in more detail. The previously used
simplified model of ischemic stroke pathogenesis reduced death of brain cells from
ischemia only to necrosis from hypoxia and did not take into account other factors
of the process.

Let us modify the biological model as it was done in [11, 12] the model of brain
cell (neurons, astrocytes and other glial cells) death, which takes into account both
of the main mechanisms of cell death - apoptosis and necrosis. Nutrient deficiency
promotes cell death programs initiation if the level of damage reaches a certain
threshold value called D0. At the present stage of research, we assume that with
severe damage, apoptotic or necrotic variants of cell death can be realized with
equal probability. The cells that die due to ischemia and subsequent intoxication
initiate the immune system’s response. First of all, the body’s own defenders of
nerve cells located in the brain, microglia, are activated, which can ingest (phago-
cytosis) the decay products, thereby participating in the removal of the destruction
products and preventing the escalation of the inflammatory reaction. Activation of
microglia prepares them for a state of readiness for phagocytosis and the synthesis
of cytokines- specific proteins that coordinate the actions of cells of the immune
system. Cytokines cause the accumulation of adhesion molecules in the vicinity of
the damage, which promote the attachment (adhesion) of white blood cells travel-
ing in the bloodstream to the endothelium of the blood vessel and their migration
through the endothelium to brain cells. As a result, white blood cells overcome the
hemato-encephalic barrier characteristic of a healthy body - a physiological mecha-
nism that is designed to regulate the penetration into the brain of various substances
introduced from the outside or circulating in the blood, in order to maintain the
constancy of the physiological and physicochemical state of the brain. Thus, the cell
adhesion molecules initiate the movement of white blood cells into the damaged
area. It is known that neutrophils, the most numerous group of small white blood
cells, as well as monocytes-macrophages, which are the largest white blood cells,
play the main role in phagocytosis. Microglial cells, monocytes-macrophages and
neutrophils contribute to the removal of dead apoptotic and necrotic brain cells
from the body by phagocytosis. At the same time, activated microglial cells,
pro-inflammatory cytokines and neutrophils themselves release toxic
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substances, which harm intact cells and contribute to the expansion of the brain
lesion area [9].

Hence, the mathematical model of the dynamics of brain cell death can be
supplemented with the corresponding equations and rewritten in the following
form [11, 12]:

dH=dt ¼ �DH (18)

dN=dt ¼ 1� pA
� �

DH� εN (19)

dAs=dt ¼ pADH� pAD � � TAð Þ H � � TAð Þ (20)

dAe=dt ¼ pAD � � TAð Þ H � � TAð Þ � εAe (21)

dMa=dt ¼ pMa cAAe þ cNNð ÞMi � cpro Ma=TM,1ð Þ (22)

dMi=dt ¼ �pMa cAAe þ cNNð ÞMi þ cproMaTM,1þ
cMi,1Mi � cMi,2M2ið Þ1t>TM,2 � εMi

(23)

Where H — relative density of healthy brain cells, N — relative density of
necrotic cells, As и Ae — relative density of brain cells that started and ended
apoptosis, respectively, Mi иMa — relative density of inactive and active microglial
cells; the argument (� � TA) represents a time delay TA, corresponding to the
characteristic duration of the cell apoptosis process; the sign 1t>TM,2 also indicates
the start of a number of important processes with a delay equal to TM,2. In the
equations of the mathematical model Eqs. (18)–(23), one of the key roles is played
by the values of the specific rate of phagocytosis ε and the specific rate of cell
death due to intoxication by decomposition products (inflammation)D, and the
latter is different from zero only if the intoxication has reached the established
limit level D0:

D ¼ ðpn, cy½ �Cþ pN,Lnð Ln= CLn þ Lnð Þð Þ N þ Aeð Þ þ pN,NNÞ � poD0

h i
þ (24)

ε ¼ eN,MaMa þ eN,LmLm þ eN,LnLn þ eN,MiMi (25)

System (18–23) is supplemented by equations describing the dynamics of
inflammation factors:

dLm=dt ¼ cLmMadh � � TLm,inð Þ � pdLm Lm=TLmð Þ (26)

dLn=dt ¼ cLnMadh � � TLn,inð Þ � pdLn Ln=TLnð Þ (27)

dC=dt ¼ pMa,c Ma=Ma þ cMað Þ þ pLm:c Lm=Lm þ cLmð Þ
� �

N þ Aeð Þ � ecyC (28)

dMadh=dt ¼ pMadh,1C� pMadh,2CMadh � eMadhMadh

h i
1vessel (29)

Where Lm и Ln — the relative concentration of leukocytes of two types -
monocytes-macrophages and neutrophils, respectively, C — relative concentration
of cytokines, Madℎ — the relative density of adhesion molecules. Eq. (29) describes
the dynamics of cell adhesion molecules depending on the factors listed in its right-
hand side only if the stroke nucleus is located in the vicinity of a blood vessel, and
otherwise the density of adhesion molecules remains constant, corresponding to the
initial condition. A feature of system (18–29) is the presence of functions with
lagging arguments in the right-hand sides of the equations, where the lag TLm,n and
TLn,in, as well as TA, is due to biomedical considerations. The initial data for
the components of the solution to the problem on the time interval t ∈ [�τ, 0]
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(where τ = max(TA,TLm,in,TLn,in)), preceding the onset of the disease are set
corresponding to the healthy state: the relative density of healthy cells H(t) = 1 and
inactive microglia Mi(t) = 1, the values of the remaining variables of the problem
are assumed to be zero; to simulate a stroke at t = 0 a given part of healthy cells (up
to 40%) passes into necrotic and / or cells that have entered apoptosis.

Obviously, the mathematical description’s complexity will increase in proportion
to the number of input variables and the increase in the number of differential
equations. Simultaneously, the contribution of each of the new variables or a new
differential equation describing the process under consideration at this stage is
difficult to predict. In contrast, the entire set of processes accompanying ischemic
stroke has not yet been sufficiently studied and described in the literature to be
modeled in such detail.

9. Alternative ways of modeling ischemic stroke

At the same time, there are various models of population dynamics, which are
used both in biology and in ecology and medicine while having sufficiently high
reliability of the mathematical description of processes. Considering that any model
is only a semblance of the original and the task of a complete repetition of a real
object by a model is never set. Based on the existing models describing population
dynamics, it seems possible to select the appropriate one and modify it for the tasks
at hand. One of the variants of this approach is to use the modified Gompertz
Equation [13], which describes the processes of population death rather well.

Hence, to optimize the multistage scenario of preclinical trials of
[25Mg2+]4PMC16 it is necessary to combine the system of in silico stroke equations
presented above with the pharmacokinetic model of targeted delivery of
[25Mg2+]4PMC16 NPs to the ischemic penumbra zone.

10. Modeling the pharmacokinetics of fullerene-porphyrinic
nano-cation exchangers carrying 25Mg2+

The problems of modeling the pharmacokinetics of drugs have been studied
extensively [14–16]. Such models are actively used in preclinical drug trials. Simul-
taneously, depending on the characteristics of the drugs under study, as well as the
goals and objectives of such studies, one-chamber, two-chamber, three-chamber
and four-chamber models are used.

The peculiarities of modeling the pharmacokinetics of fullerene-porphyrin
nano-cation exchangers carrying 25Mg2+ are that due to the spin effect of the 25Mg2+

isotope, it hyperstimulates ATP synthesis, and due to the presence of the PMC16
“nanocontainer”, it has the property of “targeted” delivery to the area of the brain
damaged by hypoxia.

In general, the dynamic processes of pharmacokinetics are modeled using sys-
tems of ordinary differential equations of the form [13]:

x ¼ f x tð Þ, pð Þ þ
Xn

i¼1
h x tð Þ, pð Þui tð Þ

y tð Þ ¼ g u tð Þ, x tð Þ, pð Þ

8<
: (30)

Where x(t) –n-dimensional function of the state (in pharmacokinetics - drug dose),
f(x(t), p) – a function that defines the structure of the model,
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p – s-dimensional vector of parameters characterizing the process under
consideration (in pharmacokinetics, the rate of drug transfer between organs),

h – a function that defines the structure of the input data,
u(t) – function of the input data (in pharmacokinetics - the method of intro-

ducing the drug into the body),
y(t) – k-dimensional function of experimental data (in pharmacokinetics - drug

concentration in blood and/or urine),
g – a function that links the model to the dimensions.
By supplementing the system of equations Eqs. (18)–(29) with the system

Eq. (30), we obtain a mathematical model of the In Silico I level of selective
accumulation of cation-exchange PMC16 nanoparticles in brain cells and tissues
for preclinical studies of the neuroprotective potential of fullerene-porphyrin
nano-cation exchangers carrying 25Mg2+ in relation to the pathogenesis of
ischemic stroke.

11. Discussion of how this model will be correlated to real experiments

With regard to the correlation of the model with the data from real experiments,
it is necessary to take into account a number of important circumstances arising
from the specifics of the task. Namely: first of all, it is necessary to align the
experimental results with the ischemic stroke model. This subproblem includes the
coordination of each of the above-mentioned physiological processes that accom-
pany the pathogenesis of this disease, expressed with separate differential equa-
tions. Furthermore, based on the in silico of stroke, which is consistent with the
empirics, the same coordination of the equations describing the pharmacokinetics
of PMC 16 is required.

However, this work must be completed. In this sense, further improvement of
the model is planned in two main areas:

1.Complication of hypotheses used for the modeling processes and expansion of
the system of differential equations;

2.Adaptation to problem conditions of existing semi-empirical models
describing non-Markov population dynamics (Gomperz model, Verhulst
logistic model, population size model in a periodic environment, population
model with a smaller critical number, etc.) [17].

All these scenarios require coordination of in silico with experimental data
obtained from in vivo of laboratory animals, which presupposes the following
studies:

1.Defining the parameters of biological processes subject to experimental control
in vivo.

2.Defining the variables and coefficients of the differential equations of the
mathematical model, which are to be agreed with the experimental data.

3.Adaptation and optimization of relevant semi-empirical models (equations) of
population dynamics and approximation of their parameters to the tasks set.

4.Determination of optimal mathematical methods for approximation and
interpolation of experimental data.
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5.Structure development and database creation for in silico goals and objectives.

6.Literature search and extraction of experimental data obtained by third-party
researchers (external data). Their assortment, classification, and entry into
specialized databases.

7.Comparison of external and internal (obtained as part of the framework of our
own research) experimental data.

8.Output of transfer functions. Clarification of the pharmacokinetic equations in
relation to the different methods of drug administration.

9.Preparation of algorithms for computer models.

This mathematical simulation (modeling) approach is an appropriate In Silico
tool designed to describe and predict the key pharmacokinetic patterns of the in vivo
distribution and the brain tissue accumulation of Magnesium-25 carrying — releas-
ing PMC16 nanoparticles.

This tool seems promising for meeting the specific expectations of pharmacolo-
gists searching for the optimal, efficient and economical ways of planning this
distinctive pharmacophore preclinical research.

12. Conclusions and prospects

This work presents algorithms for in silico modeling of selective accumulation of
cation-exchange PMC16 nanoparticles in cells and tissues of the brain for preclinical
studies of the neuroprotective potential of fullerene-porphyrin nano-cation
exchangers carrying 25Mg2+ concerning the pathogenesis of ischemic stroke. Solving
this problem is extremely important for the optimization of multistage scenarios of
preclinical trials of [25Mg2+]4PMC16 in experimental nanopharmacology of ische-
mic stroke. In the present study, these algorithms are in the spotlight.

As a result, we have obtained a relatively voluminous system of differential
equations describing the pharmacokinetics of [25Mg2+]4PMC16 in relation to the
pathogenesis of ischemic stroke.

In systems in which several processes are implemented simultaneously, the
difficulty of accurately solving the modeling problem increases in proportion to the
number of processes taken into account. The search for a solution to such systems
by analytical methods is rather difficult. In practice, one usually has to rely on
approximate solutions or the use of numerical methods and computer simulation
technologies. For this reason, we did not search for an analytical solution to the
presented system of differential equations in the framework of this work.

As an alternative way aimed at simplifying the system of differential equations
underlying in silico, one can use combinations of slightly modified systems of
Gompertz equations and the non-Markov concept of population dynamics.

In our previous works [1–5, 18], these algorithms were partially presented and
are not described in detail in this study but are our research’s focus.

As seen from above, both Non-Markov population dynamics background and
the Gompertz equation-based models were simultaneously applied here to harmo-
nize a predicational pharmacokinetic validity and capabilities for the multivariant
In Silico approach proposed for the Magnesium-25 releasing PMC16 nano-carriers as
long as the latter are about to play a role of modulators of the brain hypoxia-related
metabolic disorders.
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Hereby, this is nothing more than an attempt to develop a simple and efficient
computational tool applicable to optimize the decision-making process on exact
steps and conditions of PMC16 engaging preclinical research strategy in the variable
brain ischemia pharmacological studies.

Regarding the prospects for continuing work in this direction, it should be noted
that at some point, as the algorithms become more complex, in silico formation
without the use of artificial intelligence-based on computer neural networks will not
be possible.

A further prospect of working on the In Silico project is to create conditions for
bringing In Silico to the level of advanced smart technologies based on artificial
intelligence neural networks.
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