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Preface

The life sciences domain has entered a new paradigm shift when the World Health
Organization (WHO) announced the COVID-19 pandemic in March 2020. In this
regard, bioscientists worldwide were forced to accelerate their research efforts to
a new level, as the world is desperately waiting for the development of the drug
and vaccine to deter the SARS-CoV-2 virus. Up to this day, we have observed more
than 3.3 million mortalities worldwide, and in many countries, their public health
systems have been under the extra burden with almost all of their ICU beds occu-
pied. However, as we learn that many health-related problems, such as malnutrition,
could be resolved with advances in life sciences, such as the development of bioin-
formatics and nutrigenomics, we have a high hope that the latest breakthrough in
this area could also assist us against this pandemic. Luckily, there are hopes in the air.

Right before the COVID-19 pandemic declared by the WHO, life sciences have incited
novel areas of studies that revolutionize the health sector. They are the studies of
structural bioinformatics, pharmacogenomics, and metabolomics. The structural
bioinformatics field is the very foundation of the drug design research, as it provides
insight into the molecular simulations and interactions between the biomolecules and
the drug candidates. Secondly, pharmacogenomics is the starting point of any efforts
in developing personalized medicine. Lastly, metabolomics provides instrumentation
to elicit biomarkers for various diseases and health conditions. These studies have
enabled current accelerated effort in COVID-19 research, as well as other diseases.

This book is mainly divided into two sections. The first one, “Omics Studies in Drug 
Design”, discusses with a focus on pharmacogenomics and parts of metabolomics
studies, mainly lipoproteomics and probiogenomics. In the second one,  “Rational 
Drug Design”, structural bioinformatics, and pharmaceutical chemistry experts col-
laborate and provide their insight into various diseases such as cancer. Their contri-
butions are paramount to the studies of life sciences and enable further progress for
eradicating life-threatening diseases such as COVID-19 and cancer. 

To this end, although the world is currently ravaged by the COVID-19 pandemic, 
other kinds of diseases still stay with us. The HIV/AIDS pandemic is not over yet; 
tuberculosis is threatening us with antibiotic-resistant strains; cardiovascular dis-
ease is still considered the primary course of mortality in many countries; and not
to mention there are still other noncommunicable diseases such as cancer, diabetes, 
and neurological disorders. With so many challenges ahead of us, it is expected that
the scientific breakthrough, as elicited in this book, will eventually shed light on
how to eradicate, or at least tame, those maladies and provide hope to humanity. 

Arli Aditya Parikesit
Head of Bioinformatics Department,

School of Life Sciences,
Indonesia International Institute for Life Sciences (I3L),

Indonesia
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Chapter 1

Introductory Chapter: The 
Emerging Corner of the Omics 
Studies for Rational Drug Design
Arli Aditya Parikesit

1. Introduction

1.1 Structural bioinformatics contributions in -omics studies

The Acceleration of COVID-19 research in Proteomics and Transcriptomics 
studies occurred swiftly due to the massive amount of investment and advances 
in biomanufacturing [1, 2]. Moreover, the repurposing drug research has elicited 
remdesivir as the FDA-approved drug for COVID-19, despite mixed result from the 
WHO solidarity trial [3]. More drug leads are also currently undergoing clinical 
trial as well. This rapid development in the rational drug design is strongly associ-
ated with the field of structural bioinformatics. As for now (Early December 2020), 
there are more than 600 deposited SARS-CoV-2 Protein structures in the PDB (per 
December 2020, in the http://www.rcsb.org). They are SARS-CoV-2 Proteins with 
various conformations, and bindings with various ligands [4]. Hence, those proteins 
structures and their annotated functions are currently subject of the extensive 
COVID-19 drug development along with hefty investment from the pharmaceutical 
companies. However, in the other side of the story, non-protein biomolecular struc-
tures are currently still off the radar. There are only handful of initiatives for the 
COVID-19 transcriptomics-based drugs [5–7]. However, drug-based transcriptomics 
initiatives in canceromics are more mature. Breast cancer transcriptomics-based 
leads are currently under development [8–10]. That particular progress could be elic-
ited due to the application of structural bioinformatics method for prediction the 2D 
and 3D model of the nucleic acids [11]. However, massive clinical applications still 
in favors for the proteomics-based drugs due to the stability of the bioassay experi-
ments. In the area of natural products computation, the only realistic approach is 
still the proteomics-based one. For instance, propolis, as a resinous material from 
bees, was a subject of intensive molecular simulation research for its respective 
compounds constituency as diabetes drug candidates [12]. Hence, the same mate-
rial also employed for the possibility as COVID-19 leads compound [13]. Moreover, 
various secondary metabolite sources were also investigated as drug candidates with 
the molecular simulation research, such as ayurvedic plants of India, and various 
sources of Chinese herbal medicine [14–18]. In this regard, bioinformaticians should 
proceed with mindful and prudent manner on the deployment of the molecular 
docking method as there are validation issues that should be resolved before working 
on the samples [19, 20]. That includes the utilization of the docking decoys, reitera-
tions of Tc-PLIF value, cross-docking, redocking of the attached ligand, and the 
refinement of the RMSD parameter [21–25]. However, the easiest validation method 
is the ligand redocking, provided the structure is exist in the PDB repository. The 
decoy deployment is the most computationally extensive of all, albeit of its high 
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accuracy [26]. In this end, the measurement of the computational cost should be 
taken into consideration when applying molecular simulation is needed [27].

2. Pharmacogenomics and personalized medicine

Although it is still in its infancy, currently there is research that investigates 
the tendency that certain population group will be more vulnerable to COVID-
19. For instance, Population with gene pool of Neanderthals was predicted to be 
vulnerable considerably [28]. In Indonesia, pharmacogenomics study has elicited 
correlation between anti-tuberculosis drug-induced liver injury (AT-DILI) sever-
ity and NAT2 phenotypes [29]. Moreover, expression of Long non-coding RNA 
(lncRNA) in diabetic patient is a useful lead for the progression of the epigenetic 
repertoire in the human cell [30]. Then, Molecular genomic is playing important 
role to annotate the cardiac function analysis [31]. The 7-day regiment deploy-
ment of the malaria drug primaquine is tolerated for patient with normal level of 
glucose-6-phosphate dehydrogenase (G6PD). Moreover, the resistance tendency 
of certain population group against malaria parasite has been observed as well 
[32]. Cancer is one of the most extensively studied disease in the pharmacoge-
nomics field, in the light of the intensive computational biology tools, as tenden-
cies for prevalence were elucidated in different races [33, 34]. Thus, the progress 
of epigenetics research has leveraged the pharmacogenomics field with various 
findings of biomarkers for cancer [35]. The various progresses in the pharmacoge-
nomics field have shown that the molecular mechanism of diseases is beginning to 
be uncovered accordingly, especially with the development of epigenetics marker 
database [36]. Bioinformatics also play important role in annotating pharmacoge-
nomics data, especially for the development of the genomics database and the 
disease-outcome prediction methods [37].

3. Metabolomics and disease biomarkers

The forefront of the metabolomics research is mainly the standard instru-
ment in the analytical biochemistry such as HPLC and GC–MS, and also some 
supporting organic chemistry instrumentation such as C-NMR, H-NMR, UV, 
and IR [28–30, 38–40]. However, the deployment of the data science approach in 
interpretation of the metabolomics data enables the analysis of the large data sets, 
and eventually the data annotation in the biological database [41, 42]. Natural 
products research is one of the most dynamic fronts in the metabolomics research. 
Herbal medicine clinical trial toward COVID-19 patients show acceptable result 
for patients with mild symptoms, provided that the standard therapy still apply 
[43–45]. Moreover, secondary metabolite could serve as disease biomarkers. 
Insulin-resistant individuals will have decreased serum level of glycine, and also 
poor biotin metabolism [46]. Currently, probiotic metabolites are undergone exten-
sive research to determine their possible anti-SARS-CoV-2 properties [47]. Propolis 
studies are also focused on the metabolomics side in order to provide sufficient data 
to the structural bioinformatics research, especially to determine the inhibitory 
activities against the SARS-CoV-2 virus [48–51]. Up to today, there are still limited 
number of the approved natural product based drugs, such as aspirin, penicillin, 
and taxol [52]. Bioinformatics research has been optimized to develop a more 
comprehensive biological conclusion in natural product chemistry, such as the 
annotation of naringin role in cancer, bioactive compounds of Zingeber officinale, 
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and caffeine-aspirin interaction [53–55]. So more efforts should be elicited to 
improve the completeness of the natural products library, mainly to supplement the 
standard chemical compounds library such as Pubchem, and drug database such as 
drugbank. Hence, biomarkers could be elicited not only as small organic molecules, 
but also as larger biomolecules. For instance, the insulin level is one of the indicator 
of the diabetes progression, and indicator for the therapeutic options available [56]. 
Diabetic biomarker could be manifested as non-coding RNA as well [57, 58].

4. Medicinal chemistry and drug design in omics study

The metabolomics study is definitely inseparable from medicinal chemistry due 
to their overlapping domain [59]. The development of the metabolomics library 
enables the construction of the rich chemical-structures library, as well as their 
respective functional groups from the natural products [57–62]. Custom-made 
library will supplement the existing libraries, such as the pubchem, drugbank, and 
KEGG database [63–65]. In this regard, the availability of the functional-groups 
library will support the fragment-based drug design, where specialized algorithm 
was devised to inhibit every corner of the protein’s cavity [66, 67]. Hence, the 
main challenge of this approach will be in the medicinal chemistry perspective, 
when extrapolating the in silico research into the in vitro one become neces-
sary. Synthesizing custom-made compounds from fragment library will not be 
straightforward due to the special reaction condition needed, the existence of the 
new structural backbone, and the availability of the chemical regents [68]. In this 
end, the current standing of the medicinal chemistry field is still depend upon the 
derivatization of the current structural library of compounds, in order to develop 
new lead with feasible reaction conditions [69]. Metabolomics plays dominant role 
in developing such library. One of the application of this particular approach is the 
development of ceftaroline, which is a fifth-generation broad-spectrum cephalo-
sporin antibiotic [70].

5. Outlook

Parallelization in the Drug Biomanufacturing with incremental optimiza-
tion will facilitate the pipeline of therapeutic agent development [71, 72]. Such 
biomanufacturing efforts will be enhanced with the implementation of Artificial 
Intelligence (AI) for massive drug screening that could be beneficial for multi-
components drug lead such as herbal medication, and machine-learning based 
implementation for such pipelines has been devised accordingly in COVID-19 leads 
development [73–76]. The extensive utilization of the common data science meth-
ods in bioinformatics, such as machine learning, will eventually provide insight that 
the management of life sciences data requires more than just becoming application 
users [77]. Massive automation efforts in the field of life sciences will eventually 
push forward with the inevitable integration with formal sciences, namely with 
both computer science and data science [78]. In this end, Bioinformatics will play 
important role to manage the experimental data from the life sciences lab [79]. 
For instance, utilization of the SUPERFAMILY and Gene Ontology database for 
annotating the protein domain expression of the Plasmodium sp. parasite could be 
a doable venue [80, 81]. Thus, the promises that already delivered by the omics 
studies will eventually shed light to the current state of the COVID-19 pandemic 
(per December 2020), and could elicit various therapeutic options for many more 
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infectious diseases. However, non-communicable disease such as various types of 
cancer and diabetes will remain a challenging task to resolve as they invoke deep 
understanding of the human immunological system. It involves the utilization of 
the immunoinformatics tools that proceed beyond this chapter [82, 83]. Hence, it 
should be reminded that the basic sciences behind the omics studies could not be 
overlooked. Medicinal chemistry, biochemistry, molecular biology, biomedicine 
and biotechnology will remain important, as well as emerging sciences such as 
bioinformatics and data sciences.
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Chapter 2

Pharmacogenomics: Overview, 
Applications, and Recent 
Developments
Rahul Shukla

Abstract

Pharmacogenomics is defined as the study of genes and how an individual 
response is affected due to drugs. Pharmacogenomics is an emerging new branch 
with combination of both pharmacology (the branch of science that deals with 
study of drugs) as well as genomics (the branch of science that deals with study of 
genes) for development of effective doses and safe medications tailored according 
an individual patient genetic makeup. Human Genome Project is one of the crucial 
projects in which researchers are developing and learning relation in genes and its 
effect on the body’s response to medications. Difference in genetic makeup provides 
difference in effectiveness of medication and in future to predict effectiveness 
of medication for an individual and to study existence of adverse drug reactions. 
Besides advancement in the field of science and technology till date pharmacoge-
nomics hangs in infancy. There is limited use of pharmacogenomics, but still, novel 
approaches are under clinical trials. In near future, pharmacogenomics will enable 
development of tailor-made therapeutics for treating widespread health problems 
like neurodegenerative, cardiovascular disorders, HIV, cancer, asthma, etc.

Keywords: pharmacogenomics, genomics, proteomics, personalized medicines, 
tailored drugs

1. Pharmacogenomics: overview

Due to variability existence among individuals against drug therapy response, it 
is a challenging task to predict the degree of effectiveness of a medication to a par-
ticular patient. As we know various clinical factors which are known to affect drug 
response, for example body size, age, sex, hepatic and renal function, and associated 
drug use (Table 1). Along with these clinical factors, some pharmacological factors 
also play a major role which includes differences in metabolism, drug distribution 
and drug directed proteins [2, 3]. Recently, major causes of interindividual differ-
ences are shown by variations in genes encoding cytochrome P450 (CYP) and other 
metabolizing enzymes in plasma concentrations of some drugs [4, 5].

Pharmacogenetics and pharmacogenomics can be used interchangeably. 
Though, Pharmacogenomics refers to the whole range of genes that are related to 
the determination of drug efficacy and safety whereas pharmacogenetics means 
monogenetic variants which alter the drug response [6, 7]. Pharmacogenomics 
is defined as study of genes and how they affect an individual response to the 
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administered drugs. Pharmacogenomics is emerging new branch with combination 
of both pharmacology (branch of science which deals with study of drugs) as well 
as genomics (the branch of science which deals with study of genes) for develop-
ment of effective doses and safe medications tailored according an individual 
patient genetic makeup (Figure 1) [8, 9].

Basically, the concept for pharmacogenetics was left unknown for more than 
50 years. This study underlined to the molecular mechanisms in account for their 
variation in responses to drug due to inherited characters and in drug development 
process. Pharmacogenomics applications can be employed in the improvement 
of discovery of new entities and its development with two possible ways: target 
the new drug targets or development of new entity to overcome drug resistance, 
and another way is to optimize the pharmacokinetics and metabolism of drug for 
reduction of the drug level variations [10]. In fact, personalized drug therapy or 
individualized drug therapy is not an easy task. It needs many folds as there may be 
a lack of information regarding drug action, genomic elements of important disease 
pathogenesis, especially for complex diseases. Also, large scale clinical studies are 
sometimes becoming a big challenge for the researchers [11]. The correlation of 
pharmacogenomics and cancer would expand the specific anticancer drugs with 
better chemotherapeutic outcomes [12–15]. There are prominent examples with 
recent clinical and pharmaceutical restrains where the molecular based mechanisms 
are involved in various drug responses were observed among the patients and 
diagnosed with the similar diseases [16, 17]. Moreover, various polymorphisms 
existence at genetic levels in genes found to have association with alteration in 
responses of drug and rate of ADRs in humans (Table 2) [18].

Finally, pharmacogenomics-based development of drug and its regulation will 
open the doors for new as well as targeted drug development for promoting safe, 
effective, and cost-effective drug therapy for individual. The theoretical origin for 
pharmacogenomics is outlined by Sir Archibald Garrod’s in book entitled as “1939 
Inborn Factors of Disease” [19].

Pharmacogenetics is the study of how an individual person’s genes respond 
to a drug. This branch is associated with genomics is genetic level studies with 
functional studies and pharmacology (includes pharmacokinetics and pharmaco-
dynamics). All these branches together aid in the development of safe, and effective 
medications along with doses which are probably tailored to an individual persona 
genetic makeup [20–24]. Pharmacogenetics is indicated as major clinically proven 

Factors Effects

a. Genetic factors

Drug-metabolizing enzymes Drug metabolism (pharmacokinetics)

Therapeutic targets Drug efficacy (pharmacodynamics)

Targets of ADRs Drug toxicity

Drug transporters Drug disposition

b. Environmental factors

Environmental chemicals, alcohol drinking, 
combined drugs effect, and dietary substances

Drug efficacy, toxicity, and pharmacokinetics

c. Physiological factors

Age, sex, pregnancy, exercise, disease state, 
starvation

Drug efficacy, toxicity, and pharmacokinetics

Table 1. 
Genome-wide association studies in pharmacogenomics [1].
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application in terms of advancement in human genomic science. This potentiates a 
revolution in drug therapy. As a result, diseases which range from depression to viral 
infection and from childhood leukemia to hypertension are treated or controlled 
for enhancing the quality of life of patient. Most medicines at present are available 
as “one medication fits all” but they sometimes were not capable to work same to 
everyone. So, it is difficult to envisage who will have benefit result and who will have 
negative side effects. Also, the knowledge which scientist have acquired due to exten-
sive work on Human Genome Project and are learning about inherited variations 
of genes and there effect on body’s response to medications. Conditions in which 
responses of an individual to certain drugs include Stevens-Johnson syndrome or 
epidermal toxic necrolysis, clopidogrel resistance, malignant hyperthermia, warfarin 
sensitivity and its resistance and thiopurine S-methyltransferase deficiency [25].

Figure 1. 
Development of pharmacogenomics and pharmacogenetics.
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administered drugs. Pharmacogenomics is emerging new branch with combination 
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Factors Effects

a. Genetic factors

Drug-metabolizing enzymes Drug metabolism (pharmacokinetics)

Therapeutic targets Drug efficacy (pharmacodynamics)

Targets of ADRs Drug toxicity

Drug transporters Drug disposition

b. Environmental factors
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combined drugs effect, and dietary substances

Drug efficacy, toxicity, and pharmacokinetics

c. Physiological factors

Age, sex, pregnancy, exercise, disease state, 
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Drug efficacy, toxicity, and pharmacokinetics

Table 1. 
Genome-wide association studies in pharmacogenomics [1].
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2. Application

Many common diseases having high morbidity as well as mortality rates have 
now known with well-established genetic components. The degree of role of 
genetics has been predicted for diseases like obesity and diabetes according to their 
sibling analysis [26, 27]. In the same way, some rare gene mutations can provide 
a vision into the more complex biological processes [28]. For instance, when the 
subject possesses extreme levels of HDL in their blood, one can easily demonstrated 
the influence of CETP (cholesteryl ester transfer protein) on patients HDL levels 
[29–31]. In another case, a person having deactivating mutations due to the Janus 
kinase 3 (JAK 3) gene shows severe combination of immune-deficient syndrome, as 
sometimes inhibition of JAK3 was expected to affect the human immune suppres-
sion [32, 33]. Hence, this led to a new investigation on drugs having CETP inhibition 
and JAK3 inhibition with the help of pharmacogenetics [34]. Also, with the advent 
of pharmacogenomics, the path of relationships between disease state and human 
genes has now established which led to the suitable selection of therapeutic targets.

Nowadays, many academic institutions and Pharmaceutical companies are 
moving toward the investigation on the relationship between disease phenotypes 
and genetic variations to better categorize diseases [35, 36]. Although the collection 
of medical phenotypes having linkages with samples of DNA provides a promi-
nent opportunity for examine the genetic variation which are present in patients. 
Investigation of genetic variation can be done by collection of DNA of particular 
patient. This is characterized in a study where DNA from a person involves in trails 
of lipid lowering demonstrated a swift connection between phenotypic novel 
lipase gene family and for HDL levels. As per literature reports, above mentioned 
studies are based on a sound hypothesis which is linked to candidate’s biological 
gene selection. Now it is easy to cross-examine the genome selection which is solely 
depends on phenotypic criteria [10, 37]. These stages have now substituted around 
300,000 SNPs across the genome, by exploiting only few haplotype-defining SNPs. 
Perlegen sciences have developed newly genotyping technologies which has with a 
capability of genotyping mass hundreds or thousands of markers with the help of 
high-density based oligonucleotide arrays linked with restriction enzyme-based 
genomic reduction. However, as these technologies advances, still exact number 
of haplotype-defining SNPs is uncertain. Some findings are recently reported 
relation to assess polymorphisms across selected gene regions recommends that, 
it is necessary to reach an r2 of >0.8% in order to detect more than 80% of all 
haplotypes. Due to HapMap project progression with defined LD patterns linkage, 
scientist working on genes will thorough assess to the degree of LD in a represented 
regions or selected regions. This will enable to explore more around selection of 
SNP regardless design of study [38, 39]. As genome approach does not depend 
upon selection of candidate genes, so understanding on complex diseases such as 
psychiatric or cardiovascular diseases will become more efficient. Some researchers 
believed that the new horizons on LD coverage about insights of human genome 
and SNP density will show the perception of a substantial genomic portion areas 
and its relation with interest of phenotype [40, 41]. To assess the Perlegen Sciences 
chip-based array-based platform and to justify the haplotype tagging approach for 
the identification of genetic associations, 7283 SNPs connecting 17.1 mega bases 
(Mb) of DNA were genotyped for detecting linkages with HDL levels. Further, 
SNPs were connected with 50 CETP haploblock gene were found out as the most 
valuable association in dataset. The companies like Perlegen and project like Hap 
Map project recently declared their purpose to provide it SNPs markers into public 
provinces to further advent to basis for such kind of experiments which help in the 
scientific  community [42, 43].
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Pharmacogenetics significantly expands the therapy outcomes and drug uses. 
Medications may prescribe in low dose under strict monitoring to patients which 
shows genetically predisposed to their adverse events. This would probably helpful 
for drugs having narrow therapeutic index such as warfarin may be started gradually 
in patients having VKORC1 genotype linked with improved warfarin sensitivity. 
With the help of pharmacogenetics, it is now possible to reduce the number of 
subjects to conduct any experiment and chances of error may be eliminated for 
many diseases [44, 45].

On the contrary, clinicians may be able to minimize possible adverse effects 
with the aid of genetic information for matching suitable drug to suitable patient 
at an appropriate dose. For instances, traditional approach to the management of 
hypertension involves the trial of numerous anti-hypertensive drugs till the desired 
blood pressure achieved with adequate drug tolerability. In this case, few initial 
drugs/agents fail to produce lower blood pressure or shown intolerable adverse 
effects. This way of selection of drugs took long time which ultimately suffered by 
patients. On the contrary, Pharmacogenetics, based on the patients’ DNA, offers 
the greatest response with the best tolerability of the drug. Based on genetic regula-
tor of cellular functions, pharmacogenetics may be able to produce new drugs 
with less adverse effects. For example, chromosome translocation and its derived 
enzymes are responsible for causing life-threatening chronic myeloid leukemia 
(CML) which led to accelerate FDA approval of inhibitor of translocation-created 
enzyme Imatinib [46]. In the end, this core subject improves the quality and cut-
down the total costs of healthcare by minimizing the number of adverse reaction 
and reduce treatment failures gives rise to the discovery of new genetic targets for 
disease management [47–49].

3. Case studies

3.1 Thiopurine therapy and TPMT (thiopurine methyltransferase) testing

Thiopurine are the categories of drugs that are used to conquer the normal 
activity of the body’s immune system. In short, these are called antimetabolites 
chiefly used as an antiproliferative as well as immunosuppressants such as mer-
captopurine and azathioprine. 6-mercaptopurine daily administered for 3–4 years 
for treating childhood leukemia, while azathioprine which is a prodrug of 6-mer-
captopurine prescribed for treating inflammatory bowel disease (also known as 
Crohn’s disease) [50]. TPMT methylates thiopurine compounds. S-adenosyl-L-
methionine acts as methyl donor and converts it into S-adenosyl-L-homocysteine 
[51, 52]. So, TPMT metabolizes various thiopurine based drugs with mechanism 
of S-adenosyl-L-methionine while S-methyl acting as donor, while S-adenosyl-L-
homocysteine acting as a derivative. Genetic polymorphism which affects basi-
cally enzymatic activity has association with variations in toxicity and sensitivity 
within individuals due to such drugs. Nearby 1/300 individual is lacking for 
this enzyme. TPMT has not recognized to have any phenotype in the absence of 
encounter drug. TPMT is now enlists by FDA as a pharmacogenomic biomarker 
for various adverse drug reactions related to cisplatin such as cisplatin-induced 
ototoxicity in teenagers [47, 53–55].

Patients having identical alleles at equivalent chromosomal loci accumulate 
unnecessary thioguanine nucleotides levels (up to 10-fold higher related with 
wild types) and treatment with standard dosages of drug and leading to a hema-
topoietic toxicity (pancytopenia and myelosuppression) which is life-threatening 
condition [56, 57].
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In more concise way, patients having heterozygous gene variations are also at 
high risk in terms of toxicity and dosage reductions is prior in these cases up to their 
tolerate therapy. According to pharmacoeconomic studies, the determination of the 
TPMT genotype is cost-effective and it must be checked prior to the start of ther-
apy. According to a review of the literature, it was found that TPMT testing with 
clinical performances for myelosuppression was estimated with specificity of 89%, 
sensitivity of 32%, 9% PPV and NPV of 97% (Table 3). The low estimated value 
represents low incidence of severity in myelosuppression especially in those patients 
who are carrier of not less than one defective allele. Researchers have estimated the 
net cost for avoidance of serious events of myelosuppression. Out of 1000 patients 
receiving azathioprine, only 3.2% (equivalent to 32 cases) have founded with severe 
leukopenia and TPMT screening avoided as third of those trials [50, 58].

Iorio and co-workers have analyzed drug responses on various human cancer 
cell lines. The mapping was done for around 11K tumors obtained from different 
29 different human tissues as per Cancer of Genome Atlas (TCGA) enlisted from 
1000 cancer cell lines as per Genomics of Drug Sensitivity in Cancer resource. 
In another event, TCGA patient gene expression was studied for drug response. 
In this, more than 140 gene drug interactions were studied with specific somatic 
biomarkers [59–61].

3.2 Abacavir therapy and HLA testing

Abacavir which is HIV-1 nucleoside with reverse transcriptase inhibition is 
employed for management of HIV/AIDS. It is well tolerated but sometimes shows 
common to more severe side-effects which include lactic acidosis, hypersensitivity 
[62]. In some studies, it was observed that a genetic testing/marker can help in pre-
dicting whether a HIV-infected patient is at high risk of abacavir induced severe 
hypersensitivity reactions (approx. 5% of patients) [63, 64]. This hypersensitivity 
reaction accompanies with lethal gastrointestinal symptoms, rashes, and fever. 
This reaction is life threatening, particularly if drug is restarted and discontinued. 
One study has shown about an occurrence of human leukocyte antigen (HLA)
B05701 is main cause of hypersensitivity [45, 65]. Based on the Australian cohort, 
patients were 114 times more hypersensitivity due to HLA-B5701 allele reaction, 
whereas in an industry-sponsored study revealed that patients with the HLA-B5701 
allele was associated with 24 times more likely to experience of hypersensitivity 
reaction [45]. Thus, one way to solve this issue is genetic testing which integrates 
pharmacogenetics into the clinical practice. The distribution of HLA-B5701 allele 
can be detected in many worldwide populations (Table 4).

3.3 Statin therapy and polymorphic angiotensin-converting enzyme

Statins (HMGCoA) reductase inhibitors most often used in management of 
hypercholesterolemia condition accompanying with elevation in risk to coronary 
heart disease [66, 67]. Due to increased number of cases of hypercholesterolemia 
along with volume of statins related prescriptions in US, it creates a significant 
interest in optimization of costs related to these therapies [31]. Recent investiga-
tions have told that polymorphism in I/D angiotensin converting enzyme (ACE) 
has correlation with risk of heart related syndromes in men when treated with 
statins [68–70]. Next 2 years of statin medication, in which males who are having 
DD genotype (equivalent to 27% of patients) shown to have no effect on the risk 
of coronary heart disease (with relative risk factor of 1.34), in comparison to 
males with ID (equivalent to 21% of patients) present a marked decreased in risk 
of coronary cardiovascular disease (with relative risk rate of 0.87), II genotype 
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(equivalent to 22% of patients) having relative risk of 0.23, thus concluding 
that patients bearing DD genotype did not take advantages from statin treat-
ment. Also, testing of I/D genotype might results in cost effective as few patients 
presents the I/I or I/D genotype [70].

3.4 Muscle relaxant succinylcholine and antitubercular drug, INH

These two conventional illustrations of pharmacogenetics involve the genetic 
variation along with enzymatic metabolism (enzymatic hydrolysis and acetylation). 
Both act as a monogenic trait and involved PK variations because of inheritance dif-
ferences [71, 72]. It was observed that some patients with succinylcholine treatment 
experienced a serious and lethal adverse event i.e. prolonged muscle paralysis which 
is due to inherited “atypical” butyryl cholinesterase enzyme (BCHE). Later, it was 
established that BCHE allele which encodes the most usual atypical form of enzyme 
comprised with a nonsynonymous coding i.e. single nucleotide polymorphism 
(nSNP), G209 > A, results in Asp70 > Gly change in encoded amino acid which 
altered active sites of enzyme [73, 74]. But atypical BCHE has less ability to cata-
lyze the succinylcholine hydrolysis and could resist to inhibition due to dibucaine 
compound [37, 75].

Tuberculosis is the most problematic disease of both developing as well as 
under-developed nations. The conformity to patients with tuberculosis is due to 
common lethal adverse reactions and supposed to have important aspect providing 
high prevalence [76, 77]. Many investigations showed that the polymorphisms of 
N-acetyl transferase 2 (NAT-2), CYP2E1 as well as glutathione S transferase (GST-
1) would be able to influence concentration of liver toxic isoniazid metabolites in 
plasma. Some polymorphic genes contribute in the INH induced hepatotoxicity by 

Population group HLA-B5701 carrier frequency range (%)

Asian 00–6.5

Southwest Asian 4–19.5

Middle Eastern 0.5–6.2

African 0.0–3.5

European 1.5–10.5

Mexican 0.0–4.2

South American 1.2–3.2

Table 4. 
Allele frequency of HLA-B5701 allele in various population groups.

Clinical performances (%)

Percent responders 40.0

Sensitivity 75.0

Specificity 66.7

Frequency mutation 50.0

Positive predictive value (PPV) 60.0

Negative predictive value (PPV) 80.0

Table 3. 
Clinical performances of the test.
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that patients bearing DD genotype did not take advantages from statin treat-
ment. Also, testing of I/D genotype might results in cost effective as few patients 
presents the I/I or I/D genotype [70].
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Tuberculosis is the most problematic disease of both developing as well as 
under-developed nations. The conformity to patients with tuberculosis is due to 
common lethal adverse reactions and supposed to have important aspect providing 
high prevalence [76, 77]. Many investigations showed that the polymorphisms of 
N-acetyl transferase 2 (NAT-2), CYP2E1 as well as glutathione S transferase (GST-
1) would be able to influence concentration of liver toxic isoniazid metabolites in 
plasma. Some polymorphic genes contribute in the INH induced hepatotoxicity by 

Population group HLA-B5701 carrier frequency range (%)

Asian 00–6.5

Southwest Asian 4–19.5

Middle Eastern 0.5–6.2

African 0.0–3.5

European 1.5–10.5

Mexican 0.0–4.2

South American 1.2–3.2

Table 4. 
Allele frequency of HLA-B5701 allele in various population groups.

Clinical performances (%)

Percent responders 40.0

Sensitivity 75.0

Specificity 66.7

Frequency mutation 50.0

Positive predictive value (PPV) 60.0

Negative predictive value (PPV) 80.0

Table 3. 
Clinical performances of the test.
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altering the anti-oxidant enzyme expression, these gene polymorphisms include 
glucuronosyltransferase (UGT), basic region of leucine zipper factor family (CNC) 
homolo (BACH), human leukocyte antigen (HLA), nitric oxide synthase (NOS) and 
Maf basic leucine zipper protein (MAFK). Till date the above mentioned studies 
encounter with many limitations [77–79].

3.5 Warfarin

Warfarin is a medication that is commonly used as an anticoagulant which 
means blood thinner. It aids in treating blood clots such as pulmonary embolism 
and deep vein thrombosis, and to prevent heart diseases associated with clotting. It 
has very narrow therapeutic index [80, 81]. However, warfarin therapy may result 
in complicated adverse reactions including both coagulation and hemorrhage. The 
racemic mixture of warfarin, S-form is 3–5 times more potent in comparison to 
R-form of an anticoagulant, and easily gets metabolized due to genetically polymor-
phic CYP450 isoform i.e. CYP2C9 [82]. CYP2C9 exists in two common polymorphic 
form, Arg144 > Cys (CYP2C9*2) as well as Ile358 > Leu (CYP2C9*3) modifications 
in coded sequence of amino acid, with nearly 12 and 5%, respectively. These forms 
vary between 8 and 10% in Caucasians, with minor occurrence in subject from 
Southeast Asia. A report in 1999, which confirms patients with one or two common 
CYP2C9 variant alleles, requires a “low” warfarin dose. These subjects had a risen 
risk of hemorrhage during warfarin therapy. In 2004, the gene encoded targeting 
VKORC1 (vitamin K epoxide reductase complex 1) was cloned. In a study, it was 
found that patients with VKORC1 type of haplotypes requires low dose, the average 
warfarin maintenance dose was nearly half for subjects with haplotypes having 
high dose maintenance. In this study, the grouping of both VKORC1 haplotyping as 
well as genotyping for CYP2C9 described around 25% of dose variance in warfarin. 
Other studies reported similar results in 2005. The Pharmacogenetics Knowledge 
Base (PharmGKB), in which data base is reinforced by the National Institutes of 
Health (NIH) along with part of the NIH Pharmacogenetics Research Network 
(PGRN), originated an association for consolidation of warfarin pharmacogenetic 
data throughout the world [83, 84]. In this evaluation of variation in genetic drug 
target as well as drug metabolism if and only if when VKORC1 and CYP2C9 hap-
lotypes were determined. The figure demonstrates a schematic illustration of both 
pharmacokinetic (CYP2C9-dependent) as well as pharmacodynamic (VKORC1-
dependent) pharmacogenomic aspects that effects final dose of warfarin (Figure 2).

It is important to know that by identifying the individual genetic properties, we 
can improve the dosing of warfarin. In general, VKORC1 haplotypes have three-fold 
greater effect on an individual’s warfarin dose than CYP2C9. Both can play a vital 
role in the potential for estimating the therapeutic warfarin dose. In August 2007, 
FDA approved a change in labeling of warfarin package stating, “lower starting 
doses should be considered for patients with some genetic alterations in VKORC1 
and CYP2C9 enzymes” [80].

4. Outlook

These cases prove that patient care could be improved effectively by pharmaco-
genetic based approaches. Although, the allelic occurrences of the gene alterations 
must be visibly defined in the subjects studied must be well established. Out of 
above-mentioned cases, no one is absolute, so it is better to perform the sensitivity 
analyses as well as to regulate the robustness of conclusion with variation in prob-
abilities [85, 86]. Move onward, it is utmost important for maintaining the possible 
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cost-effectiveness of few recently published pharmacogenetic associated reports, 
for instance, vitamin K epoxide reductase gene variants envisage the warfarin 
response [87–89]. Lastly, it will be significant to collect pharmacoeconomic and 
pharmacogenetic statistics together during industry-funded clinical trials for bring-
ing cost effective theragnostic in a sensible manner [90, 91].

5. Conclusion

Individualized therapeutics or tailor-made therapy is one of the major goals 
of pharmacogenomics. In relation to inheritance other factors also contribute to 
individual therapeutics due to variation in response to administration of drug. 
Recently many developments in the field of pharmacology and genomics have 
made possible for physicians to achieve individualization of therapeutics. These 
recent developments create possibility of thorough basis of particular drug for 
particular patient with motive of tailor-made therapy. Futuristic development in 
field of pharmacogenomics has paved the way to new emerging fields of pharma-
coproteomic, pharmacotranscriptomics, and pharmacometabolomic. These new 
branches of science make it possible to achieve the concept of treat each patient 
as unique, complex, fascinating individual. At the end doubts about achieving 
individualized therapeutics with the help of this integrated system is still a dream 
in 21st century era.
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Figure 2. 
Warfarin pharmacogenomics.
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Abstract

Lipoproteins are specialized particles involved in the transport and distribution
of hydrophobic lipids, as cholesterol and triglycerides, throughout the body. The
lipoproteins exhibit a basic spherical shape as complexes of lipids and proteins, and
these latter are known as apolipoproteins. Initially, the proteins associated with
lipoproteins were recognized as integral or peripheral proteins that only maintain
the dynamics and metabolism of lipoproteins. However, there exist many studies on
different lipoproteins evidencing that the quantity and type of apolipoproteins and
lipoprotein-associated proteins are diverse and could be associated with different
lipoprotein function outcomes. Here, we summarized recent processes in the deter-
mination of apolipoproteins and lipoprotein-associated proteins profiles through a
proteomic approach, analyzing the major methods available and are used to achieve
this. We also discuss the relevance of these lipoproteomic analyses on the human
disease outcomes.

Keywords: lipoproteins, lipoproteomic, proteomic, high density lipoproteins
(HDL), mass spectrometry (MS)

1. Introduction

The emerging high-throughput omics such as genomics, transcriptomics, prote-
omics, and metabolomics have been used in the search of new biomarkers in several
diseases. Proteomic analyses or metabolomics and lipidomics as well as comple-
mentary technologies such as mass spectrometry (MS) (i.e., LC-MS-MS and
MALDI-TOF/TOF), nuclear magnetic resonance spectroscopy, and other omics
technologies, are being widely used in the search of new sources of markers,
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different lipoproteins evidencing that the quantity and type of apolipoproteins and
lipoprotein-associated proteins are diverse and could be associated with different
lipoprotein function outcomes. Here, we summarized recent processes in the deter-
mination of apolipoproteins and lipoprotein-associated proteins profiles through a
proteomic approach, analyzing the major methods available and are used to achieve
this. We also discuss the relevance of these lipoproteomic analyses on the human
disease outcomes.

Keywords: lipoproteins, lipoproteomic, proteomic, high density lipoproteins
(HDL), mass spectrometry (MS)

1. Introduction

The emerging high-throughput omics such as genomics, transcriptomics, prote-
omics, and metabolomics have been used in the search of new biomarkers in several
diseases. Proteomic analyses or metabolomics and lipidomics as well as comple-
mentary technologies such as mass spectrometry (MS) (i.e., LC-MS-MS and
MALDI-TOF/TOF), nuclear magnetic resonance spectroscopy, and other omics
technologies, are being widely used in the search of new sources of markers,
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candidates for vaccine, and alteration of expression patterns in response to envi-
ronmental changes and signaling pathways in different diseases. The search for
proteins in the dynamic system of a proteome requires various proteomics
approaches and the use of proteomics is crucial for the early disease diagnosis,
prognosis, and to monitor the disease development. The proteomics is essential for
the understanding of complex biochemical processes, and the high-throughput
proteomics increases the depth of proteome coverage.

Lipoproteins are macromolecular complex particles of lipids and proteins, which
are related to the extracellular transport of lipids in many organisms [1]. Besides,
lipoproteins have been also implicated as important host defense mediators and in
the initiation of immune responses [2–4]. Lipid content has long been recognized as
a critical factor in lipoprotein metabolism that acts as an important determinant of
human health [5]. However, in last years, apolipoproteins and lipoprotein-
associated proteins have been taken on relevance regarding lipoprotein metabolism
since they serve as a frame for their assembly, maintain their structure, and interact
with the membrane receptors and enzymes. Therefore, these proteins could be
crucial in the identification of biomarkers related to diseases due to the fact that
they are being studied under a global approach, denominated lipoproteome [6, 7].

2. Lipoprotein structure and metabolism

Lipoproteins are complex protein particles of an amphipathic nature, structur-
ally are formed by an outer layer of phospholipids, free cholesterol, and apolipo-
proteins, and inside contain a nucleus of cholesterol esters and triglycerides [8].
When the lipoprotein complex is formed, the orientation of the hydrophilic pro-
portions is toward the outside and the lipophilic proportions toward the interior;
this structural characteristic allows the complex to have the ability to emulsify fats
in extracellular fluids [8]. Based on their density defined by the protein to lipids
ratios, lipoproteins are grouped into six classes: chylomicrons, very low density
lipoproteins (VLDL), intermediate density lipoproteins (IDL), low density lipopro-
teins (LDL), high density lipoproteins (HDL), and lipoprotein (a) [Lp (a)] [8, 9].

Triglycerides, derived from dietary fat absorption by the small intestine, are
carried by the chylomicrons into blood. After triglyceride digestion to free fatty
acids (FFA) by lipases in the peripheral tissues, the size of these particles is reduced,
which leads to the formation of chylomicron remnants. These latter are cleared by
liver uptake via LDL receptor-related protein (LRP). To synthesize VLDL, newly
synthesized triglyceride and cholesterol by the liver are incorporated into chylomi-
cron remnants [8, 10]. These large triglyceride-rich VLDLs are released to the
circulation and travel to peripheral tissues, where the lipase digestion of triglycer-
ides occurs resulting in the IDL formation (VLDL remnants). These IDL particles
can be either cleared from the circulation by the liver in a similar manner to that
described for chylomicrons remnants or can be digested by hepatic lipase to gener-
ate cholesterol-rich LDL particles, which is taken up by the peripheral tissues via
LDL receptor to supply their cholesterol requirements [10].

The HDL lipoproteins have the highest relative density as compared to other
lipoproteins despite being the smallest in size and heterogeneous in terms of com-
position. These HDL particles play an important role in the transport of reverse
cholesterol as a carrier in the movement of cholesterol from peripheral tissues back
into the liver [11]. The liver and intestine, practically in response to the lipolysis of
triglyceride-rich lipoproteins, synthesize and secrete the nascent discoid HDLs that
consist primarily of phospholipids and free cholesterol. Then, these particles reach
the plasma where additional exchangeable apolipoproteins are picked up and excess
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free cholesterol is removed from both extrahepatic cells and other circulating lipo-
proteins, forming mature spherical HDL particles. Finally, these cholesterol-rich
HDL particles can be delivered back to the liver [10, 12].

The protein cargo related to lipoproteins consists of apolipoproteins and
lipoprotein-associated proteins. These proteins play key roles in lipoprotein metab-
olism such as structural component, enzyme interaction, and receptors recognition,
among other functions [7]. Changes in the quantity and type of these proteins could
be involved in the outcome of diseases related to lipid metabolism. Therefore, the
proteomic analysis of lipoproteins is an important notion for the present revision.

3. Apolipoproteins and lipoprotein-associated proteins

The apolipoproteins can be classified as integral or peripheral, either they act as
constituent components of the plasma membrane of the lipoproteins or they bind to
the membrane and can be exchanged between one complex and another, respec-
tively. Apolipoproteins are distributed throughout all lipoproteins and subfractions,
with the proportion of them varying in each family. These variations in the amount
of proteins present in the lipoprotein families in their membrane gives them their
capacity to interact with different tissues [7, 10].

Within the apolipoprotein A (ApoA) group is the apolipoprotein A-I (ApoA-I),
the main protein component of HDL, which plays multiple roles in the transport of
cholesterol, in addition to having been linked to the regulation of some functions of
the inflammatory and immune response [13]. ApoA-II, also found in HDL, acts as
an enzymatic inhibitor of lipoproteins and liver lipases. The apolipoproteins are
capable of binding to each other to modify the interaction of the lipoprotein com-
plex, as is the case with apoA-I and apoA-II in LDL [10].

ApoA-IV is mainly synthesized in the small intestine where it is attached by
enterocytes to the chylomicrons and secreted during a high-fat meal intake. ApoA-
IV is associated with HDL and chylomicron remnants in circulation, but a signifi-
cant portion is free [14]. On the other hand, ApoA-V participates in the regulation
of triglyceride levels in plasma [15]. ApoA-V is expressed only in the liver and
circulates at low concentrations. Despite this, apoA-V can be recovered in associa-
tion with plasma lipoproteins [16].

The apolipoprotein B (ApoB), the main protein component of chylomicrons,
LDL, VLDL, IDL, and Lp (a), is encoded by a single gene that gives rises to two
isoforms: ApoB-48 and ApoB-100. ApoB-48 is produced exclusively in the intestine
and is the major structural protein of chylomicrons and chylomicron remnants.
ApoB-100 is expressed in the liver and is found only in VLDL, IDL, LDL, and Lp
(a). ApoB-containing lipoproteins are characterized by a spherical shape and con-
tain one single apoB-48 or apoB-100 molecule per lipoprotein [17].

Apolipoprotein C (ApoC) works as an inhibitor of certain processes and modu-
lators of catabolism. ApoC is mainly synthesized in the liver and easily transferred
between lipoprotein particles and therefore are found associated with chylomi-
crons, VLDL, and HDL [10]. ApoC-I is responsible for inhibiting the binding of
lipoprotein to its receptor as well as the function of the esterified cholesterol trans-
fer protein (CETP). ApoC-II is an essential cofactor of the lipoprotein lipase
involved in triglyceride hydrolysis. Both apoC-III and apoC-IV inhibit triglyceride
hydrolysis. In addition, apoC-III decreases the clearance of VLDL [10, 18].

Several tissues synthesize apolipoprotein E (ApoE), an exchangeable apolipo-
protein associated with chylomicrons, chylomicron remnants, VLDL, IDL, and a
subgroup of HDL particles, but the liver and intestine are the principal producers of
circulating ApoE [10]. ApoE functions as a lipoprotein ligator with hepatocytes
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candidates for vaccine, and alteration of expression patterns in response to envi-
ronmental changes and signaling pathways in different diseases. The search for
proteins in the dynamic system of a proteome requires various proteomics
approaches and the use of proteomics is crucial for the early disease diagnosis,
prognosis, and to monitor the disease development. The proteomics is essential for
the understanding of complex biochemical processes, and the high-throughput
proteomics increases the depth of proteome coverage.

Lipoproteins are macromolecular complex particles of lipids and proteins, which
are related to the extracellular transport of lipids in many organisms [1]. Besides,
lipoproteins have been also implicated as important host defense mediators and in
the initiation of immune responses [2–4]. Lipid content has long been recognized as
a critical factor in lipoprotein metabolism that acts as an important determinant of
human health [5]. However, in last years, apolipoproteins and lipoprotein-
associated proteins have been taken on relevance regarding lipoprotein metabolism
since they serve as a frame for their assembly, maintain their structure, and interact
with the membrane receptors and enzymes. Therefore, these proteins could be
crucial in the identification of biomarkers related to diseases due to the fact that
they are being studied under a global approach, denominated lipoproteome [6, 7].

2. Lipoprotein structure and metabolism

Lipoproteins are complex protein particles of an amphipathic nature, structur-
ally are formed by an outer layer of phospholipids, free cholesterol, and apolipo-
proteins, and inside contain a nucleus of cholesterol esters and triglycerides [8].
When the lipoprotein complex is formed, the orientation of the hydrophilic pro-
portions is toward the outside and the lipophilic proportions toward the interior;
this structural characteristic allows the complex to have the ability to emulsify fats
in extracellular fluids [8]. Based on their density defined by the protein to lipids
ratios, lipoproteins are grouped into six classes: chylomicrons, very low density
lipoproteins (VLDL), intermediate density lipoproteins (IDL), low density lipopro-
teins (LDL), high density lipoproteins (HDL), and lipoprotein (a) [Lp (a)] [8, 9].

Triglycerides, derived from dietary fat absorption by the small intestine, are
carried by the chylomicrons into blood. After triglyceride digestion to free fatty
acids (FFA) by lipases in the peripheral tissues, the size of these particles is reduced,
which leads to the formation of chylomicron remnants. These latter are cleared by
liver uptake via LDL receptor-related protein (LRP). To synthesize VLDL, newly
synthesized triglyceride and cholesterol by the liver are incorporated into chylomi-
cron remnants [8, 10]. These large triglyceride-rich VLDLs are released to the
circulation and travel to peripheral tissues, where the lipase digestion of triglycer-
ides occurs resulting in the IDL formation (VLDL remnants). These IDL particles
can be either cleared from the circulation by the liver in a similar manner to that
described for chylomicrons remnants or can be digested by hepatic lipase to gener-
ate cholesterol-rich LDL particles, which is taken up by the peripheral tissues via
LDL receptor to supply their cholesterol requirements [10].

The HDL lipoproteins have the highest relative density as compared to other
lipoproteins despite being the smallest in size and heterogeneous in terms of com-
position. These HDL particles play an important role in the transport of reverse
cholesterol as a carrier in the movement of cholesterol from peripheral tissues back
into the liver [11]. The liver and intestine, practically in response to the lipolysis of
triglyceride-rich lipoproteins, synthesize and secrete the nascent discoid HDLs that
consist primarily of phospholipids and free cholesterol. Then, these particles reach
the plasma where additional exchangeable apolipoproteins are picked up and excess
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free cholesterol is removed from both extrahepatic cells and other circulating lipo-
proteins, forming mature spherical HDL particles. Finally, these cholesterol-rich
HDL particles can be delivered back to the liver [10, 12].

The protein cargo related to lipoproteins consists of apolipoproteins and
lipoprotein-associated proteins. These proteins play key roles in lipoprotein metab-
olism such as structural component, enzyme interaction, and receptors recognition,
among other functions [7]. Changes in the quantity and type of these proteins could
be involved in the outcome of diseases related to lipid metabolism. Therefore, the
proteomic analysis of lipoproteins is an important notion for the present revision.

3. Apolipoproteins and lipoprotein-associated proteins

The apolipoproteins can be classified as integral or peripheral, either they act as
constituent components of the plasma membrane of the lipoproteins or they bind to
the membrane and can be exchanged between one complex and another, respec-
tively. Apolipoproteins are distributed throughout all lipoproteins and subfractions,
with the proportion of them varying in each family. These variations in the amount
of proteins present in the lipoprotein families in their membrane gives them their
capacity to interact with different tissues [7, 10].

Within the apolipoprotein A (ApoA) group is the apolipoprotein A-I (ApoA-I),
the main protein component of HDL, which plays multiple roles in the transport of
cholesterol, in addition to having been linked to the regulation of some functions of
the inflammatory and immune response [13]. ApoA-II, also found in HDL, acts as
an enzymatic inhibitor of lipoproteins and liver lipases. The apolipoproteins are
capable of binding to each other to modify the interaction of the lipoprotein com-
plex, as is the case with apoA-I and apoA-II in LDL [10].

ApoA-IV is mainly synthesized in the small intestine where it is attached by
enterocytes to the chylomicrons and secreted during a high-fat meal intake. ApoA-
IV is associated with HDL and chylomicron remnants in circulation, but a signifi-
cant portion is free [14]. On the other hand, ApoA-V participates in the regulation
of triglyceride levels in plasma [15]. ApoA-V is expressed only in the liver and
circulates at low concentrations. Despite this, apoA-V can be recovered in associa-
tion with plasma lipoproteins [16].

The apolipoprotein B (ApoB), the main protein component of chylomicrons,
LDL, VLDL, IDL, and Lp (a), is encoded by a single gene that gives rises to two
isoforms: ApoB-48 and ApoB-100. ApoB-48 is produced exclusively in the intestine
and is the major structural protein of chylomicrons and chylomicron remnants.
ApoB-100 is expressed in the liver and is found only in VLDL, IDL, LDL, and Lp
(a). ApoB-containing lipoproteins are characterized by a spherical shape and con-
tain one single apoB-48 or apoB-100 molecule per lipoprotein [17].

Apolipoprotein C (ApoC) works as an inhibitor of certain processes and modu-
lators of catabolism. ApoC is mainly synthesized in the liver and easily transferred
between lipoprotein particles and therefore are found associated with chylomi-
crons, VLDL, and HDL [10]. ApoC-I is responsible for inhibiting the binding of
lipoprotein to its receptor as well as the function of the esterified cholesterol trans-
fer protein (CETP). ApoC-II is an essential cofactor of the lipoprotein lipase
involved in triglyceride hydrolysis. Both apoC-III and apoC-IV inhibit triglyceride
hydrolysis. In addition, apoC-III decreases the clearance of VLDL [10, 18].

Several tissues synthesize apolipoprotein E (ApoE), an exchangeable apolipo-
protein associated with chylomicrons, chylomicron remnants, VLDL, IDL, and a
subgroup of HDL particles, but the liver and intestine are the principal producers of
circulating ApoE [10]. ApoE functions as a lipoprotein ligator with hepatocytes
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(clearance of apoE-containing lipoproteins) and peripheral cells related to the LDL
receptor. ApoCs and apoEs are interchangeable between complexes during the
conversion of VLDL to LDL. ApoEs may function as a lecithin-cholesterol
acyltransferase (LCAT) activator and influence the activity of hepatic lipase and
CETP [19, 20].

Proteins belonging to the lipocalins family such as apoD, apoM, the orosomucoid
protein, and retinol-binding protein (RBP) interact with the surface receptors of the
cells, intervening in the formation of macromolecular complexes. It has been
described that apoD binds to apoA-II and apoB-100 by means of disulfide bridges; it
is associated with LCAT, so it is involved in the transport of lipids in the blood
system. ApoJ is involved in a wide variety of processes, acting as a chaperone
protein and its main role is the inhibition of lipid transfer and is related to cell death.
There are apoproteins such as apoF whose function is unknown; however, there is a
theory of their role in abnormal lipid composition inhibiting CETP in the small and
dense LDL particles (sdLDL) [21, 22].

In addition to apolipoproteins, lipoproteins require other proteins with specific
activities to interact with the environment, which are denominated as lipoprotein-
associated proteins. Between these proteins are included phospholipase A2, whose
activity indicates the presence of sdLDL in plasma [23]. Serum amyloid A protein
(SAA) is associated with several lipoproteins, especially in LDL [24]. Some proteins
such as albumin and prenyl cysteine oxidase (PCYOX1) are responsible for
protecting against oxidation by lipoproteins such as LDL and splitting the thioether
bond of the prenyl cysteine generating H2O2, respectively. Also, proteomic studies
have identified the apoL-I, PON1, and PAF-AH in small amounts linked to the
complexes [25, 26].

The function of many of the proteins that interact with lipoproteins is still
unknown. The proteomic analyses have shown that the lipoprotein-associated pro-
teins are involved in cardiovascular risk, immune system, inflammatory processes,
among others [7, 26]. However, there is no guide for the analysis of lipoproteins at
the proteomic level basically because it depends on the biological question to be
investigated, and this determines the approach and the methods or tools to be used
as well as the technological platform to perform it.

4. Methodologies used for proteomic analysis of lipoproteins

Before describing the methodologies used for lipoproteomic studies, it is impor-
tant to mention some general characteristics of lipoprotein-associated proteins and
the importance of the research question to establish a good methodological flow
chart to address this question. We will start by mentioning that must first consider
the lipoprotein obtention by using methods for separation, concentration, and
protein stability due to the heterogeneity of these particles.

Diverse chromatographic techniques—prior to proteomic techniques—have
been used for the separation of plasma lipoproteins as well as the protein content,
such as capillary electrophoresis, size exclusion, cation exchange, gel filtration, fast
protein liquid, among other chromatographic techniques [7, 27–32].

The two-dimensional electrophoresis (2-DE) is one of the most usual methods
that have been applied to separate the protein cargo related to lipoproteins.
Although usually, the first-dimensional separation applied for the proteins in the 2-
DE is on base of their charge (isoelectrofocusing), some lipoproteomic analyses
have substituted this step by either one of the abovementioned methods to separate
lipoproteins or electrophoresis on native gels, followed by SDS-PAGE, which could
be denominated as gel-based lipoproteomics [27, 33–35].
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(clearance of apoE-containing lipoproteins) and peripheral cells related to the LDL
receptor. ApoCs and apoEs are interchangeable between complexes during the
conversion of VLDL to LDL. ApoEs may function as a lecithin-cholesterol
acyltransferase (LCAT) activator and influence the activity of hepatic lipase and
CETP [19, 20].

Proteins belonging to the lipocalins family such as apoD, apoM, the orosomucoid
protein, and retinol-binding protein (RBP) interact with the surface receptors of the
cells, intervening in the formation of macromolecular complexes. It has been
described that apoD binds to apoA-II and apoB-100 by means of disulfide bridges; it
is associated with LCAT, so it is involved in the transport of lipids in the blood
system. ApoJ is involved in a wide variety of processes, acting as a chaperone
protein and its main role is the inhibition of lipid transfer and is related to cell death.
There are apoproteins such as apoF whose function is unknown; however, there is a
theory of their role in abnormal lipid composition inhibiting CETP in the small and
dense LDL particles (sdLDL) [21, 22].

In addition to apolipoproteins, lipoproteins require other proteins with specific
activities to interact with the environment, which are denominated as lipoprotein-
associated proteins. Between these proteins are included phospholipase A2, whose
activity indicates the presence of sdLDL in plasma [23]. Serum amyloid A protein
(SAA) is associated with several lipoproteins, especially in LDL [24]. Some proteins
such as albumin and prenyl cysteine oxidase (PCYOX1) are responsible for
protecting against oxidation by lipoproteins such as LDL and splitting the thioether
bond of the prenyl cysteine generating H2O2, respectively. Also, proteomic studies
have identified the apoL-I, PON1, and PAF-AH in small amounts linked to the
complexes [25, 26].

The function of many of the proteins that interact with lipoproteins is still
unknown. The proteomic analyses have shown that the lipoprotein-associated pro-
teins are involved in cardiovascular risk, immune system, inflammatory processes,
among others [7, 26]. However, there is no guide for the analysis of lipoproteins at
the proteomic level basically because it depends on the biological question to be
investigated, and this determines the approach and the methods or tools to be used
as well as the technological platform to perform it.

4. Methodologies used for proteomic analysis of lipoproteins

Before describing the methodologies used for lipoproteomic studies, it is impor-
tant to mention some general characteristics of lipoprotein-associated proteins and
the importance of the research question to establish a good methodological flow
chart to address this question. We will start by mentioning that must first consider
the lipoprotein obtention by using methods for separation, concentration, and
protein stability due to the heterogeneity of these particles.

Diverse chromatographic techniques—prior to proteomic techniques—have
been used for the separation of plasma lipoproteins as well as the protein content,
such as capillary electrophoresis, size exclusion, cation exchange, gel filtration, fast
protein liquid, among other chromatographic techniques [7, 27–32].

The two-dimensional electrophoresis (2-DE) is one of the most usual methods
that have been applied to separate the protein cargo related to lipoproteins.
Although usually, the first-dimensional separation applied for the proteins in the 2-
DE is on base of their charge (isoelectrofocusing), some lipoproteomic analyses
have substituted this step by either one of the abovementioned methods to separate
lipoproteins or electrophoresis on native gels, followed by SDS-PAGE, which could
be denominated as gel-based lipoproteomics [27, 33–35].
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Pre-analysis | Spectroscopy
experiment NMR
type

Post-analysis References

Source isolation method

133 Caucasian
participants (T2DM,
>18 years): serum
(VLDL, LDL, and
HDL)

1H: FT, 400 MHz Determinate the
lipoprotein subtraction
characteristics

[56]

98 people (T2DM/
nor T2DM): plasma
(GlycA vs. Lp-PLA2)

Centrifugation
(1400 g, 15 min)

1H: 400 MHz, 47°
C, CaEDTA
resonance at
2.519 ppm was
used as the
internal chemical

GlycA is correlated with
LP-PLA2 in plasma
(person without T2DM/
MetS)

[57]

23 patients with
primary
aldosteronism: plasma
(HDL, VLDL, LDL,
ApoB, and ApoA-I)

Immunoturbidimetric
assay

1H: 400 MHz, 47°
C. (LipoProfile-3
algorithm)

Circulating LDL may
contribute to adrenal
steroidogenesis in
humans

[58]

115 nondiabetic
women (35–55 years,
mediterranean diet,
physical exercise,
2 years): plasma
(HDL. LDL)

1H Lipoprotein size,
particle and subclass
concentrations

[54]

Human serum
(purchased) spiked
into phlebotomy
tubes (LDL, HDL)

Centrifugation
(3000 g, 5 min, 4 h)

1H: 600 MHz Lipoprotein subclass
analysis standardized
by tube type and tube
size to prevent risk of
analytical interference.

[59]

Patients with HFrEF
(782), HFpEF (1004),
and no HF (4742):
plasma (HDL)

NMR LipoProfile-
3 algorithm

Quantify
concentrations of HDL.
Phenotyped cohorts of
HFrEF, HFpEF, and
patients without HF

[60]

4897 subjects: plasma
(LDL)

1H: 400 MHz Differentiate in the size
of particle in LDL
profile

[61]

309 patients (MACE):
plasma (HDL, LDL,
and VLDL).
Control:902

1H Neither baseline HDL
nor the change in HDL
on treatment with
dalcetrapib or placebo
was associated with risk
of MACE after ACS

[62]

Normal volunteer:
plasma (HDL, LDL,
andVLDL)

Sequential
ultracentrifuge

1H, 13C, 15N:
600.55 MHz, 47°
C, different
pressures

Show the spatial
arrangement, phase
behavior and molecular
dynamics in the particle
core

[55]

3446 participants
(HDL, LDL, and
VLDL)

1H: LipoProfile-3
algorithm

Association between
FGF21 and NAFLD

[63]

MHz: megahertz (106). MetS or MS: metabolic syndrome. T2DM: type 2 Diabetes mellitus. FT: Fourier transforms.
CaEDTA: EDTA mono calcium. GlycA: glycoprotein acetylation. Lp-PLA2: lipoprotein-associated phospholipase A2.
HFrEF: reduced ejection fractions. HFpEF: preserved ejection fraction. HF: heart failure. MACE: major adverse
cardiovascular events. FGF21: fibroplast growth factor21. NAFLD: nonalcoholic fatty liver disease.

Table 2.
NMR methodology applied recently in lipoprotein-based analyses.
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Pre-analysis | Spectroscopy
experiment NMR
type

Post-analysis References

Source isolation method

133 Caucasian
participants (T2DM,
>18 years): serum
(VLDL, LDL, and
HDL)

1H: FT, 400 MHz Determinate the
lipoprotein subtraction
characteristics

[56]

98 people (T2DM/
nor T2DM): plasma
(GlycA vs. Lp-PLA2)

Centrifugation
(1400 g, 15 min)

1H: 400 MHz, 47°
C, CaEDTA
resonance at
2.519 ppm was
used as the
internal chemical

GlycA is correlated with
LP-PLA2 in plasma
(person without T2DM/
MetS)

[57]

23 patients with
primary
aldosteronism: plasma
(HDL, VLDL, LDL,
ApoB, and ApoA-I)

Immunoturbidimetric
assay

1H: 400 MHz, 47°
C. (LipoProfile-3
algorithm)

Circulating LDL may
contribute to adrenal
steroidogenesis in
humans

[58]

115 nondiabetic
women (35–55 years,
mediterranean diet,
physical exercise,
2 years): plasma
(HDL. LDL)

1H Lipoprotein size,
particle and subclass
concentrations

[54]

Human serum
(purchased) spiked
into phlebotomy
tubes (LDL, HDL)

Centrifugation
(3000 g, 5 min, 4 h)

1H: 600 MHz Lipoprotein subclass
analysis standardized
by tube type and tube
size to prevent risk of
analytical interference.

[59]

Patients with HFrEF
(782), HFpEF (1004),
and no HF (4742):
plasma (HDL)

NMR LipoProfile-
3 algorithm

Quantify
concentrations of HDL.
Phenotyped cohorts of
HFrEF, HFpEF, and
patients without HF

[60]

4897 subjects: plasma
(LDL)

1H: 400 MHz Differentiate in the size
of particle in LDL
profile

[61]

309 patients (MACE):
plasma (HDL, LDL,
and VLDL).
Control:902

1H Neither baseline HDL
nor the change in HDL
on treatment with
dalcetrapib or placebo
was associated with risk
of MACE after ACS

[62]

Normal volunteer:
plasma (HDL, LDL,
andVLDL)

Sequential
ultracentrifuge

1H, 13C, 15N:
600.55 MHz, 47°
C, different
pressures

Show the spatial
arrangement, phase
behavior and molecular
dynamics in the particle
core

[55]

3446 participants
(HDL, LDL, and
VLDL)

1H: LipoProfile-3
algorithm

Association between
FGF21 and NAFLD

[63]

MHz: megahertz (106). MetS or MS: metabolic syndrome. T2DM: type 2 Diabetes mellitus. FT: Fourier transforms.
CaEDTA: EDTA mono calcium. GlycA: glycoprotein acetylation. Lp-PLA2: lipoprotein-associated phospholipase A2.
HFrEF: reduced ejection fractions. HFpEF: preserved ejection fraction. HF: heart failure. MACE: major adverse
cardiovascular events. FGF21: fibroplast growth factor21. NAFLD: nonalcoholic fatty liver disease.

Table 2.
NMR methodology applied recently in lipoprotein-based analyses.
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Lipoprotein-associated proteins are not easy to study by proteomic methods,
mainly the embedded in the lipoprotein membranes. These latter have rigid trans-
membrane domains that contain α-helices or β-barrels, which stabilize the protein
by strong secondary structural characteristics and these regions can resist proteo-
lytic digestion [6, 36]. Thus, the protein identification for lipoproteomes has been
mainly performed by two methods: mass spectrometry and resonance magnetic
nuclear.

Modern mass spectrometry (MS) techniques have allowed for thorough charac-
terizations of the lipoproteins [37]. However, different experimental conditions
have been reported to avoid contamination of the biological samples as well as
selective and optimized methods to detect lipoproteins, usually liquid-phase sepa-
ration techniques, prior to spectrometric techniques [36, 37]. Thus, different spec-
trometric experimentation conditions have been reported for the study of
lipoproteins and apoproteins, respectively (Table 1).

There are several challenges in the lipoproteomic analyses performed with the
most advanced mass spectrometry methods. Some of them are the abundance of
proteins from the biological source and the lipoprotein(s) purification steps, which
conditioned the protein content and constitution. However, if this obstacle can be
overcome, the mass spectrometry analysis has been demonstrated to be a useful tool
to identify a diverse array of proteins related to lipoproteins, avoiding aberrant
integration of unexpected proteins by reducing the suppression of ionization at high
peptide resolution [53].

On the other hand, the nuclear magnetic resonance (NMR) technique permit,
besides protein identification, can provide information of the lipoproteins at both
molecule and atomic levels under physiological or ‘near-physiological’ conditions.
The signal most used to quantify lipoproteins is the methyl signal because give a
specific response in the lipids that travel inside the lipoproteins [54, 55]. In this way,
proton spectroscopy has been the most used nuclear magnetic resonance technique
to quantify lipoproteins, but it is not the only one as will be seen later (Table 2).

Furthermore, not only 1H NMR has been the technique used for the study of
lipoproteomics but also the two-dimensional NMR techniques have been used.
The two-dimensional heteronuclear 13Cd1H chemical-shift made it possible to
analyze macromolecular complexes like HDL, but with a limited resolution in
reduced peaks above 50 ppm and the limited resolution in the 29–33 ppm region,
inclusive with artifacts that would later be discarded by the spectra of one
dimension (1H and 13C) [64].

In addition, the material to be used for the spectroscopic analysis should be the
optimal one to avoid contamination, as in the case of a tube used for the collection
of biological material and used in clinical research, which should be specifically for
the analysis of lipoproteins [59].

Also, the experimental conditions do not always favor the use of NMR for the
analysis of lipoproteins. Thus, mass spectrometry permits the particle identification
via LC-MS system in contrast to NMR spectroscopy, which failed. Due to that, the
NMR spectroscopy makes HDL particle quantification only in a physiological set-
ting: full serum or plasma but not in HDL-containing suspensions [49]. Therefore,
the technician must consider the biological and technical variables for an assertive
lipoproteomic analysis.

5. Clinical significance of lipoproteomic analyses

The lipoproteomic analyses have been focused on understanding the functional
mechanisms underlying apolipoproteins and lipoprotein-associated proteins that
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can be used to develop new diagnostic and/or prognostic biomarkers for many
lipoproteins’ metabolism-related illness.

The HDL lipoprotein fraction has been the most studied according to
lipoproteomic relationships with different diseases. Among the HDL-associated
proteins, ApoC-III levels have been seen increased in the patients with either a
lupus nephritis (lupus erythematosus) or with a cerebral lacunar infarction, which
could be related with a reduced anti-inflammatory activity of HDL particles
[65, 66].

However, HDL-carried ApoC-III has been more implicated in cardiovascular
disease (CVD) risk. One of the first evaluations was performed with coronary artery
disease patients, which exhibit increased levels of ApoC-III [67]. Recently, in a
cohort study, it was demonstrated that HDL-carried ApoC-III is related to a higher
risk for coronary heart disease [68].

In addition to ApoC-III and ApoC-II, other HDL-associated apolipoproteins,
were proposed as biomarkers for CVD risk in patients with chronic hemodialysis
[69]. The ApoC-III/ApoC-II/ApoE levels in VLDL lipoproteins, independent of
HDL, were associated with incident CVD, which supports the concept of targeting
triacylglycerol-rich lipoproteins to reduce the CVD risk [70].

Other HDL-associated apolipoproteins have been associated with cardiac
pathologies. For example, ApoA-I, ApoA-IV, ApoE, and ApoL1 levels have been
seen enriched in HDL3 fraction from patients with acute coronary syndrome
(ACV), with a concomitant reduction of these apolipoproteins in the HDL2 fraction
[71]. Furthermore, ApoC-I was significantly decreased in the HDL particles of
coronary heart disease (CAD) patients in comparison to normal individuals [72].
The existence of CAD has recently been correlated with an HDL apolipoproteomic
score, independent of circulating ApoA-I and ApoB rates and other typical cardio-
vascular risk factors [73].

Regarding HDL-associated proteins, many of them have been related to heart
illness. For example, serotransferrin, haptoglobin, hemopexin, complement factor
B, ras-related protein Rab-7b, and paraoxonase-3 (PON3) levels have been seen
reduced in HDL from patients with some cardiac pathology. Meanwhile, PON1,
alpha-1B-glycoprotein, vitamin D-binding protein, alpha-1-antitrypsin (A1AT),
acid ceramidase, serum amyloid A and P proteins, sphingosine-1-phosphate, filamin
A, and pulmonary surfactant-associated protein B are increased in HDL fractions
from patients with cardiometabolic disorders [69, 71, 72, 74, 75].

Diabetes is, perhaps, the major controllable risk factor for CVD. In particular,
related to the HDL fraction, ApoA-I, ApoA-II, ApoA-IV, ApoE, ApoJ, as well as
PON1, transthyretin, complement C3, and vitamin D-binding protein have shown
changes in patients with type 2 diabetes (T2D) [76, 77]. In contrast, individuals with
type 1 diabetes (T1D) had proteomic alterations of their HDL particles. For exam-
ple, the complement factor H-related protein 2 was elevated, independent of glu-
cose control, in T1D patients in comparison to healthy controls. Also, the optimal
glucose control corrected the elevated levels of the alpha-1-beta glycoprotein and
inter alpha trypsin inhibitor 4. Furthermore, the HDL particles in T1DM individ-
uals, independent of glucose control, exhibit a higher abundance of irreversible
post-translational modifications of HDL-associated apolipoproteins [78, 79].

Also, in psoriatic patients, the levels of HDL-associated ApoA-I exhibit a signif-
icant reduction, whereas levels of apoA-II, serum amyloid A, C3, and A1AT, among
other proteins were increased [80]. Besides C3 and C9, complement factor B, as
well as ApoJ, fibrinogen, haptoglobin, and serum amyloid A have been also
increased in HDL fraction from patients with rheumatoid arthritis [81]. Taken
together, these results suggest that HDL-associated proteins could be involved in
anti-inflammatory properties in chronic illness.
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Lipoprotein-associated proteins are not easy to study by proteomic methods,
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membrane domains that contain α-helices or β-barrels, which stabilize the protein
by strong secondary structural characteristics and these regions can resist proteo-
lytic digestion [6, 36]. Thus, the protein identification for lipoproteomes has been
mainly performed by two methods: mass spectrometry and resonance magnetic
nuclear.

Modern mass spectrometry (MS) techniques have allowed for thorough charac-
terizations of the lipoproteins [37]. However, different experimental conditions
have been reported to avoid contamination of the biological samples as well as
selective and optimized methods to detect lipoproteins, usually liquid-phase sepa-
ration techniques, prior to spectrometric techniques [36, 37]. Thus, different spec-
trometric experimentation conditions have been reported for the study of
lipoproteins and apoproteins, respectively (Table 1).

There are several challenges in the lipoproteomic analyses performed with the
most advanced mass spectrometry methods. Some of them are the abundance of
proteins from the biological source and the lipoprotein(s) purification steps, which
conditioned the protein content and constitution. However, if this obstacle can be
overcome, the mass spectrometry analysis has been demonstrated to be a useful tool
to identify a diverse array of proteins related to lipoproteins, avoiding aberrant
integration of unexpected proteins by reducing the suppression of ionization at high
peptide resolution [53].

On the other hand, the nuclear magnetic resonance (NMR) technique permit,
besides protein identification, can provide information of the lipoproteins at both
molecule and atomic levels under physiological or ‘near-physiological’ conditions.
The signal most used to quantify lipoproteins is the methyl signal because give a
specific response in the lipids that travel inside the lipoproteins [54, 55]. In this way,
proton spectroscopy has been the most used nuclear magnetic resonance technique
to quantify lipoproteins, but it is not the only one as will be seen later (Table 2).

Furthermore, not only 1H NMR has been the technique used for the study of
lipoproteomics but also the two-dimensional NMR techniques have been used.
The two-dimensional heteronuclear 13Cd1H chemical-shift made it possible to
analyze macromolecular complexes like HDL, but with a limited resolution in
reduced peaks above 50 ppm and the limited resolution in the 29–33 ppm region,
inclusive with artifacts that would later be discarded by the spectra of one
dimension (1H and 13C) [64].

In addition, the material to be used for the spectroscopic analysis should be the
optimal one to avoid contamination, as in the case of a tube used for the collection
of biological material and used in clinical research, which should be specifically for
the analysis of lipoproteins [59].

Also, the experimental conditions do not always favor the use of NMR for the
analysis of lipoproteins. Thus, mass spectrometry permits the particle identification
via LC-MS system in contrast to NMR spectroscopy, which failed. Due to that, the
NMR spectroscopy makes HDL particle quantification only in a physiological set-
ting: full serum or plasma but not in HDL-containing suspensions [49]. Therefore,
the technician must consider the biological and technical variables for an assertive
lipoproteomic analysis.

5. Clinical significance of lipoproteomic analyses

The lipoproteomic analyses have been focused on understanding the functional
mechanisms underlying apolipoproteins and lipoprotein-associated proteins that
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can be used to develop new diagnostic and/or prognostic biomarkers for many
lipoproteins’ metabolism-related illness.

The HDL lipoprotein fraction has been the most studied according to
lipoproteomic relationships with different diseases. Among the HDL-associated
proteins, ApoC-III levels have been seen increased in the patients with either a
lupus nephritis (lupus erythematosus) or with a cerebral lacunar infarction, which
could be related with a reduced anti-inflammatory activity of HDL particles
[65, 66].

However, HDL-carried ApoC-III has been more implicated in cardiovascular
disease (CVD) risk. One of the first evaluations was performed with coronary artery
disease patients, which exhibit increased levels of ApoC-III [67]. Recently, in a
cohort study, it was demonstrated that HDL-carried ApoC-III is related to a higher
risk for coronary heart disease [68].

In addition to ApoC-III and ApoC-II, other HDL-associated apolipoproteins,
were proposed as biomarkers for CVD risk in patients with chronic hemodialysis
[69]. The ApoC-III/ApoC-II/ApoE levels in VLDL lipoproteins, independent of
HDL, were associated with incident CVD, which supports the concept of targeting
triacylglycerol-rich lipoproteins to reduce the CVD risk [70].

Other HDL-associated apolipoproteins have been associated with cardiac
pathologies. For example, ApoA-I, ApoA-IV, ApoE, and ApoL1 levels have been
seen enriched in HDL3 fraction from patients with acute coronary syndrome
(ACV), with a concomitant reduction of these apolipoproteins in the HDL2 fraction
[71]. Furthermore, ApoC-I was significantly decreased in the HDL particles of
coronary heart disease (CAD) patients in comparison to normal individuals [72].
The existence of CAD has recently been correlated with an HDL apolipoproteomic
score, independent of circulating ApoA-I and ApoB rates and other typical cardio-
vascular risk factors [73].

Regarding HDL-associated proteins, many of them have been related to heart
illness. For example, serotransferrin, haptoglobin, hemopexin, complement factor
B, ras-related protein Rab-7b, and paraoxonase-3 (PON3) levels have been seen
reduced in HDL from patients with some cardiac pathology. Meanwhile, PON1,
alpha-1B-glycoprotein, vitamin D-binding protein, alpha-1-antitrypsin (A1AT),
acid ceramidase, serum amyloid A and P proteins, sphingosine-1-phosphate, filamin
A, and pulmonary surfactant-associated protein B are increased in HDL fractions
from patients with cardiometabolic disorders [69, 71, 72, 74, 75].

Diabetes is, perhaps, the major controllable risk factor for CVD. In particular,
related to the HDL fraction, ApoA-I, ApoA-II, ApoA-IV, ApoE, ApoJ, as well as
PON1, transthyretin, complement C3, and vitamin D-binding protein have shown
changes in patients with type 2 diabetes (T2D) [76, 77]. In contrast, individuals with
type 1 diabetes (T1D) had proteomic alterations of their HDL particles. For exam-
ple, the complement factor H-related protein 2 was elevated, independent of glu-
cose control, in T1D patients in comparison to healthy controls. Also, the optimal
glucose control corrected the elevated levels of the alpha-1-beta glycoprotein and
inter alpha trypsin inhibitor 4. Furthermore, the HDL particles in T1DM individ-
uals, independent of glucose control, exhibit a higher abundance of irreversible
post-translational modifications of HDL-associated apolipoproteins [78, 79].

Also, in psoriatic patients, the levels of HDL-associated ApoA-I exhibit a signif-
icant reduction, whereas levels of apoA-II, serum amyloid A, C3, and A1AT, among
other proteins were increased [80]. Besides C3 and C9, complement factor B, as
well as ApoJ, fibrinogen, haptoglobin, and serum amyloid A have been also
increased in HDL fraction from patients with rheumatoid arthritis [81]. Taken
together, these results suggest that HDL-associated proteins could be involved in
anti-inflammatory properties in chronic illness.
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Concerning other diseases, the proteome of HDL particles has been used to
identify protein markers. In nonalcoholic fatty liver disease, including individuals
with nonalcoholic steatohepatitis, changes in the abundance of HDL-associated
proteins such as antithrombin III and plasminogen have been identified [82].
Although not directly to HDL particles, proteomic analysis of some HDL-related
apolipoproteins has been associated with viral diseases. For example, a change in
the expression level of ApoA-I was suggested as a specific and appropriate alterna-
tive to conventional HIV diagnosis and progression measurements in clinical
research settings [83]. Increased concentration of ApoM in sera patients with HBV
infection have been detected [84]. Recently, a downregulation of ApoA-I and ApoM
levels have been associated with the severity of COVID-19 infection [85].

In addition to HDL, only other few lipoproteomic studies have been developed
to discover changes in lipoproteins-associated proteins in diverse pathologies.
Proteomic studies of LDL have reported that carry apolipoproteins AI, A-II, CI,
C-II, C-III, C-IV, D, E, and F, in addition to apoB, as well as clusterin, C3, C4a, and
C4b, and PON1 that are also associated to this particles [86]. Serum amyloid A
levels were found to increase in all lipoprotein fractions, especially in LDL from
atherosclerotic patients [24]. An enriched content of all the apoC-III isoforms and a
lower content of apoA-I, apoC-I, and apoE were detected in the sdLDL from
subjects with metabolic syndrome and subclinical peripheral atherosclerosis [87].
VLDL, IDL, and LDL fractions from Alzheimer patients exhibit low levels of
complement C3 [88].

6. HDL lipoproteomics for drug discovery

Target discovery, which is an important step in the drug development process,
includes discovering and validating targets associated with the diseases. It is
increasingly recognized that, in many instances, metabolomics is used to identify
novel biomarkers, which can help in the discovery of therapeutic strategies for
many diseases [89].

Until now, lipoproteomics has proved to be an effective method for identifying
candidate cardiovascular disease markers. Studying the profiles of protein expres-
sion in drug-treated patients contributes to the discovery of multiple drug-specific
targets. Traditionally, statin therapy has proven efficacy in reducing cardiovascular
events, but as aforementioned, the identification of HDL-associated proteins is
variable. The statin therapy has a notorious effect on the increment of A1AT
associated to the large fraction of HDL particles enhancing its anti-inflammatory
functionality, which may interfere with the statins outcome on reducing cholesterol
levels [37]. In addition, a relationship between the CAD treatment and the HDL
proteome was demonstrated using statin and niacin therapy, observing that ApoE
and ApoC-II levels are enriched in the HDL3 fraction, which contains less ApoJ
levels [90].

The increment in the HDL levels by CETP inhibitors is another biomarker that
has continued to be disappointing in clinical research. In fact, in patients with
deficiency of CETP (CETP-D), the HDL particles are enriched with ApoE,
angiopoietin-like3 protein, and complement regulatory proteins such as C3, C4a,
C4b, and C9 that could be associated to the increased atherogenic profile in CETP-D
patients [91].

Thus, it is important to consider that among the diverse HDL populations not all
possess a cardioprotective effect [92]. Therefore, we need a better knowledge of the
protein cargo of the HDL populations with anti-atherogenic actions. A comprehen-
sive understanding of the HDL proteomics can lead to the design of more effective
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anti-atherogenic drugs based on the activity of HDL-associated proteins that will
provide new therapeutic strategies at the molecular level.

In the dynamic drug discovery process, the different proteomic methods, which
include MS-proteomics, expand beyond the general aim of target drug discovery. It
must consider the drug-protein interactions as well as elucidate the mode of action
of candidate drug molecules [93]. Thus, novel HDL-based therapeutic agents,
besides the traditional statins, will need consider to the functional HDL
lipoproteomics to characterize the interaction of the drug with the HDL-associated
proteins. This is necessary as an attempt either to elucidate the mechanism of action
by direct drug-protein interaction or as a biomarker for drug validation by moni-
toring the pharmacological effect through an increase of HDL populations with an
anti-atherogenic protein cargo.

7. Conclusion

The lipoproteins can be involved in different pathologies related to lipid metab-
olism such as atherosclerosis, cardiovascular risk, obesity, metabolic síndrome, and
diabetes, among others. However, the protein cargo of these particles has been
associated with several functions, which differ from the amply recognized as struc-
tural composition and receptors recognition during their function as lipid trans-
porters. For this reason, the identification of variants of apolipoproteins and
lipoprotein-associated proteins has been an important referent to detect new bio-
markers. In fact, as we described here, several methodologies have been developed
to improve the lipoproteomic profile.

Despite these studies, the majority concord that both biological source and
lipoprotein purification are important steps to avoid protein contamination, princi-
pally from samples that are used directly as serum or plasma. Also, the most used
method to identify the lipoprotein-associated proteins is the mass spectrometry, but
some limits are presented that depend on the platforms to apply this methodology.
Also, it is important to highlight that not everyone has the facility to use this
methodology and it is necessary to develop new methodologies to apply in clinical
fields to ensure discoveries about these proteins both in new lipoproteins’ fractions
and new diseases.

Also, the lipoproteomic analyses could be a new clinical area to evaluate the
therapy of the pathologies described here as prognostic analytes. In this sense, the
HDL lipoproteomics is, perhaps, the more advanced field considering the evalua-
tions of populations with statins’ treatment. However, novel HDL therapeutic
agents must consider the functional lipoproteomics of these particles. Finally, these
lipoproteomes can help us to describe the molecular mechanism to understand the
interaction of apolipoproteins as well as the lipoprotein-carried proteins to support
the other omics such as lipidomics and metabolomics.
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Concerning other diseases, the proteome of HDL particles has been used to
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levels have been associated with the severity of COVID-19 infection [85].

In addition to HDL, only other few lipoproteomic studies have been developed
to discover changes in lipoproteins-associated proteins in diverse pathologies.
Proteomic studies of LDL have reported that carry apolipoproteins AI, A-II, CI,
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C4b, and PON1 that are also associated to this particles [86]. Serum amyloid A
levels were found to increase in all lipoprotein fractions, especially in LDL from
atherosclerotic patients [24]. An enriched content of all the apoC-III isoforms and a
lower content of apoA-I, apoC-I, and apoE were detected in the sdLDL from
subjects with metabolic syndrome and subclinical peripheral atherosclerosis [87].
VLDL, IDL, and LDL fractions from Alzheimer patients exhibit low levels of
complement C3 [88].
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Target discovery, which is an important step in the drug development process,
includes discovering and validating targets associated with the diseases. It is
increasingly recognized that, in many instances, metabolomics is used to identify
novel biomarkers, which can help in the discovery of therapeutic strategies for
many diseases [89].

Until now, lipoproteomics has proved to be an effective method for identifying
candidate cardiovascular disease markers. Studying the profiles of protein expres-
sion in drug-treated patients contributes to the discovery of multiple drug-specific
targets. Traditionally, statin therapy has proven efficacy in reducing cardiovascular
events, but as aforementioned, the identification of HDL-associated proteins is
variable. The statin therapy has a notorious effect on the increment of A1AT
associated to the large fraction of HDL particles enhancing its anti-inflammatory
functionality, which may interfere with the statins outcome on reducing cholesterol
levels [37]. In addition, a relationship between the CAD treatment and the HDL
proteome was demonstrated using statin and niacin therapy, observing that ApoE
and ApoC-II levels are enriched in the HDL3 fraction, which contains less ApoJ
levels [90].

The increment in the HDL levels by CETP inhibitors is another biomarker that
has continued to be disappointing in clinical research. In fact, in patients with
deficiency of CETP (CETP-D), the HDL particles are enriched with ApoE,
angiopoietin-like3 protein, and complement regulatory proteins such as C3, C4a,
C4b, and C9 that could be associated to the increased atherogenic profile in CETP-D
patients [91].

Thus, it is important to consider that among the diverse HDL populations not all
possess a cardioprotective effect [92]. Therefore, we need a better knowledge of the
protein cargo of the HDL populations with anti-atherogenic actions. A comprehen-
sive understanding of the HDL proteomics can lead to the design of more effective
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anti-atherogenic drugs based on the activity of HDL-associated proteins that will
provide new therapeutic strategies at the molecular level.

In the dynamic drug discovery process, the different proteomic methods, which
include MS-proteomics, expand beyond the general aim of target drug discovery. It
must consider the drug-protein interactions as well as elucidate the mode of action
of candidate drug molecules [93]. Thus, novel HDL-based therapeutic agents,
besides the traditional statins, will need consider to the functional HDL
lipoproteomics to characterize the interaction of the drug with the HDL-associated
proteins. This is necessary as an attempt either to elucidate the mechanism of action
by direct drug-protein interaction or as a biomarker for drug validation by moni-
toring the pharmacological effect through an increase of HDL populations with an
anti-atherogenic protein cargo.

7. Conclusion

The lipoproteins can be involved in different pathologies related to lipid metab-
olism such as atherosclerosis, cardiovascular risk, obesity, metabolic síndrome, and
diabetes, among others. However, the protein cargo of these particles has been
associated with several functions, which differ from the amply recognized as struc-
tural composition and receptors recognition during their function as lipid trans-
porters. For this reason, the identification of variants of apolipoproteins and
lipoprotein-associated proteins has been an important referent to detect new bio-
markers. In fact, as we described here, several methodologies have been developed
to improve the lipoproteomic profile.

Despite these studies, the majority concord that both biological source and
lipoprotein purification are important steps to avoid protein contamination, princi-
pally from samples that are used directly as serum or plasma. Also, the most used
method to identify the lipoprotein-associated proteins is the mass spectrometry, but
some limits are presented that depend on the platforms to apply this methodology.
Also, it is important to highlight that not everyone has the facility to use this
methodology and it is necessary to develop new methodologies to apply in clinical
fields to ensure discoveries about these proteins both in new lipoproteins’ fractions
and new diseases.

Also, the lipoproteomic analyses could be a new clinical area to evaluate the
therapy of the pathologies described here as prognostic analytes. In this sense, the
HDL lipoproteomics is, perhaps, the more advanced field considering the evalua-
tions of populations with statins’ treatment. However, novel HDL therapeutic
agents must consider the functional lipoproteomics of these particles. Finally, these
lipoproteomes can help us to describe the molecular mechanism to understand the
interaction of apolipoproteins as well as the lipoprotein-carried proteins to support
the other omics such as lipidomics and metabolomics.
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Abstract

Novel technologies and state of the art platforms developed and launched over 
the last two decades such as microarrays, next-generation sequencing, and droplet 
PCR have provided the medical field many opportunities to generate and analyze 
big data from the human genome, particularly of genomes altered by different 
diseases like cancer, cardiovascular, diabetes and obesity. This knowledge further 
serves for either new drug discovery or drug repositioning. Designing drugs for 
specific mutations and genotypes will dramatically modify a patient’s response 
to treatment. Among other altered mechanisms, drug resistance is of concern, 
particularly when there is no response to cancer therapy. Once these new platforms 
for omics data are in place, available information will be used to pursue precision 
medicine and to establish new therapeutic guidelines. Target identification for new 
drugs is necessary, and it is of great benefit for critical cases where no alternatives 
are available. While mutational status is of highest importance as some mutations 
can be pathogenic, screening of known compounds in different preclinical models 
offer new and quick strategies to find alternative frameworks for treating more 
diseases with limited therapeutic options.

Keywords: NGS, microarray, transcriptomics, drug discovery

1. Introduction

Over the last few decades, major breakthroughs in scientific and technology-
related fields have been made, contributing to major gains and significant advances 
in clinical practices in dealing with cancer diagnosis, treatment, and preventive mea-
sures. Although we are now better informed, skilled, and equipped than ever before, 
efforts for administering effective cancer treatments, and drugs do not appear to 
have advanced far enough. In spite of all the changes implemented in translational 
oncology due to availability of new and sophisticated molecular tools, there is a miss-
ing link between pre-clinical data and actual findings. Although significant funds 
have been allocated for pre-clinical studies, 95% of therapeutic strategies have not 
passed phase I clinical trials in humans. It is likely that those settings prior to drug 
development may not be adequate enough to effectively mimic human responses. 
Those few drugs that are approved by regulatory agencies have had either very little 
or no effects on overall survival rates. Therefore, the lack of efficacy associated with 
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the current anticancer drugs along with the high treatment costs are both contribut-
ing to growing incidence and mortality of cancer patients worldwide [1–3].

Cancer, the umbrella term used for a series of more than 200 different neoplastic 
diseases caused by abnormal cellular divisions due to either singular or cumulative 
genomic events is, without a doubt, the most dreaded health problem over the past 
centuries, including current times [4]. According to GLOBOCAN, cancer is one 
of the leading causes of death, accounting for more than 18 million cases world-
wide. These cases are expected to increase by approximately 70% over the next 
two decades [5–7]. As the incidence of cancer continues to grow, and the disease 
becomes more difficult to treat, the challenge of discovering new and more effective 
anticancer drugs is more critical than ever before [8].

From a historical point of view, secondary metabolites extracted from different 
natural products were the very first known sources of new therapeutic compounds. 
Early on, the screening process of every novel drug was rather simple, usually based 
on various ethnobotanical claims, and often fueled by serendipity [9, 10]. However, 
this traditional approach was soon replaced with modern methods.

With the advent of modern omics technologies, and ever-expanding knowledge 
of the human genome, as well as of genomes of various organisms, including patho-
genic ones, drug discovery has evolved into a therapeutic target-based approach. 
Moreover, recent computational advances in handling and analysis of big data, 
particularly of complex biological information, have become more user-friendly 
and less time-consuming. All these developments have accelerated the process, and 
have paved the way for the beginning of the modern drug discovery era [9, 11].

Early pioneering discoveries of Claude Bernard, Louis Pasteur, and Robert Koch, 
followed by significant findings in other disciplines, such as in organic chemistry, 
have set many milestones by the end of the nineteenth century. These developments 
have laid the foundations for what it is know as the era of modern drug discovery, 
one of the most provocative scientific fields. Since then, myriad treatments have 
become available, and many diseases, including those of viral, bacterial, and 
parasitic infections, as well as of diabetes and cardiovascular disorders, along with 
various types of cancer have become either treatable, curable, or at least can be held 
off at symptomatic levels. Furthermore, modern drug discovery has aided in the 
identification of several pharmacological compounds that would promote safety of 
many surgical procedures, and have contributed to successful cell- and solid- organ 
transplantation [9, 12].

Drug discovery is a very long, challenging, and complex multistep process that 
can be generally split into four main steps, as follows: target selection and valida-
tion; compound screening and lead candidate optimization; preclinical studies; and 
clinical trials [11]. Although it is highly desirable to develop a rapid and effective 
treatment for every disease, drug development remains a lengthy process, requir-
ing up to 15 years of work along with millions to billions of dollars simply to turn a 
single drug candidate into an efficient, safe, and accessible product. In particular, 
costs for cancer care in the United States are projected to reach up to $246 billion by 
2030 (a 34% increase from 2015), while anticancer drug development remains at a 
high rate of failure [13–15].

Over the past 25 years, benefits of implementing many innovative scientific tech-
nologies have been made possible due to advances in molecular research studies prior 
to anticancer drug discovery [16]. Further, our understanding of cancer biology 
has significantly expanded, as new molecular strategies have exceeded the expecta-
tions, and helped rising the overall patient survival rates [17, 18]. Furthermore, 
as academic research centers have begun to openly embrace collaborations with 
pharmaceutical and biotechnology companies, the ecosystem for drug discovery 
has become more responsive and efficient than ever before. As a result, there have 
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been vast expansions of the chemical compound libraries, well beyond those known 
natural products that have been exploited in the past. Modern technologies, such 
as high-throughput screening (HTS), fragment-based screening (FBS), molecular 
modeling, crystallography, nanotechnology, and advanced chemistry, among others, 
are also currently playing important roles in the revolution of drug discovery [9, 19].

Next generation sequencing (NGS), also known as massively parallel sequenc-
ing, refers to a number of molecular high-throughput methods that follow the 
same principle of simultaneously deciphering millions of nucleotide sequences in a 
fast, accurate, and affordable approach. Unlike previous sequencing technologies, 
a whole genome can be sequenced at once, producing 100-folds more data than 
other tools based on Sanger’s sequencing method. Thus, NGS has become one of the 
major omics technologies to be adopted in life sciences fields, including functional 
genomics, metagenomics, transcriptomics, and oncogenomics. Therefore, HTS 
methods, such as those of the NGS repertory, are expected to notably accelerate 
drug discovery and reduce associated costs [20, 21].

Another omics technology of interest is that of microarrays, as this tool allows 
for simultaneous analysis of DNA and assessing of mRNA expression levels. As a 
result, microarrays have been rapidly exploited in various research studies, includ-
ing those focused on drug discovery, as they afford a better understanding of both 
the pathological mechanism and drug activity. Furthermore, microarray technolo-
gies are useful in identifying a drug target or a biological compound(s) that may 
interact with a synthetically designed drug. In addition, the microarray technology 
is highly efficient and of low-cost, but has some limitations, particularly pertain-
ing to availability of advanced bioinformatic analysis tools [22]. These two omics 
technologies will be further discussed below.

Overall, the above-mentioned technologies and tools will have major impacts on 
revolutionizing drug discovery efforts, including identifying more efficacious and 
effective anticancer drugs in shorter periods of time, and at reduced costs [23].

2. Microarrays and drug discovery

2.1 Microarray technology: role, types, and applications

The microarray technology is powerful though early on it has had some limita-
tions due to its high costs. However, in recent years, it has become more affordable 
with the availability of commercial microarray chips and platforms. Thus, this 
technology has moved from research laboratories to clinical applications. In recent 
years, microarrays have played significant roles in drug discovery. A large number 
of studies have demonstrated that microarray datasets not only allow for rapid and 
direct analysis of large amounts of biological information, but these also promote 
identification of potential biomarkers for various diseases [24–28]. Furthermore, 
microarray datasets can potentially determine the appropriate drug dose that can 
maximize its therapeutic effect. In clinical trials, microarrays can be used for early 
detection of any toxicity or any side-effects of a drug or a drug dose in order to 
provide rapid, sensitive, and safe treatments. Moreover, microarrays play important 
roles in pharmacogenomics by allowing for identification of associations between 
responses to drug treatment and a patient’s genetic profile [28, 29], as well as for 
selecting the most appropriate new candidate drugs for clinical trials.

There are several types of microarrays, including DNA microarrays, microRNA 
arrays, chemical compound microarrays, antibody microarrays, protein microar-
rays, tissue microarrays, and carbohydrate arrays. In clinical research, DNA micro-
arrays are often used for novel biomarker discovery [30]. Among other applications 
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arrays are often used for novel biomarker discovery [30]. Among other applications 
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of DNA/RNA microarrays are the following: 1) identification of differential gene 
expression, 2) analysis of mutations, 3) screening of single nucleotide polymor-
phisms (SNPs), 4) determination of methylation, acetylation, and alternative 
splicing, and 5) comparative genomic hybridization [31–34].

Microarrays consist of hundreds to thousands of DNA, RNA, oligonucleotides, 
or other probe molecules that are immobilized in an array format onto a solid 
support surface, such as microscope glass slides, silicon chips, or nylon membranes, 
and then exposed to labeled samples carrying corresponding target molecules to 
allow for simultaneous detection of nucleic acid/protein/antibody/other targets. 
Typically, a single probe is at one-time leading to a microarray with hundreds 
of thousands of different oligonucleotide sequences complementary to distinct 
fragments of known DNA or RNA sequences [35]. Components of a DNA or an 
RNA sample loaded onto a slide/chip/membrane will hybridize specifically to 
their complementary probes, and the fluorescence intensity will correspond to the 
amount of DNA or RNA of a given gene in a sample [36].

Microarrays are processed in either “one-color” or “two-color” formats. In 
a one-color format, a single RNA sample is labeled with a fluorophore, such as 
cyanine-3 (Cy-3) or cyanine-5 (Cy-5) prior to hybridization, and the intensity of 
the fluorophore is determined [37]. Whereas a two-color microarray capitalizes on a 
competitive hybridization (Figure 1). In this format, a single nucleic acid sample is 
labeled with a green dye, while a related sample is labeled with a red dye. Following 
hybridization and removal of unbound nucleic acids, a laser scanner will detect 
those red- and green-labeled molecules. The intensity of each colored spot on an 
array is determined, and the red/green ratio is determined [38].

Figure 1. 
A general workflow for a typical two-color microarray experiment.
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Several microarray technologies have been developed using various platforms 
that have been optimized to maximize reproducibility and accuracy of findings 
[39]. For example, Affymetrix GeneChip microarrays are manufactured using 
photolithography that utilize oligonucleotide probes. This system has the capability 
of monitoring expression of every gene in a genome. In fact, Affymetrix GeneChips 
have been used for genotyping, copy number analysis, transcriptome analysis, and 
miRNA profiling. On the other hand, Agilent oligonucleotide microarrays are based 
on inkjet technology for in situ manufacturing of probes, wherein actual probe 
sequences are used as linkers in order to extend these probes to provide higher 
specificity [39]. Whereas, Illumina BeadArrays are based on patterned substrates 
for high-density detection of target nucleic acids using silica microbeads [40].

Some of the common available techniques used in drug development efforts, 
including microarrays, are listed in Table 1.

2.2 Droplet Digital PCR (ddPCR) and microarrays

The Droplet Digital PCR (ddPCR) is a recent technology that is commercially 
available, capitalizing on the use of Taq polymerase in a standard PCR reaction in 
order to amplify a target DNA fragment from a complex sample using pre-validated 
primers or primer/probe assays [61, 62]. Galbiati et al. have proposed a workflow 
that combined a microarray assay with ddPCR for both detection and quantification 
of circulating tumor DNA mutations in colon cancer patients [63]. This approach is 
useful for the development of reliable non-invasive biomarkers for RAS and BRAF 
mutations, identifying a target mutation, and providing clinically relevant informa-
tion. Microarray analysis and ddPCR data have identified mutations in primary 
breast tumors from female patients treated with adjuvant mono-tamoxifen therapy 
[64]. Moreover, using microarray and ddPCR, it is observed that epidermal growth 
factor receptor (EGFR) expression can be used as a prognostic biomarker in patients 
with oropharyngeal squamous cell carcinoma, as it is associated with smoking status 
[65]. In another study, microarray analysis of uterine tissue, along with validation 
using ddPCR has allowed for observing downregulation of genes in pathways of 

Techniques Applications References

ChIP microarrays Drug development
Pharmacogenomics
Gene discovery
Gene expression profiling

[41–46]

Splice variants Pharmacogenomics
Drug discovery
Biomarker identification
Polymorphism/SNP detection
Drug target identification

[47–52]

Genotyping Drug discovery
Pharmacogenomics
Environmental monitoring
Drug resistance
Vaccine candidate identification

[53–57]

Comparative genomic hybridization 
(CGH)

Gene discovery
Biomarker identification
Clinical application
Vaccine candidate identification

[29, 52, 58–60]

Table 1. 
Available techniques for drug discovery.
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of DNA/RNA microarrays are the following: 1) identification of differential gene 
expression, 2) analysis of mutations, 3) screening of single nucleotide polymor-
phisms (SNPs), 4) determination of methylation, acetylation, and alternative 
splicing, and 5) comparative genomic hybridization [31–34].

Microarrays consist of hundreds to thousands of DNA, RNA, oligonucleotides, 
or other probe molecules that are immobilized in an array format onto a solid 
support surface, such as microscope glass slides, silicon chips, or nylon membranes, 
and then exposed to labeled samples carrying corresponding target molecules to 
allow for simultaneous detection of nucleic acid/protein/antibody/other targets. 
Typically, a single probe is at one-time leading to a microarray with hundreds 
of thousands of different oligonucleotide sequences complementary to distinct 
fragments of known DNA or RNA sequences [35]. Components of a DNA or an 
RNA sample loaded onto a slide/chip/membrane will hybridize specifically to 
their complementary probes, and the fluorescence intensity will correspond to the 
amount of DNA or RNA of a given gene in a sample [36].

Microarrays are processed in either “one-color” or “two-color” formats. In 
a one-color format, a single RNA sample is labeled with a fluorophore, such as 
cyanine-3 (Cy-3) or cyanine-5 (Cy-5) prior to hybridization, and the intensity of 
the fluorophore is determined [37]. Whereas a two-color microarray capitalizes on a 
competitive hybridization (Figure 1). In this format, a single nucleic acid sample is 
labeled with a green dye, while a related sample is labeled with a red dye. Following 
hybridization and removal of unbound nucleic acids, a laser scanner will detect 
those red- and green-labeled molecules. The intensity of each colored spot on an 
array is determined, and the red/green ratio is determined [38].

Figure 1. 
A general workflow for a typical two-color microarray experiment.
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Several microarray technologies have been developed using various platforms 
that have been optimized to maximize reproducibility and accuracy of findings 
[39]. For example, Affymetrix GeneChip microarrays are manufactured using 
photolithography that utilize oligonucleotide probes. This system has the capability 
of monitoring expression of every gene in a genome. In fact, Affymetrix GeneChips 
have been used for genotyping, copy number analysis, transcriptome analysis, and 
miRNA profiling. On the other hand, Agilent oligonucleotide microarrays are based 
on inkjet technology for in situ manufacturing of probes, wherein actual probe 
sequences are used as linkers in order to extend these probes to provide higher 
specificity [39]. Whereas, Illumina BeadArrays are based on patterned substrates 
for high-density detection of target nucleic acids using silica microbeads [40].

Some of the common available techniques used in drug development efforts, 
including microarrays, are listed in Table 1.

2.2 Droplet Digital PCR (ddPCR) and microarrays

The Droplet Digital PCR (ddPCR) is a recent technology that is commercially 
available, capitalizing on the use of Taq polymerase in a standard PCR reaction in 
order to amplify a target DNA fragment from a complex sample using pre-validated 
primers or primer/probe assays [61, 62]. Galbiati et al. have proposed a workflow 
that combined a microarray assay with ddPCR for both detection and quantification 
of circulating tumor DNA mutations in colon cancer patients [63]. This approach is 
useful for the development of reliable non-invasive biomarkers for RAS and BRAF 
mutations, identifying a target mutation, and providing clinically relevant informa-
tion. Microarray analysis and ddPCR data have identified mutations in primary 
breast tumors from female patients treated with adjuvant mono-tamoxifen therapy 
[64]. Moreover, using microarray and ddPCR, it is observed that epidermal growth 
factor receptor (EGFR) expression can be used as a prognostic biomarker in patients 
with oropharyngeal squamous cell carcinoma, as it is associated with smoking status 
[65]. In another study, microarray analysis of uterine tissue, along with validation 
using ddPCR has allowed for observing downregulation of genes in pathways of 
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the immune response following tetrabromobisphenol A treatment [66]. Moreover, 
ddPCR analysis of miRNAs identified using a microarray assay has revealed that 
anti-apoptotic miRNA may be potentially involved in antagonistic effects between 
the Alternaria mycotoxins alternariol and altertoxin II in HepG2 cells [67]. In 
another study using this combined approach, transglutaminase 2 is identified as a 
novel regulator of the tumor microenvironment in gastric cancer patients, thus serv-
ing as a promising target for restricting tumor-promoting inflammation [68].

2.3 Undruggable to druggable proteins using microarrays

In recent years, efforts have been directed towards transforming those proteins 
that are deemed pharmacologically incapable of being targeted, coined as “undrug-
gable”, into “druggable” proteins. Despite the fact that many proteins, such as 
kinases, that promote cancer development, are capable of serving as drug targets, 
proteins such as RAS, MYC, and p53 are deemed as “undruggable targets” [69]. 
Thus, overcoming these “undruggable targets” becomes one of the main challenges 
for drug discovery. One of the new proposed methods to overcome these challenges 
is represented by the inhibition of kinase activities of oncogenic proteins using 
small molecules and antibodies [70]. In one approach, blocking of pathways down-
stream of a target protein has served as a viable strategy to assess the functional role 
of a mutation as an oncogenic driver of different types of cancers, and for serving as 
a valid clinical trial design [71]. In another approach, discovery of hidden allosteric 
sites is an effective strategy for development of new drug targets, as well as for 
discovery of allosteric drugs [69].

It is known that RAS mutations serve as early genetic events in tumor progression, 
while sustained expression of RAS mutations are deemed necessary for tumor main-
tenance [72]. Although RAS have been deemed as “undruggable”, recent studies have 
demonstrated that therapies targeting either RAS-activating pathways or RAS effec-
tors pathways combined with direct RAS inhibitors, along with immune checkpoint 
inhibitors or T-cell targeting methods, RAS-mutant tumors are found to be treatable 
[73]. As the transcription factor MYC promotes cancer progression, small-molecule 
inhibitors are used to drug the “undruggable” by inducing epigenetic silencing and 
regulating G-quadruplex structures within the MYC promoter [74]. In another 
example, p53 is well known as the most frequently altered gene in human cancer, and 
therefore the p53 mutant protein is deemed as an important undruggable target [75]. 
Such compounds as p53 reactivation, induction of massive apoptosis-1 (PRIMA-1), 
and a structural analogue of PRIMA-1, APR-246, have been found to reactivate the 
mutant p53 protein by converting it to a form with wild-type properties [75].

Using a custom-designed lncRNA microarray, Orilnc1 was identified as a novel 
nonprotein mediator of RAS/RAF activation, with potential applications as a thera-
peutic target in RAS/RAF-driven cancers [76]. An Affymetrix microarray revealed 
coexpression of a mutant β-catenin and K-Ras in mice by targeting β-catenin in 
hepatocellular cancers [77]. Microarray and pathway enrichment analyses revealed 
that MYC expression could be downregulated by 1,2,3,4,6-penta-O-galloyl-beta-
D-glucopyranoside (PGG) in hepatocellular carcinoma [78]. Using a genome-wide 
microarray analysis, it was reported that targeting c-Myc would unlock novel 
strategies to combat asthma [79]. β-catenin could be deemed as an anticancer 
therapeutic target by regulating c-Myc and CDKN1A expression in breast cancer 
cells [80]. In addition, microarray data identified and characterized novel p53 
target genes expressed in hepatocarcinoma cells, and were associated with steroid 
hormones processing and transfer [81]. Furthermore, it was proposed that there 
was a novel non-cell-autonomous tumor-suppressive regulation, mediated by p53, 
playing a key role in maintaining organism homeostasis. Moreover, breast cancer 
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metastasis suppressor 1-like (BRMS1L) was found to be upregulated by p53 protein. 
In addition, p53 inhibited cancer cell invasion and migration, and thus could serve 
as a therapeutic target for cancer [82].

2.4 Microarrays and drug resistance

Resistance to chemotherapy remains a major obstacle to improving a cancer 
patient’s outcome and survival despite significant advances in surgery, radiation 
therapy, and anticancer treatments. In cancer, drug resistance arises from a complex 
range of molecular and biochemical processes, such as modifications in DNA repair 
mechanism, drug uptake, absorption, and metabolism. Recent studies have identi-
fied two forms of drug resistance in cancer patients, intrinsic (innate resistance 
that is present before a patient is exposed to drugs) and acquired (a direct result 
of chemotherapy). A growing number of microarray studies have exploited the 
identification of mechanisms involved in both drug response and drug resistance 
in clinical samples in order to identify biomarkers for drug resistance [83]. For 
example, microarray analysis has provided a better understanding of circular RNA 
expression profiles that are associated with gemcitabine resistance in pancreatic 
cancer cells [84]. In human gastric cancer tissues, a microarray study has revealed 
that miR-424 regulates cisplatin resistance of gastric cancer [85]. Furthermore, 
extracellular matrix proteins have been implicated in drug-resistant ovarian cancer 
cells, thus inhibiting penetration of a drug into cells, as well as contributing to 
increased apoptosis resistance [86].

Of particular interest, new genes associated with drug resistance development 
in ovarian cancer have been discovered using microarray analysis, wherein 13 genes 
are found to be upregulated, while nine genes are found to be downregulated [87]. In 
triple-negative breast cancer cells, notable alterations are observed at both transcrip-
tomic and genomic levels, along with identification of a mutation (TP53) associated 
with drug response [88]. In another study, bioinformatics analyses of microarray 
datasets have identified neuromedin U (NMU) as a potential gene that confers alec-
tinib resistance in non-small cell lung cancer [89]. Furthermore, expression profiling 
has allowed for discovery of genes involved in ovarian-drug resistance, wherein these 
genes are found to be controlled via different signaling pathways, including MAPK–
Akt, Wnt, and Notch [90]. In another study, microarray analysis has found that 
tumor initiation and insulin-like growth factor (IGF)/fibroblast growth factor (FGF) 
signaling contribute to sorafenib resistance in hepatocellular carcinoma [91].

As antibiotic resistance has become a global health problem, efforts are 
underway to identify and screen for new and effective antibiotics. A microarray 
for 132 gram-negative bacteria has been evaluated to detect genes for resistance to 
75 clinically relevant antibiotics [92]. Frye et al. have developed a DNA microar-
ray capable of detecting all antimicrobial resistance genes found at the National 
Center for Biotechnology [93]. Furthermore, a microarray has been use to identify 
Helicobacter pylori resistance to clarithromycin and levofloxacin, as well as to 
detect CYP2C19 polymorphism [94]. It is reported that this microarray can be 
used for individual therapy detection as it has high specificity, reproducibility, 
and sensitivity [78]. In another study, an effort has been successfully undertaken 
to reduce antibiotic susceptibility testing assay time, as well as for rapid deter-
mination of minimum inhibitory concentrations of different antibiotics using a 
nanoliter-sized microchamber/microarray-based microfluidic (N-3 M) platform 
[95]. More recently, a commercially available microarray (IDENTIBAC AMR-ve) 
has been developed for determination of antibiotic-resistant clinical isolates of 
Klebsiella pneumoniae, and to identify genes associated with resistance to a wide 
range of antibiotics [96].



Drug Design - Novel Advances in the Omics Field and Applications

58

the immune response following tetrabromobisphenol A treatment [66]. Moreover, 
ddPCR analysis of miRNAs identified using a microarray assay has revealed that 
anti-apoptotic miRNA may be potentially involved in antagonistic effects between 
the Alternaria mycotoxins alternariol and altertoxin II in HepG2 cells [67]. In 
another study using this combined approach, transglutaminase 2 is identified as a 
novel regulator of the tumor microenvironment in gastric cancer patients, thus serv-
ing as a promising target for restricting tumor-promoting inflammation [68].

2.3 Undruggable to druggable proteins using microarrays

In recent years, efforts have been directed towards transforming those proteins 
that are deemed pharmacologically incapable of being targeted, coined as “undrug-
gable”, into “druggable” proteins. Despite the fact that many proteins, such as 
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mutant p53 protein by converting it to a form with wild-type properties [75].
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metastasis suppressor 1-like (BRMS1L) was found to be upregulated by p53 protein. 
In addition, p53 inhibited cancer cell invasion and migration, and thus could serve 
as a therapeutic target for cancer [82].

2.4 Microarrays and drug resistance

Resistance to chemotherapy remains a major obstacle to improving a cancer 
patient’s outcome and survival despite significant advances in surgery, radiation 
therapy, and anticancer treatments. In cancer, drug resistance arises from a complex 
range of molecular and biochemical processes, such as modifications in DNA repair 
mechanism, drug uptake, absorption, and metabolism. Recent studies have identi-
fied two forms of drug resistance in cancer patients, intrinsic (innate resistance 
that is present before a patient is exposed to drugs) and acquired (a direct result 
of chemotherapy). A growing number of microarray studies have exploited the 
identification of mechanisms involved in both drug response and drug resistance 
in clinical samples in order to identify biomarkers for drug resistance [83]. For 
example, microarray analysis has provided a better understanding of circular RNA 
expression profiles that are associated with gemcitabine resistance in pancreatic 
cancer cells [84]. In human gastric cancer tissues, a microarray study has revealed 
that miR-424 regulates cisplatin resistance of gastric cancer [85]. Furthermore, 
extracellular matrix proteins have been implicated in drug-resistant ovarian cancer 
cells, thus inhibiting penetration of a drug into cells, as well as contributing to 
increased apoptosis resistance [86].

Of particular interest, new genes associated with drug resistance development 
in ovarian cancer have been discovered using microarray analysis, wherein 13 genes 
are found to be upregulated, while nine genes are found to be downregulated [87]. In 
triple-negative breast cancer cells, notable alterations are observed at both transcrip-
tomic and genomic levels, along with identification of a mutation (TP53) associated 
with drug response [88]. In another study, bioinformatics analyses of microarray 
datasets have identified neuromedin U (NMU) as a potential gene that confers alec-
tinib resistance in non-small cell lung cancer [89]. Furthermore, expression profiling 
has allowed for discovery of genes involved in ovarian-drug resistance, wherein these 
genes are found to be controlled via different signaling pathways, including MAPK–
Akt, Wnt, and Notch [90]. In another study, microarray analysis has found that 
tumor initiation and insulin-like growth factor (IGF)/fibroblast growth factor (FGF) 
signaling contribute to sorafenib resistance in hepatocellular carcinoma [91].

As antibiotic resistance has become a global health problem, efforts are 
underway to identify and screen for new and effective antibiotics. A microarray 
for 132 gram-negative bacteria has been evaluated to detect genes for resistance to 
75 clinically relevant antibiotics [92]. Frye et al. have developed a DNA microar-
ray capable of detecting all antimicrobial resistance genes found at the National 
Center for Biotechnology [93]. Furthermore, a microarray has been use to identify 
Helicobacter pylori resistance to clarithromycin and levofloxacin, as well as to 
detect CYP2C19 polymorphism [94]. It is reported that this microarray can be 
used for individual therapy detection as it has high specificity, reproducibility, 
and sensitivity [78]. In another study, an effort has been successfully undertaken 
to reduce antibiotic susceptibility testing assay time, as well as for rapid deter-
mination of minimum inhibitory concentrations of different antibiotics using a 
nanoliter-sized microchamber/microarray-based microfluidic (N-3 M) platform 
[95]. More recently, a commercially available microarray (IDENTIBAC AMR-ve) 
has been developed for determination of antibiotic-resistant clinical isolates of 
Klebsiella pneumoniae, and to identify genes associated with resistance to a wide 
range of antibiotics [96].
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2.5 Identifying new drugs using microarray

Microarrays have been successfully used not only in various fields of medical 
research and for treatment, but also as useful platforms/tools for drug discovery. A 
general scheme for drug discovery and development is presented in Figure 2.

Small-molecule microarrays (SMMs) serve as a robust and novel technology that 
will have important applications in target-based drug discovery. In this technology, 
it is proposed that depending on the screening strategy, small molecules are either 
covalently or noncovalently immobilized onto a microchip. Hence, high precision 
robotic printers are used to automatically spot around 5000 molecules along a stan-
dard microscopic glass slide, with a spot diameter ranging between 80 and 200 μm. 
Therefore, a biomolecule of interest is tagged with a fluorophore, and then detected 
through a fluorescence-based readout. Using this SMM technology on a mammary 
tumor organoid model, multiple Malat1 ENE triplex-binding chemotypes have been 
identified, and selected compounds have been found to reduce expression levels 
of MALAT1 [97]. This effort has demonstrated the plausibility of designing small 
molecules to investigate and treat MALAT1-driven type cancers.

An AbsorbArray is a small molecule microarray-based approach that allows for 
unmodified compounds to noncovalently adhere onto surfaces of an agarose-coated 
microarray to bind to RNA-motif libraries in a massively parallel format [98]. Using 
this platform, Hafeez et al. have designed a small molecule (TGP-377) that specifi-
cally and potently enhances vascular endothelial growth factor a (VEGFA) expres-
sion by targeting miR-377 and VEGFA mRNA [99].

Over the past decade, various drug screening platforms have been developed to 
control delivery of different drug candidates into target cells, including drug pat-
terning, stamping, and microfluidic loading [100]. For example, a microarray-based 
screening system to test for effects of small molecules on mammalian cells utilizes an 
imaging-based readout. This system allows for conducting small-molecule screening 
for discovery of new chemical tools and of potential therapeutic agents [101]. In 
another example, a printed hydrogel is used in a high-throughput microarray-based 

Figure 2. 
Major steps undertaken in discovery and development of new drugs.
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screening platform for rapidly and inexpensively identification of clinically promis-
ing lead compounds with inhibitory potentials [86]. Moreover, this platform can be 
used to quantify dose–response relationships of such inhibitors [102].

A schematic diagram of the drug discovery process using microarrays is pre-
sented in Figure 2.

2.6 Microarrays and drug discovery for cancer

Microarrays are playing important roles in the discovery of critical drugs for the 
treatment of various forms of cancer. An overview of the scheme for anticancer 
drug discovery and development using microarrays is presented in Figure 3.

Microarray-based mRNA expression analysis has revealed that artemisinin 
induced iron-dependent cell death (ferroptosis) in an NCI cell line panel [103]. 
In this study, genes subjected to cluster analysis have been derived from different 
microarray hybridization platforms (Stanford, Affymetrix U95U95v2, U133, and 
U133A/U133) [87]. It is observed that OGFOD1 and TFRC genes have exhibited 
comparable responses in Affymetrix microarrays U133 and U133A/U133B. In 
another microarray analysis study including 293 stomach tumor tissues and 
196 normal tissues, it is found that two hub genes, Serpin Family E Member 1 
(SERPINE1) and Secreted Protein Acidic and Cysteine Rich (SPARC), are signifi-
cantly upregulated in gastric tissues, and are associated with poor outcomes [88]. 
Thus, this has demonstrated that transcriptome microarray datasets may facilitate 
early diagnosis of gastric cancer, and they may be used for pursuing effective treat-
ment approaches [104].

Interestingly, scopoletin, a coumarin compound, is found to have an antiprolifera-
tive activity against tumor cells with ABC-transporter expression [89]. Furthermore, 
COMPARE and hierarchical cluster analysis of transcriptome-wide mRNA expres-
sion have supported the capacity of such compounds in drug development [105].

Furthermore, microarray analysis has provided evidence that the micro-RNA 
has-miR-542-5p can serve as a predictive biomarker, as well as a potential target 
for therapy in breast cancer [106]. Moreover, this microRNA acts via a mechanism 
involving the following target genes YWHAB, LY9, and SFRP1 [90]. In another 

Figure 3. 
The hallmarks of cancer and drug discovery using microarrays.
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screening platform for rapidly and inexpensively identification of clinically promis-
ing lead compounds with inhibitory potentials [86]. Moreover, this platform can be 
used to quantify dose–response relationships of such inhibitors [102].

A schematic diagram of the drug discovery process using microarrays is pre-
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treatment of various forms of cancer. An overview of the scheme for anticancer 
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induced iron-dependent cell death (ferroptosis) in an NCI cell line panel [103]. 
In this study, genes subjected to cluster analysis have been derived from different 
microarray hybridization platforms (Stanford, Affymetrix U95U95v2, U133, and 
U133A/U133) [87]. It is observed that OGFOD1 and TFRC genes have exhibited 
comparable responses in Affymetrix microarrays U133 and U133A/U133B. In 
another microarray analysis study including 293 stomach tumor tissues and 
196 normal tissues, it is found that two hub genes, Serpin Family E Member 1 
(SERPINE1) and Secreted Protein Acidic and Cysteine Rich (SPARC), are signifi-
cantly upregulated in gastric tissues, and are associated with poor outcomes [88]. 
Thus, this has demonstrated that transcriptome microarray datasets may facilitate 
early diagnosis of gastric cancer, and they may be used for pursuing effective treat-
ment approaches [104].

Interestingly, scopoletin, a coumarin compound, is found to have an antiprolifera-
tive activity against tumor cells with ABC-transporter expression [89]. Furthermore, 
COMPARE and hierarchical cluster analysis of transcriptome-wide mRNA expres-
sion have supported the capacity of such compounds in drug development [105].

Furthermore, microarray analysis has provided evidence that the micro-RNA 
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study, it is reported that for patients with high-grade gliomas, microarray data from 
GSE4412 and GSE7696 datasets have identified differentially expressed prognostic 
genes between long-term and short-term survivors [91]. Thus, these genes have 
been deemed as potential biomarkers for prognostic, diagnostic, and therapeutic 
strategies [107]. Interestingly, atorvastatin treatment of HepG2 cells is reported to 
modulate 13 miRs identified in a microarray study [108].

Over the years, there have been several advances in design and analysis of 
microarray. For example, such advances have helped in the development of more 
specific biomarkers for prostate cancer in order to design effective therapeutic 
strategies [109]. It is found that urinary prostate cancer-derived exosomes could 
serve as promising sources of novel biomarker(s). In another study, fabrication of 
a microarray platform via a sandwich system has allowed for screening of 320 drug 
candidates as potential anti-cancer agents in in vitro experiments performed on 
MCF-7 breast cancer cells [110]. Furthermore, new bioinformatics tools have been 
used for microarray data analysis, and have led to the identification of CDX2 as a 
prognostic marker for stages II and III colon cancer [111].

Interestingly, lncRNA-TTN-AS1, a novel vital regulator of esophageal squamous 
cell carcinoma, has been identified using microarray analysis, and found to correlate 
with overall survival [96]. This biomarker promotes SNAIL1 and FSCN1 expression 
binding to miR-133b, as well as interaction with mRNA, thereby leading to activa-
tion of a metastasis cascade [112]. Carstens et al. have developed a combinatorial 
chemotherapeutic drug-eluting microarray for tumor-initiating cancer stem cells 
capable of performing chemosensitivity screens using limited cell numbers [113]. In 
fact, a lncRNA microarray analysis using hepatocarcinoma HCC cells has demon-
strated that HNF1A-AS1 is a direct transactivation target of HNF1α, and it may have 
beneficial effects in the treatment of this form of cancer [114]. A pathway analysis 
of microarray data has identified a transient receptor potential vanilloid (TRPV) 2 as 
a novel therapeutic target for esophageal squamous cell carcinoma. TRPV2 deple-
tion is found to down-regulate WNT/β-catenin signaling-related genes, as well as 
basal cell carcinoma signaling-related genes [115]. In another development, using 
small molecule microarrays, protein–protein interaction inhibitors of BRCA1 that 
can be directly administered to tumor cells have been identified [100]. In fact, these 
compounds have proven to be useful in cancer therapy by targeting BRCA1/PARP-
related pathways involved in DNA damage and repair response [116].

In other cancer drug discovery studies, analysis of microarray data has revealed 
that manzamine (or Manz A) is found to have an antiproliferative effect on human 
colorectal carcinoma cells, wherein it reduces expression of genes involved in cell 
survival, induces apoptotic cell death, and inactivates epithelial to mesenchymal 
transition (EMT) [117]. Furthermore, Manz A is proposed as a potential anticancer 
drug for colorectal cancer patients by blocking tumors undergoing EMT process and 
developing distal metastasis. In another effort, the Collaborator of ARF (CARF) 
protein has been discovered by microarray analysis as a new target of miR-451, and 
that it mediates its tumor suppressor function both in normal and stressed biological 
states [118].

In a comparative study, RNA-seq and qPCR-based arrays were found to be better 
suited than transcriptomic cDNA microarrays in assessing G protein-coupled recep-
tor (GPCR) expression with implications for GPCR biology and drug discovery 
[119]. A gene expression omnibus (GEO) database for mRNA microarray data was 
used for discovery of potential biomarkers in HER-2 positive breast cancer patients 
who received a neoadjuvant trastuzumab treatment [120]. Furthermore, a combi-
nation therapy of trastuzumab and anti-Wnt or hormone therapy could serve as an 
effective treatment for breast cancer. In addition, expression microarray analysis 
led to the identification of internalizing antibodies (CD73 mAbs) for basal breast 
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cancer cells [121]. Thus, these mAbs were found to bind to basal-like breast cancer 
cell surface receptors of high affinity and specificity, as well as promoted receptor-
mediated endocytosis with potential applications in basal-like breast cancer treat-
ment [106]. Following microarray gene expression profile analysis, ocriplasmin, 
β-mercaptoethanol, and recombinant α 1-antitrypsin were identified as potential 
drugs for the treatment of papillary thyroid cancer [122]. Moreover, microarray 
profiling assisted in identifying the cytotoxicity mode of action involved in apop-
tosis of MCF-7 cells following treatment with Nam Dia Long (NDL), a Vietnamese 
traditional formula [123].

In other studies, genomics and proteomics data have revealed that the ribo-
nucleotide reductase regulatory subunit M2 (RRM2) is a novel target of sorafenib in 
hepatocellular carcinoma [124]. Whereas, a cDNA microarray analysis has identified 
trichlorobenzene-substituted azaaryl compounds as novel FGFR inhibitors with 
capabilities in downregulating genes associated with cell cycle progression, and in 
upregulating genes associated with autophagy pathway in bladder cancer [125].

2.7 Microarrays and drug discovery for various other pathologies

Microarrays have been widely used for screening, identifying, and discovery 
of drugs for various pathologies. A summary of various microarrays used in the 
discovery of relevant drugs for some of these pathologies will be presented.

A pharmacogenomics corticosteroid model in rat liver was quantified using micro-
arrays and mass spectrometry-based proteomics [126]. Furthermore, corticosteroid-
regulated gene expression was observed at mRNA and protein levels, and acting via 
mechanisms influencing key turnover processes. In another study, an Affymetrix 
DMET Plus GeneChip microarray platform was found to be useful in discovery of 
new genetic variants involved in risperidone-induced hyperprolactinemia based on 
correlations of genetic variations with target genes of interest [127]. In yet another 
innovative approach, baseline blood sample microarray data and machine learning 
were exploited to develop a predictive model for lithium treatment response in bio-
polar patients based on pre-treatment gender and gene expression data [128]. In fact, 
this predictive model can be extended not only for other therapeutic drug classes, but 
also for discovery of new biomarkers [113].

Using an Affymetrix_Hugene_1.0_ST microarray, latrophilin (LPHN) receptors 
have been identified as novel bronchodilator targets for asthma [114]. Moreover, 
a single nucleotide polymorphism (SNP) in LPHN1 correlated with asthma along 
with higher LPHN1 expression in lung tissue [129]. Just as important, microarrays, 
based on normalized cDNA libraries, have been used to successfully discover novel 
genes as potential candidates for drug targeting. In one study whereby a mouse 
model of immunoglobulin A nephropathy was used, the single most important drug 
targets in nephritis, namely up-regulated G-protein coupled receptors (GPCRs), 
have been identified [130]. In other efforts, novel biomarkers related to ageing and 
age-related diseases have been also discovered using microarrays. For example, 
Lamb et al. generated a large public database of signatures of drugs and of genes 
by identifying small molecules with potential applications for the treatment of 
Alzheimer’s disease [131]. Likewise, a microarray study was conducted to compare 
gene expression of major metabolic tissues in mice, rats, and obese cynomolgus 
monkeys, and it was observed that a modified growth differentiation factor 15 
(GDF15)-Fc fusion proteins could serve as potential therapeutic agents for obesity, 
and for treatment of related comorbidities [132]. Moreover, chemical microarray-
assisted high-throughput screening of potential drugs has contributed for rapid 
identification of four peptoids as fibroblast growth factor receptors (FGFR) 
agonists with potential applications in clinical use [113].
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study, it is reported that for patients with high-grade gliomas, microarray data from 
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can be directly administered to tumor cells have been identified [100]. In fact, these 
compounds have proven to be useful in cancer therapy by targeting BRCA1/PARP-
related pathways involved in DNA damage and repair response [116].

In other cancer drug discovery studies, analysis of microarray data has revealed 
that manzamine (or Manz A) is found to have an antiproliferative effect on human 
colorectal carcinoma cells, wherein it reduces expression of genes involved in cell 
survival, induces apoptotic cell death, and inactivates epithelial to mesenchymal 
transition (EMT) [117]. Furthermore, Manz A is proposed as a potential anticancer 
drug for colorectal cancer patients by blocking tumors undergoing EMT process and 
developing distal metastasis. In another effort, the Collaborator of ARF (CARF) 
protein has been discovered by microarray analysis as a new target of miR-451, and 
that it mediates its tumor suppressor function both in normal and stressed biological 
states [118].

In a comparative study, RNA-seq and qPCR-based arrays were found to be better 
suited than transcriptomic cDNA microarrays in assessing G protein-coupled recep-
tor (GPCR) expression with implications for GPCR biology and drug discovery 
[119]. A gene expression omnibus (GEO) database for mRNA microarray data was 
used for discovery of potential biomarkers in HER-2 positive breast cancer patients 
who received a neoadjuvant trastuzumab treatment [120]. Furthermore, a combi-
nation therapy of trastuzumab and anti-Wnt or hormone therapy could serve as an 
effective treatment for breast cancer. In addition, expression microarray analysis 
led to the identification of internalizing antibodies (CD73 mAbs) for basal breast 
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cancer cells [121]. Thus, these mAbs were found to bind to basal-like breast cancer 
cell surface receptors of high affinity and specificity, as well as promoted receptor-
mediated endocytosis with potential applications in basal-like breast cancer treat-
ment [106]. Following microarray gene expression profile analysis, ocriplasmin, 
β-mercaptoethanol, and recombinant α 1-antitrypsin were identified as potential 
drugs for the treatment of papillary thyroid cancer [122]. Moreover, microarray 
profiling assisted in identifying the cytotoxicity mode of action involved in apop-
tosis of MCF-7 cells following treatment with Nam Dia Long (NDL), a Vietnamese 
traditional formula [123].

In other studies, genomics and proteomics data have revealed that the ribo-
nucleotide reductase regulatory subunit M2 (RRM2) is a novel target of sorafenib in 
hepatocellular carcinoma [124]. Whereas, a cDNA microarray analysis has identified 
trichlorobenzene-substituted azaaryl compounds as novel FGFR inhibitors with 
capabilities in downregulating genes associated with cell cycle progression, and in 
upregulating genes associated with autophagy pathway in bladder cancer [125].

2.7 Microarrays and drug discovery for various other pathologies

Microarrays have been widely used for screening, identifying, and discovery 
of drugs for various pathologies. A summary of various microarrays used in the 
discovery of relevant drugs for some of these pathologies will be presented.

A pharmacogenomics corticosteroid model in rat liver was quantified using micro-
arrays and mass spectrometry-based proteomics [126]. Furthermore, corticosteroid-
regulated gene expression was observed at mRNA and protein levels, and acting via 
mechanisms influencing key turnover processes. In another study, an Affymetrix 
DMET Plus GeneChip microarray platform was found to be useful in discovery of 
new genetic variants involved in risperidone-induced hyperprolactinemia based on 
correlations of genetic variations with target genes of interest [127]. In yet another 
innovative approach, baseline blood sample microarray data and machine learning 
were exploited to develop a predictive model for lithium treatment response in bio-
polar patients based on pre-treatment gender and gene expression data [128]. In fact, 
this predictive model can be extended not only for other therapeutic drug classes, but 
also for discovery of new biomarkers [113].

Using an Affymetrix_Hugene_1.0_ST microarray, latrophilin (LPHN) receptors 
have been identified as novel bronchodilator targets for asthma [114]. Moreover, 
a single nucleotide polymorphism (SNP) in LPHN1 correlated with asthma along 
with higher LPHN1 expression in lung tissue [129]. Just as important, microarrays, 
based on normalized cDNA libraries, have been used to successfully discover novel 
genes as potential candidates for drug targeting. In one study whereby a mouse 
model of immunoglobulin A nephropathy was used, the single most important drug 
targets in nephritis, namely up-regulated G-protein coupled receptors (GPCRs), 
have been identified [130]. In other efforts, novel biomarkers related to ageing and 
age-related diseases have been also discovered using microarrays. For example, 
Lamb et al. generated a large public database of signatures of drugs and of genes 
by identifying small molecules with potential applications for the treatment of 
Alzheimer’s disease [131]. Likewise, a microarray study was conducted to compare 
gene expression of major metabolic tissues in mice, rats, and obese cynomolgus 
monkeys, and it was observed that a modified growth differentiation factor 15 
(GDF15)-Fc fusion proteins could serve as potential therapeutic agents for obesity, 
and for treatment of related comorbidities [132]. Moreover, chemical microarray-
assisted high-throughput screening of potential drugs has contributed for rapid 
identification of four peptoids as fibroblast growth factor receptors (FGFR) 
agonists with potential applications in clinical use [113].
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In a new twist, a phenotypic microarray (PM) technology has been used to mea-
sure Candida albicans metabolic activity in the presence/absence of acetylcholine, 
thus paving the way for discovery and screening of compound libraries for novel 
anti-fungal drugs [133]. While glycan microarrays were found useful in supporting 
analysis of receptor-binding specificity for glycan-binding pathogens to tackle viral 
infections, as well as for appropriate design of viral vectors for therapeutic applica-
tions [134, 135]. Along the lines of combining different technologies, microarrays 
were integrated with high-throughput proteomics to promote discovery of trans-
thyretin as a potentially valuable target for rhabdomyolysis-induced acute kidney 
injury, as transthyretin induced apoptosis by decreasing accumulation of reactive 
oxygen species (ROS) [136]. In another study, microarray analysis revealed that 
the nitric oxide–sensitive soluble guanylyl cyclase improved both diastolic cardiac 
function and hemodynamics, as well as decreased susceptibility to ventricular 
arrhythmias in animal models [137]. Whereas, Takahiro et al. reported on a novel 
method to analyze glycan profiles of hemagglutinin using a lectin microarray that 
served as a highly sensitive and simple tool for glycan profiling of viral glycopro-
teins [138]. Similarly, using a high-density peptide microarray, designed using 
linear peptides and consequentially conformational epitopes, specific diagnostic 
peptides for the Zika virus were identified, and this approach could be rapidly 
adapted to other pathogens [139]. In another microarray study along with use of the 
WGCNA (weighted gene co-expression network analysis) method, genes related 
to inflammatory and immune responses with critical roles in rheumatoid arthritis 
pathogenesis have been identified, and both sanguinarine and papaverine were 
deemed as having potential therapeutic effects on rheumatoid arthritis [140].

In another innovative approach, a meta-analysis of polymyositis and dermatomy-
ositis microarray data has revealed that four novel genes and ten SNP-variant regions 
could be used either as candidates for potential drug targets or as biomarkers [141]. 
Interestingly, microarray analyses have indicated that SAM-competitive EZH2 inhib-
itors in cancer cells induced genes related to cholesterol homeostasis in hepacellular 
carcinoma [142]. Moreover, gene expression microarray studies have that revealed 
that T2DM-connected genes as alternative drug targets. Furthermore, interatomic 
and toxicogenomic have helped to identify signaling pathways involved in disease 
pathophysiology [143]. An integrative gene expression microarray meta-analysis has 
provided valuable information about novel potential host factors that can modulate 
chronic HBV infection, and may serve as potential targets for the development of 
novel therapeutics such as the activin receptor-like kinase inhibitor [144].

In other innovative platforms, non-natural amino acid peptide microarrays 
were developed for discovery of Ebola virus glycoprotein affinity ligands, and this 
system could be used for rapid development of peptide-based antivirals for other 
diseases [145]. On the other hand, Kusi-Appiah et al. developed a method in order 
to generate quantitative dose–response curves from microarrays of liposomal small 
molecules [129]. This method was found to control dosages of small lipophilic mol-
ecules provided to cells by varying sub-cellular volumes of surface-supported lipid 
micro- and nano-structure arrays manufactured using nanointaglio printing [146].

In other studies, microarrays have been used to select either cooperative or 
non-cooperative peptide pairs for modulating enzyme functions for use in both 
drug discovery and biocatalysis [147]. Specifically, new peptides promoting inhibi-
tion of the target enzyme are selected by jointly using them along with a primary 
inhibitory peptide. Furthermore, a quantitative PCR-based microarray has been 
used to assess differences in expression levels of miRNA from plasma of women 
with or without endometriosis, and a potential diagnostic marker, hsa-miRNA-
154-5p, for this disease is identified [148]. In another study, altered gene expression 
profiles in peripheral blood mononuclear cells (PBMCs) of type 1 diabetes (T1D) 
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are identified using integrated analysis of different microarray studies, thereby 
offering a new strategy for either preserving or improving β-cell function [149]. 
Moreover, microarray analysis has allowed for the identification of an aurora kinase 
A (AURKA) gene involved in cell cycle regulation that could serve as a potential 
biomarker for predicting poor prognosis in liposarcoma [150].

Microarrays have been used to identify drugs for various other diseases. For 
example, collagenase is demonstrated to play an important role in ischemia stroke 
through TNF and IL1B, and a DNA microarray has identified anakinra and nitric 
oxide as small molecule drugs that are closely associated with this disease [151]. 
While protein microarrays have been used as platforms to “target hop”, critical for 
identifying small molecules that bind to, and compete with, domain–motif interac-
tions [152]. In fact, Bae et al. have used this platform to identify a novel compound, 
EML405, via its interaction with the Tudor domain-containing protein Spindlin1, 
SPIN1. Furthermore, microarray screening has identified a retinoid derivative Tp8 
that promotes anti-hepatitis C virus activity via restoration of the gastrointestinal 
glutathione peroxidase (GI-GPx) [153]. In a different study, a small–molecule 
microarray (SMM)–based screening has contributed to the identification of an 
inhibitor (a degradation product from a commercial screening collection) of the 
“undruggable” small ubiquitin–like modifier (SUMO) E2 enzyme Ubc9 [154]. 
This latter discovery provides a viable example of the significant pharmacological 
importance of this SMM screening strategy.

There are additional examples of the impact of microarray analyses in identify-
ing valuable drugs against serious human diseases. GSE7621 microarray data from 
the GEO database have allowed for the identification of 49 novel small molecular 
drugs that can target several sub-pathways of Parkinson’s disease [155]. Moreover, 
this strategy has allowed for predicting potential therapeutic properties of novel 
agents, such as ketoconazole and astemizole, in Parkinson’s disease via targeting of 
key enzymes in the arachidonic acid metabolism [138]. In another microarray study, 
cyclosporine, ethinyl, and tretinoin have been identified, using the Linear Models 
for Microarray package, as potential targets for treating pulmonary thromboembo-
lism [156]. Whereas, the effect of astragalosides (AST) in rheumatoid arthritis has 
been elucidated following microarray analysis of critical differentially expressed 
lncRNAs involved in this disease, wherein four lncRNAs have been selected as 
critical therapeutic targets for AST [157]. In a recent study, microarray analysis has 
revealed that the synthetic lipid AM251 inhibits SMAD2/3 and p38 mitogen-acti-
vated protein kinase (MAPK), as well as suppresses EMT of renal tubular epithelial 
cells [158]. Whereas emodin, a Chinese herb-derived compound, is found to sup-
press excessive responses of macrophages, and it is capable of restoring macrophage 
homeostasis in different pathologies [159]. Moreover, findings of a microarray 
analysis have revealed that medroxyprogesterone acetate (MPA), a progestin-based 
hormonal contraceptive designed to mimic progesterone, increases expression of 
genes related to inflammation and cholesterol synthesis, as well as those genes asso-
ciated with both innate immunity and HIV-1 susceptibility [160]. Finally, integrative 
microarray data have been exploited to identify eight hub genes and one potential 
nanomedicinal drug, Selenocysteine, that promotes cartilage regeneration [161].

3. Next generation sequencing for drug discovery

Next generation sequencing (NGS) is the term used for massive parallel 
sequencing experiments that can be conducted using DNA, RNA, or miRNA. NGS 
has revolutionized clinical and research studies by enabling sequencing of whole 
human genomes within a single day.
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In a new twist, a phenotypic microarray (PM) technology has been used to mea-
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thus paving the way for discovery and screening of compound libraries for novel 
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analysis of receptor-binding specificity for glycan-binding pathogens to tackle viral 
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teins [138]. Similarly, using a high-density peptide microarray, designed using 
linear peptides and consequentially conformational epitopes, specific diagnostic 
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are identified using integrated analysis of different microarray studies, thereby 
offering a new strategy for either preserving or improving β-cell function [149]. 
Moreover, microarray analysis has allowed for the identification of an aurora kinase 
A (AURKA) gene involved in cell cycle regulation that could serve as a potential 
biomarker for predicting poor prognosis in liposarcoma [150].

Microarrays have been used to identify drugs for various other diseases. For 
example, collagenase is demonstrated to play an important role in ischemia stroke 
through TNF and IL1B, and a DNA microarray has identified anakinra and nitric 
oxide as small molecule drugs that are closely associated with this disease [151]. 
While protein microarrays have been used as platforms to “target hop”, critical for 
identifying small molecules that bind to, and compete with, domain–motif interac-
tions [152]. In fact, Bae et al. have used this platform to identify a novel compound, 
EML405, via its interaction with the Tudor domain-containing protein Spindlin1, 
SPIN1. Furthermore, microarray screening has identified a retinoid derivative Tp8 
that promotes anti-hepatitis C virus activity via restoration of the gastrointestinal 
glutathione peroxidase (GI-GPx) [153]. In a different study, a small–molecule 
microarray (SMM)–based screening has contributed to the identification of an 
inhibitor (a degradation product from a commercial screening collection) of the 
“undruggable” small ubiquitin–like modifier (SUMO) E2 enzyme Ubc9 [154]. 
This latter discovery provides a viable example of the significant pharmacological 
importance of this SMM screening strategy.

There are additional examples of the impact of microarray analyses in identify-
ing valuable drugs against serious human diseases. GSE7621 microarray data from 
the GEO database have allowed for the identification of 49 novel small molecular 
drugs that can target several sub-pathways of Parkinson’s disease [155]. Moreover, 
this strategy has allowed for predicting potential therapeutic properties of novel 
agents, such as ketoconazole and astemizole, in Parkinson’s disease via targeting of 
key enzymes in the arachidonic acid metabolism [138]. In another microarray study, 
cyclosporine, ethinyl, and tretinoin have been identified, using the Linear Models 
for Microarray package, as potential targets for treating pulmonary thromboembo-
lism [156]. Whereas, the effect of astragalosides (AST) in rheumatoid arthritis has 
been elucidated following microarray analysis of critical differentially expressed 
lncRNAs involved in this disease, wherein four lncRNAs have been selected as 
critical therapeutic targets for AST [157]. In a recent study, microarray analysis has 
revealed that the synthetic lipid AM251 inhibits SMAD2/3 and p38 mitogen-acti-
vated protein kinase (MAPK), as well as suppresses EMT of renal tubular epithelial 
cells [158]. Whereas emodin, a Chinese herb-derived compound, is found to sup-
press excessive responses of macrophages, and it is capable of restoring macrophage 
homeostasis in different pathologies [159]. Moreover, findings of a microarray 
analysis have revealed that medroxyprogesterone acetate (MPA), a progestin-based 
hormonal contraceptive designed to mimic progesterone, increases expression of 
genes related to inflammation and cholesterol synthesis, as well as those genes asso-
ciated with both innate immunity and HIV-1 susceptibility [160]. Finally, integrative 
microarray data have been exploited to identify eight hub genes and one potential 
nanomedicinal drug, Selenocysteine, that promotes cartilage regeneration [161].

3. Next generation sequencing for drug discovery

Next generation sequencing (NGS) is the term used for massive parallel 
sequencing experiments that can be conducted using DNA, RNA, or miRNA. NGS 
has revolutionized clinical and research studies by enabling sequencing of whole 
human genomes within a single day.
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This powerful NGS can be used in several different areas. For example, NGS 
can be used in clinical settings for identifying genetic variants with high specificity 
and sensibility, thus allowing for detection of mosaic mutations that could not be 
previously identified by Sanger sequencing [162]. In the field of microbiology, NGS 
can be used for identifying and characterizing pathogens, including novel strains 
or mutants, thereby allowing for linking a pathogen or a new pathogenic strain to 
an outbreak in a specific region or to a particular individual(s) [163]. The role of 
NGS in the field of oncology is quite significant, as this technology can be used for 
pursuing personalized medicine, in particular for developing targeted therapies for 
specific cancers correlated with individual genetic profiles of patients. Moreover, 
NGS is highly useful for diagnosis, and for classification of different types of cancer 
in both adults and children [162, 164, 165].

Furthermore, NGS is highly versatile, primarily for the diversity of analysis that 
can be undertaken, as well as to numbers and types of biological samples that can be 
analyzed. A listing of major types of analyses that can be undertaken, as well as of 
types of biological samples used in NGS are presented in Table 2.

As for drug discovery, NGS has been successfully used in various areas of  
drug discovery, beginning with target identification, compound screening, 

Analysis type Purpose(s) Biological sample(s)

Targeted gene sequencing Identify genetic alteration(s) for a specific 
set of gene region(s) or SNP(s)

Cell cultures; whole 
blood; serum; plasma; 
fresh/frozen tissue; 
formalin-fixed paraffin-
embedded tissue

Whole exome sequencing Evaluate variation(s) present in coding 
region(s) of DNA (exomes)

Cell cultures; whole 
blood; fresh/frozen 
tissue; formalin-fixed 
paraffin-embedded tissue

Whole genome sequencing Identify variations present in the whole 
genome of an organism(s)

Cell cultures; whole 
blood; fresh/frozen 
tissue; formalin-fixed 
paraffin-embedded tissue

miRNAseq Identify miRNAs and their expression 
level(s)

Cell cultures; whole 
blood; serum; plasma; 
fresh/frozen tissue

RNAseq Determine expression levels of whole 
genes present in an organism

Cell cultures, Whole 
blood, serum, plasma, 
fresh/frozen tissue

CHIPseq Chromatin immunoprecipitation 
sequencing allows for identifying 
alterations at DNA –binding sites of 
different transcriptional factor(s) or 
protein(s)

Cell cultures; fresh/
frozen tissue

Copy number alterations/
variations (CNVs)

Detect duplication(s), deletion(s), 
translocation(s), or inversion(s) of one or 
more genes

Cell cultures; whole 
blood; fresh/frozen 
tissue; formalin-fixed 
paraffin-embedded tissue

Methylation sequencing Evaluate whole methylation pattern(s) 
in CpG, CHG, and CHH regions across a 
genome

Cell cultures; whole 
blood; fresh/frozen 
tissue; formalin-fixed 
paraffin-embedded tissue

Table 2. 
Types of NGS analysis, purpose(s), and biological samples used.
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biomarker discovery, identification of biopharmaceuticals, drug resistance, and 
vaccine discovery [166–168]. Those steps involved in drug discovery where NGS 
could be of particular use are presented in Figure 4.

3.1 Target identification

In recent years, NGS has been valuable in the identification of different genetic 
alterations of a pathogen/pathology that can be useful for targeted treatment. The 
versatility of NGS allows for evaluating genomic regions using genomic analysis, 
transcriptomics, RNAseq, and miRNA seq in order to identify gene(s) and their 
regulation(s)/functionality(ies) in response to different disease conditions, which 
in turn could be used for target identification [169].

Analysis of genetic variant(s) is yet another important approach for identify-
ing mutations in rare diseases, as these could then be used for treatment of such 
target(s) [170, 171]. Epigenetic studies, such as methylation analysis or CHIP-seq 
analysis, known to be altered in different pathologies, could also aid in identifying 
targets for specialized treatments/therapies [172, 173].

NGS has been widely used for gene to target identification for treatment  
of cancer. As it is well known, the National Comprehensive Cancer Network 
(NCCN) has several guidelines for NGS target identification used for treatment 
of various types of cancer. These include targeting genes for lung cancer (EGFR, 
ALK, ROS1, BRAF, and PDL1) [174], colorectal cancer (NRAS/HRAS/KRAS, 
BRAF, HER2, MLH1, MSH2, MSH6, and PMS2) [175], breast and ovarian cancers 
(BRCA1/2, TP53, STK11, PTEN, CDH1, PALB2, among others) [176]. By identifying 
mutations in each of these genes, clinicians are able to treat patients with specific 
targeted treatments. In Waldenström’s macroglobulinemia, NGS has been employed 
in evaluating genomic variations that could better inform treatment of patients, 
and that would ultimately lead to better outcomes. It is observed that patients with 
recurrent somatic mutations in genes of myeloid differentiation factor 88 (MYD88) 
and chemokine receptor type 4 (CXCR4) demonstrate different responses to the 
same treatment, and thus these genes serve as clinical determinants of clinical 
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Table 2. 
Types of NGS analysis, purpose(s), and biological samples used.
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biomarker discovery, identification of biopharmaceuticals, drug resistance, and 
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presentation [154]. Therefore, a treatment algorithm can be used, based on the 
mutational status of a patient, in a clinic to adjust targeted treatment [177].

Although cancer has been the most widely studied disease over the last decade, 
other diseases have employed this approach to identify improved therapies/treat-
ments for each individual patient. For example, Tshibangu-Kabamba et al. have 
used NGS for evaluating antimicrobial resistance (AMR) of different strains of 
Helicobacter pylori, as well as for determining antimicrobial susceptibilities of these 
bacterial strains [155]. Whole genome sequencing has aided in identifying several 
variants in AMR genes, such as pbp1A (T558S, F366L), gyrA (A92T, A129T), gyrB 
(R579C), and rdxA (R131_K166del). This has been instrumental in determining 
susceptibility of these strains to specific drugs [178].

RNA-seq technology has been used for profiling of host, bacteria, and SARS-
CoV-2 virus outbreaks in New York City [156]. It is reported that RNA-seq results 
are similar to those of RT-PCR. In addition, it is observed that SARS-CoV-2 samples 
seem to carry other types of viruses. Interestingly, it is also observed that there 
are gene expression dysregulation in viral response pathways, innate immune 
responses, and interferon signaling that could explain different responses of 
patients to the same antiviral drugs [179].

In another study, NGS has been used to identify a targeted treatment for a 
patient suffering from an immune dysregulation syndrome. As a result, a new 
germline mutation in the CTLA4 (Cytotoxic T-Lymphocyte Associated Protein 4) 
gene, susceptible to the drug abatacept, has been identified [180].

3.2 Target to standard of care

In this step of drug discovery, NGS plays an important role, mainly due to its 
ability to assess multiple gene alterations within a short period of time. Moreover, 
the Food and Drug Administration (FDA) has approved NGS testing in clinics. 
One such example is the case of using a hybrid capture NGS assay for evaluating 
non-small cell lung cancer in patients. Using this assay, Schatz et al. have diagnosed 
417 patients based on both genetic alterations and tumor burden. This approach 
has made it possible to use specific treatments based on tumor burden values if no 
actionable genetic alteration is detected [181, 182]. Furthermore, Klowak et al. have 
used NGS in a pilot study to identify pathogens in neonates suspected of having 
sepsis. They have proposed an NGS-based protocol for implementation in clinics 
to accurately and rapidly identify those pathogens affecting neonates, as well as to 
provide better treatments [183]. Yet in another example, an NGS panel, consisting 
of seven fusion genes and seven genes with frequent copy number changes, has 
been used to diagnose 113 sarcoma patients with 97% sensitivity and 100% specific-
ity. This has rendered this gene panel as a highly promising toll for implementing 
gene targets in standard of care for sarcoma patients [184]. There are several other 
studies demonstrating the utility of NGS testing in identifying targets that could be 
actionable by either specific drugs or that could be implemented as specific targets 
for standard of care for particular diseases [185–189].

3.3 Compound screening

In recent years, a common method used for compound screening during drug 
discovery is “encoded library technology” (ELT) [190]. ELT is based on DNA 
binding to members of a small molecule library of chemical compounds. This DNA 
tag, serving as an amplifiable identification barcode, is unique to each compound/
organic ligand, thus rendering it possible for its incubation with specific protein tar-
gets of interest. Subsequently, these organic compounds/ligands are washed away 
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based on their affinities to the target; thus, compounds/ligands with high affinities 
for the target are enriched, and identified by NGS sequencing of PCR products 
[190]. This approach allows for both constructing and screening of combinatorial 
libraries of large volumes, thus facilitating rapid discovery of ligands to various 
different protein targets. ELT is used in several clinical areas, mainly for cancer, but 
also for various diseases, as it is a rapid and economical screening system of organic 
compounds [191–194].

Recently, Lemke et al. used ELT and virtual computation library screening 
methods, DNA-encoded chemical libraries (DECL), to identify inhibitors for poly-
ADR-ribose polymerase member 10 (PARP10). In effect, they integrated DECL 
screening with structure-based computational methods to streamline the develop-
ment of leading compounds. Thus, following DECL screening, they observed that 
a compound with an A82-CONHMe-B54 motif yielded the best result. Therefore, 
they screened over 10,500 virtual compounds, and selected ten compounds for 
synthesis. These compounds were assessed for PARP10 inhibition, and they found 
two compounds with promising results [195]. In another study, Reidenbach et 
al. attempted to identify compounds against Prion disease, a neurodegenerative 
disease with no therapeutic options; however, the only benzimidazole compounds 
identified demonstrated low affinities [196]. Whereas, Cuozzo et al. screened 
a DECL library of 225 million compounds, and identified a single compound 
(X-165) with a high activity against the production of lysophosphatidic acid, and 
this compound has been approved by the FDA for Phase I Clinical trials [197]. In 
other examples of using this strategy, Dawadi et al. discovered a thrombin inhibi-
tor using DECL [198], while, Kung et al. identified two compounds that presented 
inhibition/binders to e Nα-terminal acetyltransferase (Naa50) using ECL library 
screening [199].

3.4 Undruggable targets and NGS

As mentioned above, an “Undruggable” target is a term given to sets of proteins 
that cannot be targeted by a specific treatment, yet they can be exploited for the 
development of treatments for various diseases.

Among these undruggable targets are non-enzymatic proteins, transcrip-
tional factors, regulatory proteins, and scaffolding proteins [200, 201]. One such 
undruggable target is the Kristen Rat Sarcoma (KRAS) protein encoding a viral 
oncogene, detected in non-small cell lung cancer (NSCLC). Recently, KRAS 
mutations have been successfully targeted using different approaches, such as 
inhibition of downstream effectors, epigenomic approaches, post-translational 
modifications, and high-affinity KRAS binders, among others, wherein direct 
pharmacological inhibition of a KRAS p.G12C mutation is deemed possible, thus 
serving as an effective targeted treatment available for patients with advanced 
NSCLC [202]. Moreover, other members of the RAS family are deemed as undrug-
gable targets in cancer, and several approaches have been used. Kato et al. have 
used NGS to evaluate the mutational status of 1937 patients with different can-
cers, and have observed that over 20% presented RAS alterations. Unfortunately, 
poor overall survival has been observed in spite of various treatment options that 
are offered; however, a better survival is observed for patients treated using a 
combined therapy targeting MAPK and non-MAPK pathways [203]. Among other 
undruggable targets, MYC and TP53 are known to have no enzymatic activities, 
and are located intracellularly. However, a Phase III trial is undergoing for TP53 
using the APR-246 drug for myelodysplastic syndrome, and although there are 
no current clinical trials for MYC, an anti-MYC compound, OmoMYC, has been 
validated in multiple preclinical studies [204].
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In other efforts, Zhou et al. have proposed the use of neoantigens, collected 
from patients with gastric cancer, for targeted therapies for gastric cancer disease 
[181]. In this study, six highly mutated genes along with high frequency HLA 
alleles have been identified, thus rendering neoantigens of these six genes as 
possible targets for immunotherapy of gastric cancer [205]. In another study on 
neuroblastoma, it is reported that a MYCN gene can be transformed into a drug-
gable target by targeting different regulators of its pathway, such as β-estradiol 
and MAPK/ERK [206].

3.5 Drug resistance and NGS

Using NGS, a new gene was identified in Acinetobacter baumannii strain 863 
conferring multi-drug resistance to this bacterial pathogen [207]. In another 
study, an antibiotic resistance signature of 25 genes was differentially expressed 
in Staphylococcus aureus [208]. Furthermore, it was reported that NGS might be 
successfully used for early identification of mutations related to drug resistance in 
transplant patients treated for cytomegalovirus [209].

In other studies, metagenomics NGS assays have been used to identify micro-
bial composition and antibiotic resistance in water samples of Puget Sound 
(Washington State), and have reported that this could serve as a reliable protocol 
for providing accurate information on bacterial composition and antibiotic resis-
tance in water samples [210]. Leprohon et al. have reviewed all critical information 
relevant to drug resistance and to resistance mechanism(s) in Leishmania infections 
generated from NGS analysis [211]. Furthermore, NGS has been successfully used 
for testing for HIV-1 drug resistance, although such studies are yet to be standard-
ized [212–216]. Likewise, NGS and pyrosequencing have been used to investigate 
resistance of the Influenta A virus to baloxavir [217]. Moreover, NGS has also been 
used for detection of those H. pylori clones that are resistant to levofloxacin [218]. 
While RNA-seq data have been mined to identify novel fusion genes in gastrointes-
tinal stromal tumor patients with resistance to imatinib [219].

4. DrugBank

Another important set of tools in drug discovery are the collective databases of 
drugs with detailed information about drugs, including their actions and targets. 
One such database is DrugBank, launched back in 2006, as it combines various 
resources offering clinical information, including chemical information about 
drugs and resources [220]. The main focus of DrugBank is to offer information 
relavent to mechanistic data, structures, and sequences about drugs and their tar-
gets. Furthermore, this resource is capable of providing tools for viewing, sorting, 
and searching both sequence and structure data [220]. Lately, DrugBank database 
has been further improved, as it now can offer information about 1467 FDA-
approved drugs, 123 biotech drugs, 69 nutraceuticals, 4774 small molecule drugs, 
and 3116 experimental or unapproved drugs. There is also information related to 
withdrawn [57] and illicit [188] drugs. Furthermore, it has a higher drug target 
database for FDA-approved drugs, which includes 1565 non-redundant protein/
DNA targets [221].

Due to its wealth of information, DrugBank has been used for a variety of drug 
applications, including target prediction [222], in silico discovery [223], metabolism 
prediction [224], docking or screening [225], as well as new uses of old drugs [226]. 
Additional applications are presented in Table 3.
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Although Table 3 presents only a few studies employing the DrugBank database, 
a PubMed search for DrugBank has identified at least 505 published articles, from 
2006 until 2020.

5. NGS in SARS-CoV-2 drug discovery

As infections with the SARS-CoV-2 virus have become more aggressive, there 
is an urgent need for evaluating different drugs that may contribute to a better and 
effective treatment of this infection. The majority of drugs used for SARS-CoV-2 
treatment are drugs currently in use for treatment of other diseases [243–245], and 
these have been evaluated for their efficacy using computational drug discovery 
analysis [246–248].

Type of application Drug tested Disease Reference(s)

Drug-target 
identification

Traditional Chinese 
medicine derived 
from Trachelospermum 
jasminoides

Rheumatoid arthritis [227]

Molecular docking and 
simulation studies

Mitoxantrone, Leucovorin, 
Birinapant, and Dynasore

SARS-CoV-2 M pro [228]

Virtual drug screening Repositioning 
Dequalinium

hM2 allosteric 
modulation

[229]

Drug metabolism 
prediction

Drugs related to P450 
cytochrome enzymes

Seniors’ Metabolism 
of Medications and 
Avoiding Adverse Drug 
Events

[230]

Drug screening/ 
discovery

All drugs correlated to viral 
proteins

SARS-CoV-2 [231]

Molecular docking, drug 
resistance

Carbapenems Acinetobacter baumannii 
OXA class enzymes

[232]

Molecular docking, 
molecular dynamic 
simulation

Approve drug libraries for 
ACE2

SARS-CoV-2 [233]

In silico screening Glycoprotein inhibitors SARS-CoV-2 [234]

Drug repositioning Drugs that target genes 
in pathways for treating 
depression

Treatment of resistant 
depression

[235]

Pharmacological analysis JianPi Fu Recipe Colon cancer LoVo cells 
metastasis

[236]

Multi regulatory 
pathways construction

Pivotal Drugs for 
pancreatic cancer

Pancreatic cancer [237]

Drug repurposing Drugs that inhibit 
proteases

SARS-CoV-2 [238, 239]

Drug repurposing Hypertension [240]

Pharmacological drug 
mechanism

Aloperine Cardiovascular disease [241]

Drug screening Drugs targeting immune-
related genes

Cervical cancer [242]

Table 3. 
Applications of the DrugBank database.
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Dequalinium

hM2 allosteric 
modulation

[229]

Drug metabolism 
prediction

Drugs related to P450 
cytochrome enzymes

Seniors’ Metabolism 
of Medications and 
Avoiding Adverse Drug 
Events

[230]

Drug screening/ 
discovery

All drugs correlated to viral 
proteins

SARS-CoV-2 [231]

Molecular docking, drug 
resistance

Carbapenems Acinetobacter baumannii 
OXA class enzymes

[232]

Molecular docking, 
molecular dynamic 
simulation

Approve drug libraries for 
ACE2

SARS-CoV-2 [233]

In silico screening Glycoprotein inhibitors SARS-CoV-2 [234]

Drug repositioning Drugs that target genes 
in pathways for treating 
depression

Treatment of resistant 
depression

[235]

Pharmacological analysis JianPi Fu Recipe Colon cancer LoVo cells 
metastasis

[236]

Multi regulatory 
pathways construction

Pivotal Drugs for 
pancreatic cancer

Pancreatic cancer [237]

Drug repurposing Drugs that inhibit 
proteases

SARS-CoV-2 [238, 239]

Drug repurposing Hypertension [240]

Pharmacological drug 
mechanism

Aloperine Cardiovascular disease [241]

Drug screening Drugs targeting immune-
related genes

Cervical cancer [242]

Table 3. 
Applications of the DrugBank database.
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Although NGS has been used primarily for genome identification of SARS-CoV-2 
[249–252], as well as for evaluation of mutations developed during viral spread in dif-
ferent countries [253–255], there are some studies wherein RNA sequencing is used 
for identifying new drug treatments. One such study has used NGS for evaluation of 
affected genes during SARS-CoV-2 infections. In this study, different genes involved 
in RNA regulation, histone remodeling, cellular signaling, and chromatin remodeling 
are identified. Some of these identified genes have demonstrated either pro- or anti-
viral activities; thus, these genes could serve as potential tools for different therapies 
or vaccines [256]. In another study, a shotgun metatranscriptomics RNA sequencing 
technique is used for a cohort of New York SARS-CoV-2 infected patients, and have 
identified host-responses to SARS-CoV-2 infections in different pathways such as 
interferon, ACE, olfactory, and hematological pathways [179]. Moreover, they have 
also analyzed risks associated with angiotensin blockers and ACE inhibitor treat-
ments in SARS-CoV-2 infected patients [179].

6.  Features of microarrays and NGS and their relevance in drug 
discovery

In general, there are a variety of features for each of microarrays and NGS that 
render these platforms highly valuable in the arena of drug discovery and therapeu-
tics, and these are summarized in Table 4.

Microarrays offer various advantages including expression analysis of cells or 
tissues at different states of disease, pharmacogenomics, toxicogenomics, and as 
well as for analysis and identification of SNPs. The microarray technology is useful 
for obtaining a good amount of information from small volume samples, and it is 
quite valuable for use in incorporating low-cost high-throughput assays in the drug 
discovery process. However, this technology has a number of disadvantages. These 
include high costs and long timelines, particularly related to re-design of microar-
ray chips to include newly discovered genetic targets.

In comparison to microarrays, NGS offers more flexibility and higher cost-
efficacy. In particular, this technology allows for identification of targets, screening 
of large numbers of compounds for use in therapeutics or treatments, as well as for 
identifying of unique biomarkers useful for discovery of new drug targets.

Microarrays NGS

Advantages Expression of thousands of genes 
simultaneously;
Low sample consumption;
Easy sample preparation and control 
of experimental conditions;
Data variability

High sensitivity;
Quantitative;
High dynamic range;
No hybridization

Disadvantages Competence required for data 
normalization and analysis;
Limited dynamic range;
Low sensitivity;
Competitive hybridization

Complex sample preparation;
Complex technology infrastructure 
required;
High cost

Applications Biomarker identification;
Gene discovery;
Vaccine development

Target identification; Compound screening; 
Biomarker identification; Drug resistance;
Vaccine discovery

Table 4. 
Benchmarks for NGS and microarrays in drug discovery.
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7. Conclusions

Overall, although the word “limitation” still floats around, and with only 5% of 
novel molecular compounds are ultimately selected to enter the drug and thera-
peutic marketplace, new innovations in science and technology are critical in the 
arena of drug discovery and therapeutics. It is these ongoing research advances and 
technological innovations that will empower scientists to continue on in the pur-
suit of additional and more sophisticated, reliable, and efficient molecular tools, 
such as NGS and microarrays, that will be useful in the arena of drug discovery 
and therapeutics. These efforts, innovations, and technologies will undoubtedly 
continue to revolutionize the drug discovery industry that will aid in identifying 
better and more effective drugs, at much lower costs, and within shorter periods 
of time.
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Chapter 5

The Rational Drug Design to Treat 
Cancers
Abdul Hameed Khan

Abstract

Professor Ross of London University, England, was using nitrogen mustard to 
treat cancers by attacking both strands of tumor DNA. As a part of my doctoral 
thesis, I am to design drugs using aziridine to attack only one strand of DNA. 
Over the years, I made over 100 dinitrophenyl aziridine derivatives. One of them 
is dinitrobenzamide (CB1954) which gives a CI of 70, highest toxicity to animal 
tumor ever recorded. CB1954 wipes out a solid aggressive tumor by attacking a 
single-strand DNA of Walker carcinoma 256, in rat. My greatest challenge at NCI in 
USA is to translate the animal work which I did in London University to humans. As 
radiolabeled methylated quinone crosses the blood-brain barrier in mice, I decided 
to use quinone moiety as a carrier for aziridine rings to attack glioblastomas, the 
brain tumor in humans. By attaching two aziridines and two carbamate moieties to 
quinone, I made AZQ (US Patent 4,146,622). By treating brain cancer with AZQ , we 
observed that glioblastoma tumor not only stops growing but also starts shrinking. 
Literature search showed that AZQ is extensively studied.

Keywords: drug design, tumor treatment, novel drugs for cancer treatment

1. Introduction

Rational drug design is absolutely essential for developing novel drugs for 
treating any disease, especially cancers. Our Institute, the NIH (National Institutes 
of Health is an agency of US Government) learned this fact by spending enormous 
amount of money over the years by testing known and unknown products obtained 
by synthesis or from plants and animals on a variety of testing tumor systems. The 
discovery of a handful of drugs by trial and errors at a cost of millions was consid-
ered a waste of time and money. In early days, we absorbed the losses because our 
Institute, located about 10 miles from Washington, DC, is the largest biomedical 
center in the world. Our annual budget is over 40 billion dollars per year. Over 26 
institutes have about 3000 labs where about 21,000 scientists work in 50 buildings. 
My lab was in the National Cancer Institute (NCI), which is the largest among all 
institutes and it has a budget of over 5 billion dollars per year. Now, we became 
more cautious screening drugs. About 20% of our budget is spent in-house and 
the 80% of our budget is provided to research labs around the world by reviewing 
their research projects by expert panels called the study sections to approve funds to 
projects most rational and most likely to be accomplished.
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2. Genomic medicine

This chapter describes the novel drug design based on the genetic makeup of 
a patient. My main focus is on two major areas, and they are diagnostic and novel 
drug design to treat these diseases. Today, we are treated with the same medicine for 
the same disease as if we all have the identical genomes. In fact, no two people look 
alike and no two genomes are alike. Our genome is made of six billion four hundred 
million nucleotides, and in almost every 1000 nucleotides, we find a variant and 
in the entire script, we find 3.4 million variants called the SNP (single-nucleotide 
polymorphism). Each of us has a unique genetic makeup and requires the develop-
ment of a specific medicine to treat that disease. This concept is now known as the 
pharmacogenomic, and it provides a paradigm shift in drug design.

To design a genomic medicine, first we need to sequence the whole genome iden-
tifying specific region (genes) which codes for specific proteins. Second, we need to 
sequence as many genomes as possible (such efforts are undergoing as a Thousand 
Genome Project, a Million or a Three Million Genome Project) to compare their 
sequences to identify differences called variants. Then, we need to develop next 
generation of sequencers to sequence everyone’s genome as cheaper and as faster 
as possible. Next, we need to identify the differences in the genetic scripts, and 
then, we need to separate bad or abnormal mutated variants responsible for caus-
ing diseases. Next, we need to identify rare variants as diagnostic tools responsible 
for causing rare diseases (young people diseases) such as Parkinson, Huntington, 
cystic fibrosis, muscular dystrophy, color blindness, sickle cell anemia, etc. called 
the monogenic or Mendelian diseases. Next, we need to identify the common 
genetic diseases (old people diseases) such as cancers, cardiovascular diseases, 
and Alzheimer. First, we generate sequence data and then by comparing we find a 
correlation between variants and diseases. We can construct a correlation map of all 
variants responsible for causing all genetic disorders. After diagnosing the diseases, 
the next most important step is to treat those diseases by novel drug design.

Our work below describes over a quarter of a century’s effort by first design-
ing drugs to shut off genes responsible for causing cancers in animals and then we 
further describe how we translated the animal work in humans. The following pages 
describe the development of genomic medicine based on the drug design and on the 
genetic makeup of a patient. I will cover three areas. First, I will provide historical 
background which describes the early development of medicines to treat diseases. 
Second, I will describe the rational drug design to treat abnormal mutated genes 
and the specific nucleotide identified by the human genome sequencing to develop 
new drugs to treat old diseases, and finally, I will discuss the ethical problems in 
an attempt to answer the consequences of prolonging human life on planetary 
resources and environment.

3. Historical background

Since the dawn of human civilization, achieving human longevity has been 
the dream of every King, every Queen, every Pharos, and every Caesar. But they 
all died in their 50s by infectious diseases. Then came the science and technol-
ogy revolution. In 1928, Alexander Flaming, while working on influenza virus, 
observed that a mold had developed accidently on a staphylococcus culture plate. 
By killing the bacteria, the mold had created a bacteria-free circle around itself. 
He was so inspired by the presence of the bacterial free zone that he conducted 
further experiment and found that the mold culture produced a substance which 
prevented growth of staphylococci, even when diluted 800 times. He named the 
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active substance penicillin. The discovery of penicillin [1] was followed by a host 
of new antibiotics such as streptomycin, neomycin, kanamycin, paromomycin, 
apramycin, tobramycin, amikacin, netilmicin, and gentamicin and dozens of their 
derivatives which wipeout Gram-positive and Gram-negative bacteria. Misuse 
and overuse of antibiotics in agriculture resulted in the bacterial resistance. For 
example, farmers overuse the antibiotics in food-producing animals not only to 
kill the bacteria in cows, goat, and chicken farms but also use to promote growth in 
these animals exposing excessive amount of antibiotics residues to humans in their 
food. We developed a spectroscopic method [2] to detect their residue in PPT (parts 
per trillion) to provide safe food for consumption.

We conquered infectious diseases. We increased our life span from 50 to 
60 years. Then came the genetic revolution. We broke the genetic code and 
unlocked the secrets of life. Now, we are ready to manipulate life not only to clean 
up our environmental pollution but also to produce new food, new fuel, and new 
medicine to treat every disease known to mankind. We also succeeded in increasing 
human lifespan beyond 60 to 70 years.

Next, we read the entire book of human life. We read the total genetic informa-
tion that makes the human life; we completed the Human Genome Project. Next, 
we sequenced the human genome, that is, we read the number of nucleotides and 
the order in which they are arranged. With advancement in science and technology, 
we sequenced the human genome cheaper and faster using the next-generation 
sequencers such as nanopore. Then, we completed the 1000 Human Genome 
Project. We are able to compare the reference sequence of every gene with the 
1000 copies of the same gene from different individuals to identify differences. 
These differences are called variants. If the good variant came from the pancreas, 
it produces insulin which is used to treat diabetes. If the variant came from an 
abnormal mutated gene, it is responsible for causing common diseases such as 
cancers, cardiovascular diseases, or Alzheimer. Soon, we will prepare a variant map 
of the entire genome to identify all 6000 diseases; then, we can design drugs to treat 
these diseases by shutting off their genes. The Thousand Genome Project will help 
us single out the rare mutation responsible for causing rare genetic diseases such 
as Parkinson with precision and accuracy. With advent of new technologies, we 
embark on the more ambitious project such as The Human Brain Project and The 
Human Longevity Project.

Next, I will attempt to answer an important question about how to design 
drugs to treat diseases to save human life by using the information available from 
the Human Genome Project. How many diseases we inherit from our parents? We 
identified good and bad genes in our genome. We wonder if bad mutations are writ-
ten on our DNA. Is the secret hidden in the long string of four nucleotides text on a 
three-letter codon carrying 24,000 genes in 46 chromosomes in our genome con-
taining six billion four hundred million nucleotides? Could we identify the genetic 
variants responsible for our diseases by comparing the whole-genome sequence 
of the centenarians with the 1000 Human Genome Project completed by US and a 
Million Human Genome Project to be completed by European and a three Million 
Human Genome Project announced by the Chinese to identify rare alleles responsi-
ble for causing rare diseases with accuracy and precision. We want to identify in the 
whole genome the specific genetic variations and the few nucleotides responsible 
for our health. As I said above, before the discovery of antibiotics, most people died 
in their 50s. Today, all infectious diseases are treated with antibiotics. Now, we must 
treat the old age common diseases such as cancers, cardiac diseases, and Alzheimer. 
To save human life from these dreadful diseases, we have to design drugs to shut 
off genes responsible for causing these old age diseases. Next, I will describe how 
I design drugs to shut off genes which cause brain cancer, glioblastomas. Similar 
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rationale could be used to design drugs to shut off genes responsible for causing 
cardiovascular diseases and Alzheimer.

4. Genotype-phenotype correlations

Our genes are units of inheritance and carry instructions to make proteins, and 
when the proteins fold, they become reactive and carry out a specific function. 
Hundreds of proteins interact to make a cell, and millions of cells interact to make a 
tissue. Hundreds of tissues interact to make an organ, and several organs interact to 
make a human being. We carry in our body 220 different tissues. The instructions 
to make tissues are written in our genes. A defected tissue could be identified by 
looking at the mutation in the genes. We can prevent diseases at a very early stage 
of our lives. By sequencing a fertilized egg, the genotype, we could identify the 
mutations responsible for future diseases in tissues, the phenotype. If a patient has 
a family history of a specific disease, to prevent future generation from inheriting 
the disease, it is best advice for such families to have conception by in vitro fertiliza-
tion after making sure that the fertilized egg is free from all abnormal mutations 
responsible for causing the disease.

Our entire genome, the book of our life, is written in four nucleotides, and they 
are A (adenine), T (thiamine), G (guanine), and C (cytosine). The chain of these 
nucleotides forms a double-stranded string of nucleotides, one strand is inherited 
from our mother and another from our father, running in opposite directions called 
the DNA (deoxyribonucleotide). According to Francis Crick’s Central Dogma [3], 
double-stranded DNA is transcribed into a single-stranded RNA which is translated 
in the ribosome into proteins. The discovery of the double helical structure of DNA 
explained how the information to create life is stored, replicate, evolved, and passed 
on to the next generation. This discovery opened a new world order of ideas and 
buried the old explanation of the magical mystical appearance of life on Earth.

The double-stranded DNA explained that the essence of life is information and 
the information is located on these four nucleotides. Every set of three nucleotides 
on the mRNA forms a codon which codes for a specific amino acid. The four-letter 
text of nucleotides forms a three-letter codon which codes for an amino acid. 
There are 64 different combinations of codons which codes for all 20 amino acids. 
Sequencing human genome identifies the number of nucleotides and the order in 
which they are arranged. Less than 2% of our genome contains regulatory region, 
a piece of DNA, which controls the function of genes. More than 300 regulatory 
regions have been identified. More than 98% of our genome contains non-coding 
region used to be called the junk DNA which makes up to 60% of our entire 
genome. The non-coding regions contains repetitive piece of DNA, which is tightly 
packed and mostly remain silent. The sequencing of this region showed that the 
non-coding region is the part of viruses and bacteria picked up by our genome 
during the millions of years of our evolutionary process. During bacterial or viral 
infection, the non-coding DNA could unfold transcribing into RNA resulting into 
hazardous protein which could create havoc for our health.

Genes are the unit of inheritance. As I said above, out of four-letter text, that is 
A-T and G-C, and three letters code for an amino acid called the codon. The start-
ing codon in a gene is the codon AUG (instead of T nucleotide, we use U nucleotide 
because thiamin is converted to more water-soluble uracil), which codes for amino 
acid methionine. Long chain of DNA synthesis begins. The starting codon is fol-
lowed by a series of hundreds of codons which codes for different amino acids in 
different species. There are three stop codons, and they are AUG, UGG, and UGA. 
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Once the stop codons appear, DNA synthesis stops. Bacteria and viruses have short 
codon chain. The longest chain is in a gene of Duchenne muscular dystrophy, a neu-
rological disease whose chain extends to two and a half million codons. Once a gene 
is identified, using restriction enzymes, like EcoR1, we can cut, paste, and copy 
all genes individually making a restriction site map. Once a single gene is isolated, 
we could compare the sequence of this gene with the Thousand Genome Project to 
identify abnormal mutation responsible for the disease and design drugs to shut off 
that gene. Sequencing is like extracting gold from its ore.

Let us examine the sequence of the genome of human egg and sperm. An egg 
contains a single strand of 164 million nucleotide bases carrying 1144 genes, while 
the human sperm contains a single strand of 59 million nucleotide bases carrying 
214 genes. When comparing the sequence of an egg or sperm with sequence of 
the 1000 eggs and sperms of different people, we notice changes. These changes 
are called variants. These variants are mutations caused by radiations, chemical 
and environmental pollution, viral infection, or genetic inheritance resulting in 
rare diseases. Once a bad gene is identified, sequencing will identify the abnor-
mal nucleotide. Now, we can design drug to bind to this nucleotide and shut off 
its function. We present in the “Cancers” section below a novel drug design. 
Using aziridines and carbamate how we design drugs to shut off these genes to 
restore health.

Although we are allowed to shut off and remove bad genes, we are not allowed to 
introduce good genes in the egg and sperm to enhance the abilities of egg and sperm 
because modification introduced in the egg and sperm will pass on to the next 1000 
generations. For this reason, germ line gene therapy is forbidden in all countries. At 
this time, we cannot answer a simple question. Are we to determine the quality of 
life of individuals who will not even be born before the century is over?

We cannot design novel drugs unless we find the abnormal mutations responsi-
ble for causing that disease. The reading of the total genetic information that makes 
us human is called the human genome. The reading of the entire book of our life is 
authorized by the US Congress under The Human Genome Project. It will answer 
the most fundamental question we have asked ourselves since the dawn of human 
civilization. What does it mean to be human? What is the nature of memory and 
our consciousness? Our development from a single cell to a complete human being? 
The biochemical nature of our senses and the process of our aging? The scientific 
basis of our similarity and dissimilarity: similarity is that all living creatures from a 
tiny blade of grass to the mighty elephant including man, mouse, monkey, mosqui-
tos, and microbes are all made of the same chemical building blocks, yet we are so 
diverse that no two individuals are alike even identical twins are not exactly identi-
cal, they grow up to become two separate individuals.

In 1990, US Congress authorized 3 billion dollars to NIH to decipher the entire 
human genome under the title, “The Human Genome Project.” We found that our 
genome contains six billion four hundred million nucleotide bases, half comes 
from our father and another half comes from our mother. Less than 2% of our 
genome contains genes which code for proteins. The other 98% of our genome 
contains switches, promoters, terminators, etc. The 46 chromosomes present in 
each cell of our body are the greatest library of the Human Book of Life on planet 
Earth. The chromosomes carry genes which are written in nucleotides. Before 
sequencing (determining the number and the order of the four nucleotides on a 
chromosome), it is essential to know how many genes are present on each chro-
mosome in our genome. The Human Genome Project has identified not only the 
number of nucleotides on each chromosome but also the number of genes on each 
chromosome [4–8].
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rationale could be used to design drugs to shut off genes responsible for causing 
cardiovascular diseases and Alzheimer.

4. Genotype-phenotype correlations

Our genes are units of inheritance and carry instructions to make proteins, and 
when the proteins fold, they become reactive and carry out a specific function. 
Hundreds of proteins interact to make a cell, and millions of cells interact to make a 
tissue. Hundreds of tissues interact to make an organ, and several organs interact to 
make a human being. We carry in our body 220 different tissues. The instructions 
to make tissues are written in our genes. A defected tissue could be identified by 
looking at the mutation in the genes. We can prevent diseases at a very early stage 
of our lives. By sequencing a fertilized egg, the genotype, we could identify the 
mutations responsible for future diseases in tissues, the phenotype. If a patient has 
a family history of a specific disease, to prevent future generation from inheriting 
the disease, it is best advice for such families to have conception by in vitro fertiliza-
tion after making sure that the fertilized egg is free from all abnormal mutations 
responsible for causing the disease.

Our entire genome, the book of our life, is written in four nucleotides, and they 
are A (adenine), T (thiamine), G (guanine), and C (cytosine). The chain of these 
nucleotides forms a double-stranded string of nucleotides, one strand is inherited 
from our mother and another from our father, running in opposite directions called 
the DNA (deoxyribonucleotide). According to Francis Crick’s Central Dogma [3], 
double-stranded DNA is transcribed into a single-stranded RNA which is translated 
in the ribosome into proteins. The discovery of the double helical structure of DNA 
explained how the information to create life is stored, replicate, evolved, and passed 
on to the next generation. This discovery opened a new world order of ideas and 
buried the old explanation of the magical mystical appearance of life on Earth.

The double-stranded DNA explained that the essence of life is information and 
the information is located on these four nucleotides. Every set of three nucleotides 
on the mRNA forms a codon which codes for a specific amino acid. The four-letter 
text of nucleotides forms a three-letter codon which codes for an amino acid. 
There are 64 different combinations of codons which codes for all 20 amino acids. 
Sequencing human genome identifies the number of nucleotides and the order in 
which they are arranged. Less than 2% of our genome contains regulatory region, 
a piece of DNA, which controls the function of genes. More than 300 regulatory 
regions have been identified. More than 98% of our genome contains non-coding 
region used to be called the junk DNA which makes up to 60% of our entire 
genome. The non-coding regions contains repetitive piece of DNA, which is tightly 
packed and mostly remain silent. The sequencing of this region showed that the 
non-coding region is the part of viruses and bacteria picked up by our genome 
during the millions of years of our evolutionary process. During bacterial or viral 
infection, the non-coding DNA could unfold transcribing into RNA resulting into 
hazardous protein which could create havoc for our health.

Genes are the unit of inheritance. As I said above, out of four-letter text, that is 
A-T and G-C, and three letters code for an amino acid called the codon. The start-
ing codon in a gene is the codon AUG (instead of T nucleotide, we use U nucleotide 
because thiamin is converted to more water-soluble uracil), which codes for amino 
acid methionine. Long chain of DNA synthesis begins. The starting codon is fol-
lowed by a series of hundreds of codons which codes for different amino acids in 
different species. There are three stop codons, and they are AUG, UGG, and UGA. 
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is identified, using restriction enzymes, like EcoR1, we can cut, paste, and copy 
all genes individually making a restriction site map. Once a single gene is isolated, 
we could compare the sequence of this gene with the Thousand Genome Project to 
identify abnormal mutation responsible for the disease and design drugs to shut off 
that gene. Sequencing is like extracting gold from its ore.

Let us examine the sequence of the genome of human egg and sperm. An egg 
contains a single strand of 164 million nucleotide bases carrying 1144 genes, while 
the human sperm contains a single strand of 59 million nucleotide bases carrying 
214 genes. When comparing the sequence of an egg or sperm with sequence of 
the 1000 eggs and sperms of different people, we notice changes. These changes 
are called variants. These variants are mutations caused by radiations, chemical 
and environmental pollution, viral infection, or genetic inheritance resulting in 
rare diseases. Once a bad gene is identified, sequencing will identify the abnor-
mal nucleotide. Now, we can design drug to bind to this nucleotide and shut off 
its function. We present in the “Cancers” section below a novel drug design. 
Using aziridines and carbamate how we design drugs to shut off these genes to 
restore health.

Although we are allowed to shut off and remove bad genes, we are not allowed to 
introduce good genes in the egg and sperm to enhance the abilities of egg and sperm 
because modification introduced in the egg and sperm will pass on to the next 1000 
generations. For this reason, germ line gene therapy is forbidden in all countries. At 
this time, we cannot answer a simple question. Are we to determine the quality of 
life of individuals who will not even be born before the century is over?

We cannot design novel drugs unless we find the abnormal mutations responsi-
ble for causing that disease. The reading of the total genetic information that makes 
us human is called the human genome. The reading of the entire book of our life is 
authorized by the US Congress under The Human Genome Project. It will answer 
the most fundamental question we have asked ourselves since the dawn of human 
civilization. What does it mean to be human? What is the nature of memory and 
our consciousness? Our development from a single cell to a complete human being? 
The biochemical nature of our senses and the process of our aging? The scientific 
basis of our similarity and dissimilarity: similarity is that all living creatures from a 
tiny blade of grass to the mighty elephant including man, mouse, monkey, mosqui-
tos, and microbes are all made of the same chemical building blocks, yet we are so 
diverse that no two individuals are alike even identical twins are not exactly identi-
cal, they grow up to become two separate individuals.

In 1990, US Congress authorized 3 billion dollars to NIH to decipher the entire 
human genome under the title, “The Human Genome Project.” We found that our 
genome contains six billion four hundred million nucleotide bases, half comes 
from our father and another half comes from our mother. Less than 2% of our 
genome contains genes which code for proteins. The other 98% of our genome 
contains switches, promoters, terminators, etc. The 46 chromosomes present in 
each cell of our body are the greatest library of the Human Book of Life on planet 
Earth. The chromosomes carry genes which are written in nucleotides. Before 
sequencing (determining the number and the order of the four nucleotides on a 
chromosome), it is essential to know how many genes are present on each chro-
mosome in our genome. The Human Genome Project has identified not only the 
number of nucleotides on each chromosome but also the number of genes on each 
chromosome [4–8].



Drug Design - Novel Advances in the Omics Field and Applications

100

The following list provides the details composition of each chromosome includ-
ing the number of nucleotides and the number of genes on each chromosome.

We found that chromosome-1 is the largest chromosome carrying 263 million 
A, T, G, and C nucleotide bases and has only 2610 genes. Chromosome-2 contains 
255 million nucleotide bases and has only 1748 genes. Chromosome-3 contains 
214 million nucleotide bases and carries 1381 genes. Chromosome-4 contains 
203 million nucleotide bases and carries 1024 genes. Chromosome-5 contains 
194 million nucleotide bases and carries 1190 genes. Chromosome-6 contains 
183 million nucleotide bases and carries 1394 genes. Chromosome-7 contains 
171 million nucleotide bases and carries 1378 genes. Chromosome-8 contains 
155 million nucleotide bases and carries 927 genes. Chromosome-9 contains 
145 million nucleotide bases and carries 1076 genes. Chromosome-10 contains 
144 million nucleotide bases and carries 983 genes. Chromosome-11 contains 
144 million nucleotide bases and carries 1692 genes. Chromosome-12 contains 
143 million nucleotide bases and carries 1268 genes. Chromosome-13 contains 
114 million nucleotide bases and carries 496 genes. Chromosome-14 contains 
109 million nucleotide bases and carries 1173 genes. Chromosome-15 contains 
106 million nucleotide bases and carries 906 genes. Chromosome-16 contains 
98 million nucleotide bases and carries 1032 genes. Chromosome-17 contains 
92 million nucleotide bases and carries 1394 genes. Chromosome-18 contains 
85 million nucleotide bases and carries 400 genes. Chromosome-19 contains 
67 million nucleotide bases and carries 1592 genes. Chromosome-20 contains 
72 million nucleotide bases and carries 710 genes. Chromosome-21 contains 50 
million nucleotide bases and carries 337 genes. Chromosome-22 contains 56 mil-
lion nucleotides and carries 701 genes. Finally, the sex chromosome of all female 
called the (X) contains 164 million nucleotide bases and carries 1141 genes. 
The male sperm chromosome contains 59 million nucleotide bases and carries 
255 genes.

If you add up all genes in the 23 pairs of chromosomes, they come up to 26,808 
genes and yet we keep on mentioning 24,000 genes needed to keep us function 
normally. As I said above, a gene codes for a protein, not all 24,000 genes code for 
proteins. It is estimated that less than 19,000 genes code for protein. Because of 
the alternative splicing, each gene codes for more than one protein. All functional 
genes in our body make less than 50,000 proteins which interact in millions 
of different ways to give a single cell. Millions of cells interact to give a tissue, 
hundreds of tissues interact to give an organ, and several organs interact to make 
a human.

Not all genes act simultaneously to make us function normally. Current studies 
show that a minimum of 2000 genes are enough to keep human function normally; 
the remaining genes are backup support system and they are used when needed. 
The non-functional genes are called the pseudo genes. For example, millions of 
years ago, humans and dogs shared some of the same ancestral genes; we both 
carry the same olfactory genes, only in dogs, they still function to search for food. 
Since humans do not use these genes to smell for searching food, these genes are 
broken and lost their functions, but we still carry them. We call them pseudo genes. 
Recently, some Japanese scientists have activated the pseudo genes; this work may 
create ethical problem in future as more and more pseudo genes are activated. 
Nature has good reasons to shut off those pseudo genes.

Next, we converted the analog language biology to the digital language of com-
puter, that is, from A-T and G-C nucleotides to numbers 0 and 1. Now, we can write 
a program and design a computer to read the book of life faster and faster. Today, 
we can read our entire genome in 1 day at a cost of 1000 dollars. We can also upload 
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our digitized genome on the computer. Once uploaded on the Website, our genome 
could travel with the speed of light to anywhere in the world or in the universe.

Once the good and bad genes are identified, we learned that the good genes code 
for good proteins which keep us healthy and the bad genes produce bad proteins 
that make us sick. Using good genes, we make good protein to treat diseases such 
as insulin is used to treat diabetes. On the other hand, we could identify bad gene 
and design drugs to shut off bad genes to prevent diseases. This starts a new era of 
genomic medicine based on differences of the genetic make of each individual.

The double-stranded DNA in the normal cell, the autosome, is retained with the 
individual. When the person dies, the genome dies with him. On the other hand, 
the DNA in a germ line cell lives on for generations. Through egg and sperm cells, 
the DNA is passed on to the future generations, that is, the information is passed on 
from parents to the fetus in different combinations for generation after generation.

A sperm, the Y-chromosome, is made of a single string of 59 million nucleotide 
bases and carry 231 genes, while an egg, the X-chromosome, is made of a single 
string of 164 million nucleotide bases and carry 1144 genes. Neither two sperms 
nor any two eggs are alike. Once the egg is fertilized, the nucleotides and genes are 
exchanged (recombination occurs) among nucleotides forming a double-stranded 
DNA. Now, each string is a complete genome. During replication, each string sepa-
rates and picks up the complimentary nucleotide bases (such as nucleotide A picks up 
T and G picks up C) from the nucleotide pool and forms two double-stranded DNA 
forming two daughter cells. The two strands of each chain run in opposite directions.

5. Reactive and predictive medicine

Reactive medicine is the treatment of a disease after its symptoms are revealed 
and the full-blown disease appears. During your annual health checkup, your 
physicians order a number of tests. For example, if you are a 40-year-old male and 
go to the doctor, he prescribed a PSA (prostate-specific antigen) test for the early 
signs of prostate cancer, if you are a 40-year-old woman, your doctor prescribes the 
mammograms for the early signs of breast cancer, and if you are 50 years old, he 
prescribes the colonoscopy for colon cancer. Once the symptoms are revealed, the 
standard treatment is prescribed for a disease such as surgery, radiations treatment, 
or chemotherapy. The treatment after the appearance of its symptoms is considered 
as the reactive medicine.

A specific example is as follows: suppose your physician finds that you are sick 
with high temperature and high blood pressure, he prescribes Plavix a medicine of 
standard treatment for lowing your blood pressure and temperature. It is a reactive 
medicine. You receive treatment after your illness is diagnosed. Plavix is a useful 
drug for treating high blood pressure, but it does not respond in 15% of the patients. 
In treating reactive medicine, we do not really know what is going on in the body of 
those patients until after sequencing their genome, and identifying the abnormal 
mutation in their genetic makeup and then designing drugs to treat those patients is 
the true genomic medicine.

Predictive medicine, on the other hand, is the treatment of a disease long before 
its onset by examining your normal genomic script of the effected organ from 
your book of life and comparing its entire script with the genome of a sick patient. 
Spelling errors in our genome are the mutations responsible for causing diseases. 
The difference between the reactive medicine and the predictive medicine is 
whether you have the disease or you will come down with the disease because you 
are carrying a mutation which could become activated and make you sick. Genomic 
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The following list provides the details composition of each chromosome includ-
ing the number of nucleotides and the number of genes on each chromosome.

We found that chromosome-1 is the largest chromosome carrying 263 million 
A, T, G, and C nucleotide bases and has only 2610 genes. Chromosome-2 contains 
255 million nucleotide bases and has only 1748 genes. Chromosome-3 contains 
214 million nucleotide bases and carries 1381 genes. Chromosome-4 contains 
203 million nucleotide bases and carries 1024 genes. Chromosome-5 contains 
194 million nucleotide bases and carries 1190 genes. Chromosome-6 contains 
183 million nucleotide bases and carries 1394 genes. Chromosome-7 contains 
171 million nucleotide bases and carries 1378 genes. Chromosome-8 contains 
155 million nucleotide bases and carries 927 genes. Chromosome-9 contains 
145 million nucleotide bases and carries 1076 genes. Chromosome-10 contains 
144 million nucleotide bases and carries 983 genes. Chromosome-11 contains 
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106 million nucleotide bases and carries 906 genes. Chromosome-16 contains 
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67 million nucleotide bases and carries 1592 genes. Chromosome-20 contains 
72 million nucleotide bases and carries 710 genes. Chromosome-21 contains 50 
million nucleotide bases and carries 337 genes. Chromosome-22 contains 56 mil-
lion nucleotides and carries 701 genes. Finally, the sex chromosome of all female 
called the (X) contains 164 million nucleotide bases and carries 1141 genes. 
The male sperm chromosome contains 59 million nucleotide bases and carries 
255 genes.

If you add up all genes in the 23 pairs of chromosomes, they come up to 26,808 
genes and yet we keep on mentioning 24,000 genes needed to keep us function 
normally. As I said above, a gene codes for a protein, not all 24,000 genes code for 
proteins. It is estimated that less than 19,000 genes code for protein. Because of 
the alternative splicing, each gene codes for more than one protein. All functional 
genes in our body make less than 50,000 proteins which interact in millions 
of different ways to give a single cell. Millions of cells interact to give a tissue, 
hundreds of tissues interact to give an organ, and several organs interact to make 
a human.

Not all genes act simultaneously to make us function normally. Current studies 
show that a minimum of 2000 genes are enough to keep human function normally; 
the remaining genes are backup support system and they are used when needed. 
The non-functional genes are called the pseudo genes. For example, millions of 
years ago, humans and dogs shared some of the same ancestral genes; we both 
carry the same olfactory genes, only in dogs, they still function to search for food. 
Since humans do not use these genes to smell for searching food, these genes are 
broken and lost their functions, but we still carry them. We call them pseudo genes. 
Recently, some Japanese scientists have activated the pseudo genes; this work may 
create ethical problem in future as more and more pseudo genes are activated. 
Nature has good reasons to shut off those pseudo genes.

Next, we converted the analog language biology to the digital language of com-
puter, that is, from A-T and G-C nucleotides to numbers 0 and 1. Now, we can write 
a program and design a computer to read the book of life faster and faster. Today, 
we can read our entire genome in 1 day at a cost of 1000 dollars. We can also upload 
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our digitized genome on the computer. Once uploaded on the Website, our genome 
could travel with the speed of light to anywhere in the world or in the universe.

Once the good and bad genes are identified, we learned that the good genes code 
for good proteins which keep us healthy and the bad genes produce bad proteins 
that make us sick. Using good genes, we make good protein to treat diseases such 
as insulin is used to treat diabetes. On the other hand, we could identify bad gene 
and design drugs to shut off bad genes to prevent diseases. This starts a new era of 
genomic medicine based on differences of the genetic make of each individual.

The double-stranded DNA in the normal cell, the autosome, is retained with the 
individual. When the person dies, the genome dies with him. On the other hand, 
the DNA in a germ line cell lives on for generations. Through egg and sperm cells, 
the DNA is passed on to the future generations, that is, the information is passed on 
from parents to the fetus in different combinations for generation after generation.

A sperm, the Y-chromosome, is made of a single string of 59 million nucleotide 
bases and carry 231 genes, while an egg, the X-chromosome, is made of a single 
string of 164 million nucleotide bases and carry 1144 genes. Neither two sperms 
nor any two eggs are alike. Once the egg is fertilized, the nucleotides and genes are 
exchanged (recombination occurs) among nucleotides forming a double-stranded 
DNA. Now, each string is a complete genome. During replication, each string sepa-
rates and picks up the complimentary nucleotide bases (such as nucleotide A picks up 
T and G picks up C) from the nucleotide pool and forms two double-stranded DNA 
forming two daughter cells. The two strands of each chain run in opposite directions.

5. Reactive and predictive medicine

Reactive medicine is the treatment of a disease after its symptoms are revealed 
and the full-blown disease appears. During your annual health checkup, your 
physicians order a number of tests. For example, if you are a 40-year-old male and 
go to the doctor, he prescribed a PSA (prostate-specific antigen) test for the early 
signs of prostate cancer, if you are a 40-year-old woman, your doctor prescribes the 
mammograms for the early signs of breast cancer, and if you are 50 years old, he 
prescribes the colonoscopy for colon cancer. Once the symptoms are revealed, the 
standard treatment is prescribed for a disease such as surgery, radiations treatment, 
or chemotherapy. The treatment after the appearance of its symptoms is considered 
as the reactive medicine.

A specific example is as follows: suppose your physician finds that you are sick 
with high temperature and high blood pressure, he prescribes Plavix a medicine of 
standard treatment for lowing your blood pressure and temperature. It is a reactive 
medicine. You receive treatment after your illness is diagnosed. Plavix is a useful 
drug for treating high blood pressure, but it does not respond in 15% of the patients. 
In treating reactive medicine, we do not really know what is going on in the body of 
those patients until after sequencing their genome, and identifying the abnormal 
mutation in their genetic makeup and then designing drugs to treat those patients is 
the true genomic medicine.

Predictive medicine, on the other hand, is the treatment of a disease long before 
its onset by examining your normal genomic script of the effected organ from 
your book of life and comparing its entire script with the genome of a sick patient. 
Spelling errors in our genome are the mutations responsible for causing diseases. 
The difference between the reactive medicine and the predictive medicine is 
whether you have the disease or you will come down with the disease because you 
are carrying a mutation which could become activated and make you sick. Genomic 
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medicine will have predictive quality. When comparing genome sequences, we find 
differences called variants. Good variants are responsible for our evolution, and 
abnormal variants are responsible for causing diseases. Using restriction enzymes 
(molecular scissors) like EcoR1, we can cut, paste, and copy a gene (conduct genetic 
engineering) and prepare a chart (called restriction site map) of all 6000 variants 
responsible for causing all 6000 diseases. By comparing the sequence of a genes 
from the chart, we can predict which specific gene variant is expected to cause 
which disease.

As cells grow, the mutations accumulate and defects in genotype manifests in 
phenotype. By using MRI (magnetic resonance imaging which provides three-
dimensional image) method, one could see the progressive microscopic abnormal 
changes in the nucleotide bases and predict the onset of a disease. The three-
dimensional MR imaging could serve as a diagnostic technique. Once the diagnosis 
is confirmed, drug design must begin to treat the disease. There are 220 different 
tissues in our body. We take the MRI of all 220 tissues of a healthy person and dur-
ing his annual medical checkup compare the present MRI with the previous years’ 
MRI to see any unusual microscopic changes predicting diseases. Once identi-
fied, the next logical step is to design drugs to shut off mutated genes to prevent 
diseases.

Genetic disorders can be caused by a mutation in one gene (monogenic disor-
der), by mutations in multiple genes (multifactorial inheritance disorder), by a 
combination of gene mutations and environmental factors, or by damage to chro-
mosomes (changes in the number of copies or structure of entire chromosomes, 
or part of the chromosome that carries genes). What specific nucleotide damage 
forming the codon is responsible for causing catastrophic diseases? By comparing 
the mutations in a DNA sequence (genotype), we can predict the onset of a disease 
in human (phenotype). The microscopic changes not detected by observations can 
be confirmed by three-dimensional MRI technique, which will diagnose diseases 
long before the symptoms appear.

To some degree, we have achieved the quantity control of the population by 
genome sequencing. Western countries are far ahead of the Eastern nations. The 
sequencing of the human genome provides rational approach to the quality control 
of the population. We have good news for those families who are suffering from 
severe heritable diseases generations after generations. Some of those rare allele 
diseases are mental diseases such as Parkinson, Huntington, schizophrenia, bipolar 
disorder, etc. often known as the Mendelian diseases. Those family members can 
still have children, but we recommend that they have conception by in vitro fer-
tilization, that is, they conceived children outside their bodies, that is, in the test 
tube. The fertilized egg is harvested in the incubators for 3 days until it grows from 
a single cell to eight number cells. Without any ill effect, one cell could be removed 
and its genome is sequenced. Suppose the sequenced cell identify abnormal muta-
tions when implanted will produce an incurably blind child or mentally retarded 
child. Is there a reason to bring this child into this intensely competitive world? 
Education is a very long process. To complete his education from age 5 to 25 years, 
when he completes his education and receives his Doctorate Degree, a child has to 
take several tests. If he fails one test, he is thrown out of the success train. No matter 
how painful it is on either religious or moral ground, we must ask ourselves a simple 
question. Does this fertilized ovum produce an acceptable member of the human 
society? If the answer is no, then we must throw out the defected ovum and use a 
new ovum. Out of eight, we have screened only a single cell. Should we sequence 
and select a cell for implantation which is free from all harmful mutations? Will 
society approve this reasonable request?
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5.1 Drug design for rare allele diseases

These are the diseases of people of all ages. Before the development of anti-
biotics, most people died of infectious diseases around age 50. First, antibiotics, 
penicillin (discovered by Alexander Fleming), was used for treating wounds before 
the WWII. As I said above, enormous funds were made available by the army to 
develop large-scale antibiotics to treat wounded soldiers returning from the battle 
ground during WWII. During the following decades, novel class of aminoglycoside 
antibiotics were discovered, which are valuable therapeutic agents. Some of them 
are streptomycin, neomycin, kanamycin, paromomycin, apramycin, tobramycin, 
amikacin, netilmicin, gentamicin, etc. Dozens of their water/fat-soluble deriva-
tives were synthesized. They are considered broad spectrum antibiotics because 
they inhibit the growth of both Gram-negative and Gram-positive bacteria causing 
deadly diseases and save human life. All aminoglycoside antibiotics are relatively 
small, basic, and water-soluble molecules that form stable salts. Most aminoglyco-
side antibiotics are products of fermentation of filamentous actinomycetes of the 
genus Streptomyces.

5.2 Drug design for common allele diseases

These are the diseases of old age people. Nowadays, people rarely die of infec-
tious diseases. Because of the availability of a variety of antibiotics, today, most 
people live beyond age 70 years and some of them go on living beyond 80 years of 
age. Those who live beyond 70 are faced with three major old age diseases, which 
are responsible for causing the death of most patients during their lifetime and they 
are cancers, cardiac diseases, and Alzheimer. These are genetic diseases and could 
be treated either by gene therapy (using CRISPER technology by replacing bad gene 
with the good gene using CRISPER-Cas9) or by drug therapy. There are about 3000 
monogenic diseases and could be treated by replacing the defected gene with good 
gene, that is, by gene therapy or designing drugs to shut off the bad genes that is 
drug therapy. Gene therapy cannot be applied to treat multiple genetic defects such 
as Alzheimer, cancer, and cardiovascular diseases. Drug therapy could be used to 
develop novel treatments. Recently completed 1000 Human Genome Project iden-
tify with precision and accuracy the genes responsible for causing these diseases. It 
is now possible to design drugs to shut off these genes and save human life. Genes 
code for proteins and a mutated gene codes for abnormal proteins resulting in these 
diseases.

6. Cancers

Cancer is the leading cause of death and has surpassed the death of cardiovas-
cular diseases. Over 636,000 people died of cancer; 1.9 million new cases will be 
diagnosed this year including 78,000 prostate cancer, 40,000 breast cancer, 16,000 
lung and bronchus cancer, and 15,000 colon and rectal cancer. Once diagnosed by 
gene sequencing, the next step is to design drug to shut off those genes.

6.1 The rational drug design to treat cancers

All three old age diseases, that is, cancer, cardiovascular diseases, and Alzheimer 
carry multiple mutated genes responsible for causing these diseases. In each of the 
above three diseases, it is the mutated genes that code for wrong protein which 



Drug Design - Novel Advances in the Omics Field and Applications

102

medicine will have predictive quality. When comparing genome sequences, we find 
differences called variants. Good variants are responsible for our evolution, and 
abnormal variants are responsible for causing diseases. Using restriction enzymes 
(molecular scissors) like EcoR1, we can cut, paste, and copy a gene (conduct genetic 
engineering) and prepare a chart (called restriction site map) of all 6000 variants 
responsible for causing all 6000 diseases. By comparing the sequence of a genes 
from the chart, we can predict which specific gene variant is expected to cause 
which disease.

As cells grow, the mutations accumulate and defects in genotype manifests in 
phenotype. By using MRI (magnetic resonance imaging which provides three-
dimensional image) method, one could see the progressive microscopic abnormal 
changes in the nucleotide bases and predict the onset of a disease. The three-
dimensional MR imaging could serve as a diagnostic technique. Once the diagnosis 
is confirmed, drug design must begin to treat the disease. There are 220 different 
tissues in our body. We take the MRI of all 220 tissues of a healthy person and dur-
ing his annual medical checkup compare the present MRI with the previous years’ 
MRI to see any unusual microscopic changes predicting diseases. Once identi-
fied, the next logical step is to design drugs to shut off mutated genes to prevent 
diseases.

Genetic disorders can be caused by a mutation in one gene (monogenic disor-
der), by mutations in multiple genes (multifactorial inheritance disorder), by a 
combination of gene mutations and environmental factors, or by damage to chro-
mosomes (changes in the number of copies or structure of entire chromosomes, 
or part of the chromosome that carries genes). What specific nucleotide damage 
forming the codon is responsible for causing catastrophic diseases? By comparing 
the mutations in a DNA sequence (genotype), we can predict the onset of a disease 
in human (phenotype). The microscopic changes not detected by observations can 
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long before the symptoms appear.

To some degree, we have achieved the quantity control of the population by 
genome sequencing. Western countries are far ahead of the Eastern nations. The 
sequencing of the human genome provides rational approach to the quality control 
of the population. We have good news for those families who are suffering from 
severe heritable diseases generations after generations. Some of those rare allele 
diseases are mental diseases such as Parkinson, Huntington, schizophrenia, bipolar 
disorder, etc. often known as the Mendelian diseases. Those family members can 
still have children, but we recommend that they have conception by in vitro fer-
tilization, that is, they conceived children outside their bodies, that is, in the test 
tube. The fertilized egg is harvested in the incubators for 3 days until it grows from 
a single cell to eight number cells. Without any ill effect, one cell could be removed 
and its genome is sequenced. Suppose the sequenced cell identify abnormal muta-
tions when implanted will produce an incurably blind child or mentally retarded 
child. Is there a reason to bring this child into this intensely competitive world? 
Education is a very long process. To complete his education from age 5 to 25 years, 
when he completes his education and receives his Doctorate Degree, a child has to 
take several tests. If he fails one test, he is thrown out of the success train. No matter 
how painful it is on either religious or moral ground, we must ask ourselves a simple 
question. Does this fertilized ovum produce an acceptable member of the human 
society? If the answer is no, then we must throw out the defected ovum and use a 
new ovum. Out of eight, we have screened only a single cell. Should we sequence 
and select a cell for implantation which is free from all harmful mutations? Will 
society approve this reasonable request?
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5.1 Drug design for rare allele diseases
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biotics, most people died of infectious diseases around age 50. First, antibiotics, 
penicillin (discovered by Alexander Fleming), was used for treating wounds before 
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tify with precision and accuracy the genes responsible for causing these diseases. It 
is now possible to design drugs to shut off these genes and save human life. Genes 
code for proteins and a mutated gene codes for abnormal proteins resulting in these 
diseases.
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Cancer is the leading cause of death and has surpassed the death of cardiovas-
cular diseases. Over 636,000 people died of cancer; 1.9 million new cases will be 
diagnosed this year including 78,000 prostate cancer, 40,000 breast cancer, 16,000 
lung and bronchus cancer, and 15,000 colon and rectal cancer. Once diagnosed by 
gene sequencing, the next step is to design drug to shut off those genes.

6.1 The rational drug design to treat cancers

All three old age diseases, that is, cancer, cardiovascular diseases, and Alzheimer 
carry multiple mutated genes responsible for causing these diseases. In each of the 
above three diseases, it is the mutated genes that code for wrong protein which 
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causes these diseases. If we design drugs to shut off mutated genes in one disease, 
using the same rationale, we should be able to shut off bad genes in all three old age 
diseases. Although coronary artery disease is a complex disease, researchers have 
found about 60 genomic variants that are present more frequently in people with 
coronary artery disease. Most of these variants are dispersed across the genome 
and do not cluster on one specific chromosome. Drugs are designed to seek out the 
specific malignant gene, which replicates faster producing acids. Aziridines and 
carbamate moieties are sensitive to acid. Drugs carrying the aziridines and carba-
mate moieties are broken down in acidic media generating carbonium ions which 
attack DNA shutting off genes. Only the acid producing genes will be attacked no 
matter where they are located. It does not matter whether they are clustered or 
dispersed across genome.

The supreme intellect for drug design is Ross, an Englishman, who is a Professor 
of Chemistry at the London University. Professor WCJ Ross is also the Head of 
Chemistry Department at the Royal Cancer Hospital, a postgraduate medical 
center of the London University. Ross was the first person who designed drugs 
for treating cancers. He designed drugs to cross-link both strands of DNA that we 
inherit one strand from each parent. Cross-linking agents such as nitrogen mustard 
are extremely toxic and were used as chemical weapon during the First World 
War. More toxic derivatives were developed during the Second World War. Using 
the data for the toxic effect of nitrogen mustard used during the First World War, 
Ross observed that soldiers exposed to nitrogen mustard showed a sharp decline of 
white blood cells (WBC) that is from 5000 cell/CC to 500 cells/CC. Children suf-
fering from childhood leukemia have a very high WBC count over 90,000 cells/CC. 
In sick children, most of the WBCs are premature, defected, and unable to defend 
the body from microbial infections. Ross rationale was that cancer cells divide 
faster than the normal cell, by using nitrogen mustard to cross-link both strands 
of DNA, one can control and stop the abnormal WBC cell division in leukemia 
patients. It was indeed found to be true. Professor Ross was the first person to 
synthesize a large number of derivatives of nitrogen mustard. By using an analog 
of nitrogen mustard, called chlorambucil [9], he was successful in treating child-
hood leukemia. In America, two physicians named Goodman and Gilman from the 
Yale University were the first to use nitrogen mustard to treat cancer in humans. 
Nitrogen mustards and its analogs are highly toxic. Ross was a chemist; over the 
years, he synthesized several hundred derivatives of nitrogen mustard molecules to 
modify toxicity of nitrogen mustard [10–14].

Although analogs of nitrogen mustard are highly toxic, they are more toxic to 
cancer cells and more cancer cells are destroyed than the normal cells. Toxicity is 
measured as the chemotherapeutic index (CI), which is a ratio between toxicity to 
cancer cells versus the toxicity to normal cells. Higher CI means that the drugs are 
more toxic to cancer cell. Most cross-linking nitrogen mustard have a CI of 10, that 
is, they are 10 times more toxic to cancer cells. Some of the nitrogen mustard analogs 
Ross made over the years are useful for treating cancers such as chlorambucil for 
treating childhood leukemia (which brought down the WBC level down to 5000/CC). 
Childhood leukemia is the name of a disease occurs in children only. Chlorambucil 
made Ross one of the leaders of the scientific world. He also made melphalan and 
myrophine for treating pharyngeal carcinomas [15].

6.2 The discovery of AZQ (US Patent 4,146,622) for treating brain cancer

At the London University, I was trained as an organic chemist in the Laboratory 
of Professor WCJ Ross of the Royal Cancer Hospital, a postgraduate medical center 
of the London University. After working for about 10 years at the London University, 
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I moved to America when I was honored by the Fogarty International Fellowship 
Award by the National Institutes of Health, NIH, and the National Cancer Institute, 
NCI, of the USA. NIH has been my home for over a quarter of a century; I designed 
drugs to shut off mutated genes. All three common allele diseases have genetic 
origin. The rationale I used to synthesize anticancer drugs could be used to treat the 
other two old age diseases like Alzheimer and cardiovascular diseases. In the follow-
ing sections, I will describe in detail how anticancer drug like AZQ was designed 
to shut off glioblastoma genes which cause brain cancer in humans. Using the same 
rational, we will consider how each of the other two diseases, namely, cardiovascular 
disease and Alzheimer could be treated by shutting off their genes to save human 
life: The order of these diseases are arranged based on the level of funding provided 
by NIH specifically by the NCI (National Cancer Institute).

As I said above, Professor Ross was designing drugs to attack both strands of 
DNA simultaneously by cross-linking using nitrogen mustard analogs, which are 
extremely toxic. As a part of my doctoral thesis, I was assigned a different path. 
Instead of cross-linking DNA, I am to design drugs to attack only one strand of 
DNA. This class of drugs is called aziridines. Over the years, I made over 100 dini-
trophenyl aziridine derivatives. One of them is dinitrobenzamide (CB1954) which 
gives a CI of 70, highest ever recorded. CB1954 wipes out a solid tumor by attacking 
the DNA of Walker carcinoma 256, a solid aggressive tumor in rat.

Nitrogen mustards are highly toxic because they have neither specificity nor 
selectivity. They attack all dividing cells whether they are normal or abnormal. On 
the other hand, the analogs of aziridines and carbamates remain inactive in the basic 
and neutral media. They become activated only in the presence of acidic media.

I used a simple rationale, the aziridine attacks DNA in acidic medium, par-
ticularly the N-7 guanine. The dye dinitrobenzamide has great affinity for Walker 
tumor [16–18]. The aziridine dinitrobenzamide (CB1954) stains the tumor. As 
the tumor grows, it uses glucose as a source of energy. Glucose is broken down 
to pyruvic acid. It is the acid which attacks the aziridine ring. The ring opens to 
generate a carbonium ion, which attacks the most negatively charged N-7 guanine 
of DNA shutting off the Walker carcinoma gene in rat. To continue my work, I was 
honored with the Institute of Cancer Research Post-Doctoral Fellowship Award of 
the Royal Cancer Hospital of London University. To increase the toxicity of CB1954 
to Walker carcinoma, I made additional 20 analogs as a postdoctoral fellow. When 
I attached one more carbonium generating moiety, the carbamate moiety to the 
aziridine dinitrobenzene, the compound aziridine dinitrobenzamide carbamate was 
so toxic that its therapeutic index could not be measured. We stopped the work at 
the London University for the safety concern.

I continued my work on the highly toxic aziridine/carbamate combination in 
America when I was offered the Fogarty International Fellowship Award to con-
tinue my work at the National Cancer Institute (NCI) of the National Institutes of 
Health (NIH). I brought the idea from London University of attacking one strand 
of DNA using not only aziridine, but also carbamate without using the same dye 
dinitrobenzamide [19–21].

My greatest challenge at NCI is to translate the animal work which I did in 
London University to humans. One day, I came across a paper which described 
that radiolabeled methylated quinone cross the blood-brain barrier in mice. When 
injected in mice, the X-ray photograph showed that the entire radioactivity was 
concentrated in the mice’s brain within 24 hours. I immediately realized that glio-
blastoma multiforme, the brain tumor in humans, is a solid aggressive tumor like 
Walker carcinoma in rats. I decided to use quinone moiety as a carrier for aziridine 
rings to attack glioblastomas. By introducing an additional carbamate moiety, I 
could increase its toxicity several folds. I planned to use this rational to translate 



Drug Design - Novel Advances in the Omics Field and Applications

104

causes these diseases. If we design drugs to shut off mutated genes in one disease, 
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and do not cluster on one specific chromosome. Drugs are designed to seek out the 
specific malignant gene, which replicates faster producing acids. Aziridines and 
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mate moieties are broken down in acidic media generating carbonium ions which 
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matter where they are located. It does not matter whether they are clustered or 
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Chemistry Department at the Royal Cancer Hospital, a postgraduate medical 
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for treating cancers. He designed drugs to cross-link both strands of DNA that we 
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War. More toxic derivatives were developed during the Second World War. Using 
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In sick children, most of the WBCs are premature, defected, and unable to defend 
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faster than the normal cell, by using nitrogen mustard to cross-link both strands 
of DNA, one can control and stop the abnormal WBC cell division in leukemia 
patients. It was indeed found to be true. Professor Ross was the first person to 
synthesize a large number of derivatives of nitrogen mustard. By using an analog 
of nitrogen mustard, called chlorambucil [9], he was successful in treating child-
hood leukemia. In America, two physicians named Goodman and Gilman from the 
Yale University were the first to use nitrogen mustard to treat cancer in humans. 
Nitrogen mustards and its analogs are highly toxic. Ross was a chemist; over the 
years, he synthesized several hundred derivatives of nitrogen mustard molecules to 
modify toxicity of nitrogen mustard [10–14].

Although analogs of nitrogen mustard are highly toxic, they are more toxic to 
cancer cells and more cancer cells are destroyed than the normal cells. Toxicity is 
measured as the chemotherapeutic index (CI), which is a ratio between toxicity to 
cancer cells versus the toxicity to normal cells. Higher CI means that the drugs are 
more toxic to cancer cell. Most cross-linking nitrogen mustard have a CI of 10, that 
is, they are 10 times more toxic to cancer cells. Some of the nitrogen mustard analogs 
Ross made over the years are useful for treating cancers such as chlorambucil for 
treating childhood leukemia (which brought down the WBC level down to 5000/CC). 
Childhood leukemia is the name of a disease occurs in children only. Chlorambucil 
made Ross one of the leaders of the scientific world. He also made melphalan and 
myrophine for treating pharyngeal carcinomas [15].

6.2 The discovery of AZQ (US Patent 4,146,622) for treating brain cancer

At the London University, I was trained as an organic chemist in the Laboratory 
of Professor WCJ Ross of the Royal Cancer Hospital, a postgraduate medical center 
of the London University. After working for about 10 years at the London University, 
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I moved to America when I was honored by the Fogarty International Fellowship 
Award by the National Institutes of Health, NIH, and the National Cancer Institute, 
NCI, of the USA. NIH has been my home for over a quarter of a century; I designed 
drugs to shut off mutated genes. All three common allele diseases have genetic 
origin. The rationale I used to synthesize anticancer drugs could be used to treat the 
other two old age diseases like Alzheimer and cardiovascular diseases. In the follow-
ing sections, I will describe in detail how anticancer drug like AZQ was designed 
to shut off glioblastoma genes which cause brain cancer in humans. Using the same 
rational, we will consider how each of the other two diseases, namely, cardiovascular 
disease and Alzheimer could be treated by shutting off their genes to save human 
life: The order of these diseases are arranged based on the level of funding provided 
by NIH specifically by the NCI (National Cancer Institute).

As I said above, Professor Ross was designing drugs to attack both strands of 
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extremely toxic. As a part of my doctoral thesis, I was assigned a different path. 
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DNA. This class of drugs is called aziridines. Over the years, I made over 100 dini-
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gives a CI of 70, highest ever recorded. CB1954 wipes out a solid tumor by attacking 
the DNA of Walker carcinoma 256, a solid aggressive tumor in rat.

Nitrogen mustards are highly toxic because they have neither specificity nor 
selectivity. They attack all dividing cells whether they are normal or abnormal. On 
the other hand, the analogs of aziridines and carbamates remain inactive in the basic 
and neutral media. They become activated only in the presence of acidic media.
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tumor [16–18]. The aziridine dinitrobenzamide (CB1954) stains the tumor. As 
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so toxic that its therapeutic index could not be measured. We stopped the work at 
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that radiolabeled methylated quinone cross the blood-brain barrier in mice. When 
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rings to attack glioblastomas. By introducing an additional carbamate moiety, I 
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animal work to human by introducing multiple aziridine and carbamate moieties 
to the quinone to test against glioblastomas in humans. Attaching two aziridines 
and two carbamate moieties to quinone, I made AZQ . By treating brain cancer with 
AZQ , we observed that glioblastoma tumor not only stop growing but also start 
shrinking. I could take care of at least one form of deadliest old age cancers, that is, 
glioblastomas. Literature search showed that AZQ is extensively studied.

As I said above, glioblastoma, the brain cancers, is a solid and aggressive tumor 
and is caused by mutations on several chromosomal DNA. Mutations on DNA are 
the result of damaging DNA nucleotides by exposure to radiations, chemical and 
environmental pollution, viral infections, or genetic inheritance. The other fac-
tors responsible for causing DNA mutations are due to the fast rate of replication 
of DNA. For example, the bacteria E. coli grows so rapidly that within 24 hours, a 
single cell on a petri dish forms an entire colony of millions when incubated on the 
agar gel. Rapid replication is responsible for introducing genetic defects causing 
diseases.

When an additional piece of nucleotide is attached to a DNA string, it is called 
insertion or a piece of DNA is removed from the DNA string; it is called deletion or 
structural inversion of DNA is responsible for mutations. Since the gene in a DNA 
codes for proteins, insertion and deletion on DNA have catastrophic effects on 
protein synthesis. Glioblastomas represent such an example. In glioblastomas, three 
major changes occur on chromosomes (C-7, C-9, and C-10) and two minor changes 
occur on chromosomes (C-1 and C-19). These mutations are responsible for causing 
brain cancers in humans. In a normal human cell, chromosome-7 which is made of 
171 million nucleotide base pairs and carries 1378 genes. When insertion occurs on 
chromosome-7, 97% of glioblastoma patients are affected by this mutation. On the 
other hand, a different mutation occurs on chromosome-9 which is made of 145 
million nucleotide base pairs and it carries 1076 genes. A major deletion of a piece 
of DNA occurs on chromosome-9, which results in 83% patients who are affected 
by this mutation. A minor deletion of DNA also occurs on chromosome-10 which is 
made of 144 million base pairs and it carries 923 genes. Although it is a minor dele-
tion of a piece of DNA, it contributes to 91% patients with glioblastoma. To a lesser 
extent, small mutation occurs on chromosome-1 (the largest chromosome in our 
genome). It is made of 263 million nucleotide base pairs and carries 2610 genes), 
and chromosome-19 (it is made of 67 million base pairs and carries 1592 genes) is 
also implicated in some forms of glioblastomas.

All known glioblastomas causing genes are located on five different chromo-
somes and carries a total of 9579 genes. It appears impossible to design drugs to 
treat glioblastomas since we do not know which nucleotide on which gene and on 
which chromosome is responsible for causing the disease. With the completion of 
1000 Human Genome Project, it becomes easier. By simply comparing the patient’s 
chromosomes with the 1000 genomes, letter by letter, word by word, and sentence 
by sentence, we could identify the difference called the variants with precision and 
accuracy, the exact variants or mutations responsible for causing the disease. Once 
the diagnosis is confirmed, the next step is how to treat the disease.

With the quinone ring, I could introduce different combinations of aziridine 
rings and carbamate moieties and could create havoc for glioblastomas. My 
major concern was how toxic this compound would be to the human brain cells. 
Fortunately, brain cells do not divide, only cancer cells divide.

Our rational drug design work began in the University of London, England, and 
completed in the Laboratory of the National Cancer Institute (NCI), of the National 
Institutes of Health (NIH), in Bethesda, Maryland, USA. Over this period, we 
conducted over 500 experiments which resulted in 200 novel drugs. They were all 
tested against the experimental animal tumors. Forty-five of them were considered 
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valuable enough to be patented by the US Government (US Patent 4,146,622). One 
of them is AZQ . Radiolabeled studies showed that AZQ has the ability to cross organ 
after organ, cross the blood-brain barrier, cross the nuclear membrane, and attack 
the nuclear DNA shutting off the gene. X-ray studies showed that the radioactivity 
is concentrated in the tumor region. Glioblastoma stop growing and start shrinking.  
For the discovery of AZQ , I was honored with the “2004 NIH Scientific Achievement 
Award,” one of America’s highest awards in Medicine and I was also honored with 
the India’s National Medal of Honor, “Vaidya Ratna,” a gold medal (see Figures 1–4).

Figure 1. 
2004 NIH Scientific Achievement Award presented to Dr. Hameed Khan by Dr. Elias Zerhouni, the director 
of NIH during the NIH/APAO award ceremony held on December 3, 2004. Dr. Khan is the discoverer of AZQ 
(US Patent 4,146,622), a novel experimental drug specifically designed to shut off a gene that causes brain 
cancer for which he receives a 17-year royalty for his invention (license number L-0I9-0I/0). To this date, more 
than 300 research papers have been published on AZQ . The award ceremony was broadcast live worldwide by 
the Voice of America (VOA). Dr. Khan is the first Indian to receive one of America’s highest awards in Medicine.

Figure 2. 
His excellency, Dr. A.P.J. Abdul Kalam, the President of India greeting Dr. A. Hameed Khan, discoverer 
of anticancer AZQ , after receiving 2004, Vaidya Ratna, the gold medal, one of India’s highest awards in 
Medicine at the Rashtrapati Bhavan (Presidential Palace), in Delhi, India, during a reception held on 
02 April 2004.
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animal work to human by introducing multiple aziridine and carbamate moieties 
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major concern was how toxic this compound would be to the human brain cells. 
Fortunately, brain cells do not divide, only cancer cells divide.

Our rational drug design work began in the University of London, England, and 
completed in the Laboratory of the National Cancer Institute (NCI), of the National 
Institutes of Health (NIH), in Bethesda, Maryland, USA. Over this period, we 
conducted over 500 experiments which resulted in 200 novel drugs. They were all 
tested against the experimental animal tumors. Forty-five of them were considered 
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valuable enough to be patented by the US Government (US Patent 4,146,622). One 
of them is AZQ . Radiolabeled studies showed that AZQ has the ability to cross organ 
after organ, cross the blood-brain barrier, cross the nuclear membrane, and attack 
the nuclear DNA shutting off the gene. X-ray studies showed that the radioactivity 
is concentrated in the tumor region. Glioblastoma stop growing and start shrinking.  
For the discovery of AZQ , I was honored with the “2004 NIH Scientific Achievement 
Award,” one of America’s highest awards in Medicine and I was also honored with 
the India’s National Medal of Honor, “Vaidya Ratna,” a gold medal (see Figures 1–4).

Figure 1. 
2004 NIH Scientific Achievement Award presented to Dr. Hameed Khan by Dr. Elias Zerhouni, the director 
of NIH during the NIH/APAO award ceremony held on December 3, 2004. Dr. Khan is the discoverer of AZQ 
(US Patent 4,146,622), a novel experimental drug specifically designed to shut off a gene that causes brain 
cancer for which he receives a 17-year royalty for his invention (license number L-0I9-0I/0). To this date, more 
than 300 research papers have been published on AZQ . The award ceremony was broadcast live worldwide by 
the Voice of America (VOA). Dr. Khan is the first Indian to receive one of America’s highest awards in Medicine.

Figure 2. 
His excellency, Dr. A.P.J. Abdul Kalam, the President of India greeting Dr. A. Hameed Khan, discoverer 
of anticancer AZQ , after receiving 2004, Vaidya Ratna, the gold medal, one of India’s highest awards in 
Medicine at the Rashtrapati Bhavan (Presidential Palace), in Delhi, India, during a reception held on 
02 April 2004.
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Figure 4. 
Gold medal for Dr. Khan. Dr. A. Hameed Khan, a scientist at the National Institutes of Health (NIH), USA, 
an American scientist of Indian origin was awarded on April 2, 2004. Vaidya Ratna, the gold medal, one of 
India’s highest awards in Medicine for his discovery of AZQ (US Patent 4,146,622) which is now undergoing 
clinical trials for treating bran cancer.

Figure 3. 
Single-strand DNA binding aziridine and carbamate.
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7. Cardiovascular diseases

Coronary artery disease is complex involving about 60 genomic variants 
(genes). All variants are not clustered on any specific chromosome. These vari-
ants are dispersed across the entire genome. Although all variants have not been 
sequenced, we can shut off only the mutated gene without knowing the sequence 
of all other genes. As I mentioned above in the “Cancers” section, the mutated gene 
grows rapidly forming the tumor. As it grows, it uses glucose as a source of energy, 
which is broken down to produce pyruvic acid. In the presence of acid, the analogs 
of aziridine and carbamate are activated to generate carbonium ion which attack 
the tumor DNA shutting off their genes. While we may someday be able to sequence 
all 60 genes associated with the coronary artery disease, presently, we can single 
out and identify the mutated gene bound complex using radiolabeled aziridine and 
carbamate. The following example explains how some arrhythmias causing genes 
could be identified and how drug could be designed to shut off these genes.

The term “QT” refers to the segment of an electrocardiogram, which measures 
the duration of time for the heart to relax after a heartbeat. In long QT syndrome, 
the duration of time is abnormally prolonged and creates a vulnerability to danger-
ous arrhythmias [22]. Ever since the syndrome was described in 1957, research-
ers have engaged in a genetic race to identify the genes associated with long QT 
syndrome, which currently includes 17 genes. Three genes, KCNQ1, KCNH2, and 
SCN5A, had sufficient evidence to be implicated as “definitive” genetic causes for 
typical long QT syndrome. Four other genes had strong or definitive evidence sup-
porting their role in causing atypical forms of long QT syndrome, presenting in the 
newborn symptoms associated with heart block, seizures, or delays in development. 
Once the mutated genes are identified, we could design drugs to shut off these 
genes as described in the “Cancers” section.

8. Alzheimer

In 1906, the German physician scientist Dr. Alois Alzheimer identified the 
microscopic changes in the brain of a patient with the memory loss. He was the first 
physician to identify the disease in a 50-year-old woman who suffered from psy-
chosis and who died within 4 years. Using special dyes, he stained the brain tissues 
which carried abnormal protein deposit around her brain which controlled brain 
function. He identified two kinds of legions of amyloid patches which he mistak-
enly thought was fatty patches and now turned out to be proteins. He observed a 
patch of fatty deposit on the top of the brain cells called plaques and the legions 
inside the nerve cells called tangles. He accurately correlated the abnormal protein 
deposits around brain cells with the controlled of brain function [23–26].

Today, we know that the age is the single most risk factor for developing 
Alzheimer. By age 65 or older, the risk for developing Alzheimer is about 10%, 
and by age 85 or older, the risk factor is as high as 40 or 50%. As people grow old, 
they become senile. When he performed the autopsy of many senile persons, Dr. 
Alzheimer found the same plaques and tangles in many other samples. Early onset 
or late onset of Alzheimer resulted in the epidemic of Alzheimer. When compar-
ing a normal brain with the Alzheimer brain, we find that the Alzheimer brain 
has shrunken and there is a concentration of plaques and tangles in neurons. In 
healthy brain cells, we see occasional plaques and tangles. It defines the disease; the 
plaque and tangles start building up as we grow old, and over years and decades, the 
symptoms begin to develop. Symptoms include memory loss and decrease in ability 
of learning and recall. Early onset affects cognition which encompasses memory 
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all 60 genes associated with the coronary artery disease, presently, we can single 
out and identify the mutated gene bound complex using radiolabeled aziridine and 
carbamate. The following example explains how some arrhythmias causing genes 
could be identified and how drug could be designed to shut off these genes.

The term “QT” refers to the segment of an electrocardiogram, which measures 
the duration of time for the heart to relax after a heartbeat. In long QT syndrome, 
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ous arrhythmias [22]. Ever since the syndrome was described in 1957, research-
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porting their role in causing atypical forms of long QT syndrome, presenting in the 
newborn symptoms associated with heart block, seizures, or delays in development. 
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microscopic changes in the brain of a patient with the memory loss. He was the first 
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chosis and who died within 4 years. Using special dyes, he stained the brain tissues 
which carried abnormal protein deposit around her brain which controlled brain 
function. He identified two kinds of legions of amyloid patches which he mistak-
enly thought was fatty patches and now turned out to be proteins. He observed a 
patch of fatty deposit on the top of the brain cells called plaques and the legions 
inside the nerve cells called tangles. He accurately correlated the abnormal protein 
deposits around brain cells with the controlled of brain function [23–26].

Today, we know that the age is the single most risk factor for developing 
Alzheimer. By age 65 or older, the risk for developing Alzheimer is about 10%, 
and by age 85 or older, the risk factor is as high as 40 or 50%. As people grow old, 
they become senile. When he performed the autopsy of many senile persons, Dr. 
Alzheimer found the same plaques and tangles in many other samples. Early onset 
or late onset of Alzheimer resulted in the epidemic of Alzheimer. When compar-
ing a normal brain with the Alzheimer brain, we find that the Alzheimer brain 
has shrunken and there is a concentration of plaques and tangles in neurons. In 
healthy brain cells, we see occasional plaques and tangles. It defines the disease; the 
plaque and tangles start building up as we grow old, and over years and decades, the 
symptoms begin to develop. Symptoms include memory loss and decrease in ability 
of learning and recall. Early onset affects cognition which encompasses memory 
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and other mental functions such as erosion of attention, thinking, reasoning, visual 
functions, spatial function, and dementia with memory loss and other cognitive 
functions resulting in mental impairment which affects to the degree interfering 
with the daily life.

Recent studies confirm that Alzheimer is an irreversible brain disorder which 
slowly destroys memory and thinking skills. The damage to the brain is not par-
ticularly associated to any specific gene, but the presence of the one form of the 
apolipoprotein E (APOE) is a suspect gene whose presence does increase a patient’s 
risk for developing Alzheimer. The early onset of Alzheimer is associated with 
three single gene mutations: first, the presence of an amyloid precursor protein 
(APP) located on chromosome-21; the presence of presenilin 1 (PSEN1) on chro-
mosome-14 and the presence of presenilin 2 (PSEN2) located on chromosome-1. 
All three chromosomes are very large and carry hundreds of genes. For example, 
chromosome-1 is the largest chromosome in the genome. It is made of 163 mil-
lion nucleotide bases carrying 2610 genes. Chromosome-21 is made of 50 million 
nucleotide bases carrying 337 genes, while chromosome-14 is made of 109 million 
nucleotide bases carrying 1173 genes.

A recent 7 million Utah population study identified two additional genes RAB10 
located on chromosome-2 (which is made of 155 million nucleotide bases and carry 
1798 genes) and SAR1A gene located on chromosome-10 (which is made of 144 mil-
lion nucleotide bases and carry 983 genes) associated with the formation of plaques 
and tangles. Mutations on these genes may be associated with the onset of Alzheimer.

Of all the genes on these chromosomes, only five single-gene mutations are 
associated with the early onset of the Alzheimer, it is the greatest challenge to 
design drugs to attack only the mutated genes. As I said above in the “Cancers” 
section, the good news is that the only mutated genes grow rapidly using glucose 
as a source of energy. Glucose is broken down to produce pyruvic acid. It is the acid 
which activates the aziridine and carbamate moieties producing powerful carbo-
nium ion which attack N-7 guanine of DNA and shut off only the mutated genes. 
Other genes are not affected. Using C-14 radiolabeled aziridines, we can identify 
the mutated gene which form the aziridine/protein complex as described in the 
“Cancers” section.

9. Rationale for designing drugs to treat Alzheimer

It is well known that using the TFT dye, which is 3,6-dimethyl-2-(4-
dimethlaminophenyl)-benzothiazoline, could be used to stain the plaques and 
tangles of Alzheimer tissues. Using TFT dye as a carrier for the aziridine and 
carbamate moieties, we could design drugs to attack the mutated DNA to shut off 
genes which form plaques and tangles to prevent the progress of Alzheimer.

In the above “Cancers” section, I have described in detail how I had used 
quinone as a carrier for aziridine and carbamate ions in designing AZQ to attack the 
brain tumor DNA to shut off genes for treating brain cancer. Similarly, the analogs 
of benzothiazoline dyes could be used to carry aziridine and carbamate moieties 
to attack the plaque and tangle DNA and shut off genes responsible for causing 
Alzheimer.

10. What other cancers should we explore next?

Could I use the same rational drug design and introduce a novel method for 
treating breast tumor?
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Although mutations on BRCA1 gene located on chromosome-17 (which is made 
of 92 million nucleotide bases carrying 1394 genes) have been identified years ago 
responsible for causing breast cancer, we wonder why it has been so difficult to 
design drugs on rational basis to treat breast cancer. By the time the breast cancer 
diagnosis is confirmed in a patient, the BRCA1 has accumulated more than 3000 
mutations. Genotyping of the blood would also show the existence of many cells 
carrying mutated cells responsible for creating secondary deposits. It is also believed 
that by the time breast cancer is confirmed, metastatic cancer cells have already been 
spread from liver lung on its way to brain. Since all other organs including breast and 
liver could be removed and replaced by organ transplant except brain, I thought that 
protecting brain is utmost important to save life. Once AZQ is developed to protect 
the brain, I could focus on the breast and prostate cancers.

Recent, radiolabeled studies showed that male hormone testosterone has great 
affinity for female organs like breast, ovary, and fallopian tube cells. On the other 
hand, estrogen, the female hormone, has great affinity for male prostate gland. By 
attaching multiple aziridine rings and carbamate ions to both hormones, I could 
design novel drugs to attack the breast and the prostate cancer. Now, I found that I 
could go even further by attaching more than four aziridine and carbamate moieties 
to both male and female hormones.

In a breast tumor, within the start and stop codons, BRCA1 gene has captured 
over 200,000 nucleotide bases. The BRCA1 genes carry about 3000 mutations. 
These mutations are caused by exposure to radiations, chemical or environmental 
pollutants, viral infection, or genetic inheritance. To attack the mutated nucleotides 
among the 3000 cells in BRCA1 gene, I could use male hormone, testosterone, 
and bind multiple radiolabeled aziridine and carbamate ions to attack BRCA1 
mutations. By using three-dimensional MRI, I could show how many radiolabeled 
nucleotides were bound to which mutations. Out of 17 positions available for sub-
stitutions on testosterone ring system, there are only three positions, that is, 1, 3, 
and 17 available for substitution on testosterone ring system. Carl Djerassi [27] had 
demonstrated that we could activate positions 9 and 10 by reacting with bromoacet-
amide which introduces a bromo ion on position 10 which could be de-brominated 
by collidine to introduce a 9,10 double bond which we could further brominate to 
produce 9,10 dibromo compound. This bromo ion could be replaced by additional 
aziridine or carbamate ions. I could increase or decrease the number of aziridine 
and carbamate ions to get the maximum benefit by further brominating positions 
15 and 16 to introduce additional aziridine and carbamate moieties.

Similarly, I could use the female hormone estrogen and by attaching multiple 
aziridine and carbamate ions to attack prostate tumor. Since there are 17 posi-
tions also available on estrogen ring as well; again, I could increase or decrease the 
number of aziridine and carbamate ions to get the maximum benefit.

11. Ethical issues (the impact of science on society)

By 2050, novel drug design would have produced new class of medicine to treat 
all known 6000 genes. We would not only produce new treatment but also we 
would have new food, new fuel, and new medicine to treat every disease known 
to mankind to protect, preserve, and prolong human life beyond 100 years. This 
section discusses the impact of prolonging human life beyond 100 years.

Our attempt to prolong human life by shutting off the genes of the old age 
diseases raises several ethical and moral questions. We face the same population 
problem when we succeed in shutting off genes of all three old age diseases, that 
is, cancer, cardiovascular disease, and Alzheimer. Most people will live longer and 
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and other mental functions such as erosion of attention, thinking, reasoning, visual 
functions, spatial function, and dementia with memory loss and other cognitive 
functions resulting in mental impairment which affects to the degree interfering 
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All three chromosomes are very large and carry hundreds of genes. For example, 
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lion nucleotide bases carrying 2610 genes. Chromosome-21 is made of 50 million 
nucleotide bases carrying 337 genes, while chromosome-14 is made of 109 million 
nucleotide bases carrying 1173 genes.

A recent 7 million Utah population study identified two additional genes RAB10 
located on chromosome-2 (which is made of 155 million nucleotide bases and carry 
1798 genes) and SAR1A gene located on chromosome-10 (which is made of 144 mil-
lion nucleotide bases and carry 983 genes) associated with the formation of plaques 
and tangles. Mutations on these genes may be associated with the onset of Alzheimer.

Of all the genes on these chromosomes, only five single-gene mutations are 
associated with the early onset of the Alzheimer, it is the greatest challenge to 
design drugs to attack only the mutated genes. As I said above in the “Cancers” 
section, the good news is that the only mutated genes grow rapidly using glucose 
as a source of energy. Glucose is broken down to produce pyruvic acid. It is the acid 
which activates the aziridine and carbamate moieties producing powerful carbo-
nium ion which attack N-7 guanine of DNA and shut off only the mutated genes. 
Other genes are not affected. Using C-14 radiolabeled aziridines, we can identify 
the mutated gene which form the aziridine/protein complex as described in the 
“Cancers” section.

9. Rationale for designing drugs to treat Alzheimer

It is well known that using the TFT dye, which is 3,6-dimethyl-2-(4-
dimethlaminophenyl)-benzothiazoline, could be used to stain the plaques and 
tangles of Alzheimer tissues. Using TFT dye as a carrier for the aziridine and 
carbamate moieties, we could design drugs to attack the mutated DNA to shut off 
genes which form plaques and tangles to prevent the progress of Alzheimer.

In the above “Cancers” section, I have described in detail how I had used 
quinone as a carrier for aziridine and carbamate ions in designing AZQ to attack the 
brain tumor DNA to shut off genes for treating brain cancer. Similarly, the analogs 
of benzothiazoline dyes could be used to carry aziridine and carbamate moieties 
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Although mutations on BRCA1 gene located on chromosome-17 (which is made 
of 92 million nucleotide bases carrying 1394 genes) have been identified years ago 
responsible for causing breast cancer, we wonder why it has been so difficult to 
design drugs on rational basis to treat breast cancer. By the time the breast cancer 
diagnosis is confirmed in a patient, the BRCA1 has accumulated more than 3000 
mutations. Genotyping of the blood would also show the existence of many cells 
carrying mutated cells responsible for creating secondary deposits. It is also believed 
that by the time breast cancer is confirmed, metastatic cancer cells have already been 
spread from liver lung on its way to brain. Since all other organs including breast and 
liver could be removed and replaced by organ transplant except brain, I thought that 
protecting brain is utmost important to save life. Once AZQ is developed to protect 
the brain, I could focus on the breast and prostate cancers.

Recent, radiolabeled studies showed that male hormone testosterone has great 
affinity for female organs like breast, ovary, and fallopian tube cells. On the other 
hand, estrogen, the female hormone, has great affinity for male prostate gland. By 
attaching multiple aziridine rings and carbamate ions to both hormones, I could 
design novel drugs to attack the breast and the prostate cancer. Now, I found that I 
could go even further by attaching more than four aziridine and carbamate moieties 
to both male and female hormones.

In a breast tumor, within the start and stop codons, BRCA1 gene has captured 
over 200,000 nucleotide bases. The BRCA1 genes carry about 3000 mutations. 
These mutations are caused by exposure to radiations, chemical or environmental 
pollutants, viral infection, or genetic inheritance. To attack the mutated nucleotides 
among the 3000 cells in BRCA1 gene, I could use male hormone, testosterone, 
and bind multiple radiolabeled aziridine and carbamate ions to attack BRCA1 
mutations. By using three-dimensional MRI, I could show how many radiolabeled 
nucleotides were bound to which mutations. Out of 17 positions available for sub-
stitutions on testosterone ring system, there are only three positions, that is, 1, 3, 
and 17 available for substitution on testosterone ring system. Carl Djerassi [27] had 
demonstrated that we could activate positions 9 and 10 by reacting with bromoacet-
amide which introduces a bromo ion on position 10 which could be de-brominated 
by collidine to introduce a 9,10 double bond which we could further brominate to 
produce 9,10 dibromo compound. This bromo ion could be replaced by additional 
aziridine or carbamate ions. I could increase or decrease the number of aziridine 
and carbamate ions to get the maximum benefit by further brominating positions 
15 and 16 to introduce additional aziridine and carbamate moieties.

Similarly, I could use the female hormone estrogen and by attaching multiple 
aziridine and carbamate ions to attack prostate tumor. Since there are 17 posi-
tions also available on estrogen ring as well; again, I could increase or decrease the 
number of aziridine and carbamate ions to get the maximum benefit.

11. Ethical issues (the impact of science on society)

By 2050, novel drug design would have produced new class of medicine to treat 
all known 6000 genes. We would not only produce new treatment but also we 
would have new food, new fuel, and new medicine to treat every disease known 
to mankind to protect, preserve, and prolong human life beyond 100 years. This 
section discusses the impact of prolonging human life beyond 100 years.

Our attempt to prolong human life by shutting off the genes of the old age 
diseases raises several ethical and moral questions. We face the same population 
problem when we succeed in shutting off genes of all three old age diseases, that 
is, cancer, cardiovascular disease, and Alzheimer. Most people will live longer and 
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happier life. It raises several questions. What happens after we achieve that goal of 
reaching 100 years? What would be the quality of our life? By exercises and good 
nutrition, if the body mass is not retained, the centenarians are most likely to be 
fragile and weak. They need the help of caretakers to perform the daily routine. By 
2050, if we increase the age of about 100 years of about a billion people, we need 
another billion caretakers. Will the society be happy with this achievement? I doubt 
it. The society is hardly likely to accept such a proposal.

To cure diseases to prolong human life, several present and future attempts are 
described below.

We need to make two rationale approaches: first, to identify rare allele in the 
genome of centenarians responsible for prolonging their lives. Once identified the 
allele, we need to conduct genetic engineering, that is, to cut, paste, copy, and splice 
the allele into the genome of volunteers to study its function. Second approach is to 
design drugs to shut off genes of old age to prolong life.

Next attempt to increase human life would be to prevent the loss of telomeres, 
the six-letter code (TTAGGG) that shorten our DNA and shorten our lifespan. 
During replication, each chromosome loses about 30 telomeres each year. If we 
prevent the loss of telomeres by using the enzyme telomerase reverse transcriptase 
(TRT), we could slow down the aging process. We have already demonstrated in 
the worm C. elegance that we could increase its lifespan several fold. Now, we could 
translate this work in human being; we could try by making a less virulent flu virus 
carrying TRT gene when injected to a volunteer who comes down with a mild flu. 
When he recovers from the flu, the TRT gene would have inserted in the entire 
genome of every cell in his body (we can confirm the insertion by sequencing). 
Suppose at each replication, only 15 telomeres are deleted instead of 30 telomeres. 
This person is likely to live twice as long. Also, suppose the sequencing of his 
genome would confirm that every cell of his body carries the TRT gene. Since the 
longevity treatment with the flu virus is safe, inexpensive, and would be easily 
available to everyone, should we provide the treatment to every man, woman, and 
child on the face of the Earth?

Such studies are likely to raise two serious ethical questions. First, we have to ask 
ourselves, do people have a right to live and second do we have a right to live as long 
as we wish, no matter how old, how weak, or how sick we are? The answer to first 
question is, according to the UN charter, we all have the right to life, liberty, and 
pursuit of happiness. It is the second question which is troublesome. Do people have 
a right to extent their lives as long as they wish? Most people are reluctant to answer 
this question either No or Yes. Both answers have some support.

Those who said No have a good reason. First, they argue that there are seven and 
a half billion people live on planet Earth and we are adding 90 million additional 
people each year. According to UN estimate, by 2050, the population of the world 
is likely to reach 9 billion. Does our planet Earth have all resources to support such 
a population explosion? Can we provide food, fuel, and medicine to all the people 
of the world? In poor countries, millions are starving now. By extending life, we 
will have serious problems such as lawlessness, riots, and chaos in the streets. The 
current population of Earth has polluted the water, the air, and the land. Today, 
they wonder if the water they drink is safe, the food they eat is safe, and the air they 
breathe is safe. If we continue to pollute the planet with the current rate which is 
110 million ton of pollutant that we release in the atmosphere each year, how much 
pollutants we would accumulate in the atmosphere in 10 years or in 100 years.

On the other hand, those who say Yes; we should extend life have good reasons 
as well. We have no Plan B to save human life on some other planet. We look up 
to Heaven to find another home for humanity. To search for a suitable planet for 
human life to survive, we need to train an army of astronauts to travel into deep 
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space with extended life span. They may have to travel for centuries to find a habit-
able planet for humans. We do not want them to die on their way to find a new home 
for humanity. We must continue to search for treatment to prolong human life.

What if we succeed tomorrow in developing treatment of all three old age 
diseases to double or triple our lifespan? If we do not succeed tomorrow may be day 
after tomorrow. Say the treatment is safe, inexpensive, and easily available to every 
man, woman, and child on the face of the Earth. Who decide that person A will 
receive the longevity treatment and will live and person B will not receive the same 
treatment and therefore will die? We need debate and discussion and come up with 
guidelines for our society. One person cannot provide answer to all these questions. 
All I want to do is to raise these questions in your mind. My aim will be fulfilled if 
I have made you think along these lines.

© 2020 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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genome of centenarians responsible for prolonging their lives. Once identified the 
allele, we need to conduct genetic engineering, that is, to cut, paste, copy, and splice 
the allele into the genome of volunteers to study its function. Second approach is to 
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child on the face of the Earth?
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ourselves, do people have a right to live and second do we have a right to live as long 
as we wish, no matter how old, how weak, or how sick we are? The answer to first 
question is, according to the UN charter, we all have the right to life, liberty, and 
pursuit of happiness. It is the second question which is troublesome. Do people have 
a right to extent their lives as long as they wish? Most people are reluctant to answer 
this question either No or Yes. Both answers have some support.

Those who said No have a good reason. First, they argue that there are seven and 
a half billion people live on planet Earth and we are adding 90 million additional 
people each year. According to UN estimate, by 2050, the population of the world 
is likely to reach 9 billion. Does our planet Earth have all resources to support such 
a population explosion? Can we provide food, fuel, and medicine to all the people 
of the world? In poor countries, millions are starving now. By extending life, we 
will have serious problems such as lawlessness, riots, and chaos in the streets. The 
current population of Earth has polluted the water, the air, and the land. Today, 
they wonder if the water they drink is safe, the food they eat is safe, and the air they 
breathe is safe. If we continue to pollute the planet with the current rate which is 
110 million ton of pollutant that we release in the atmosphere each year, how much 
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On the other hand, those who say Yes; we should extend life have good reasons 
as well. We have no Plan B to save human life on some other planet. We look up 
to Heaven to find another home for humanity. To search for a suitable planet for 
human life to survive, we need to train an army of astronauts to travel into deep 
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space with extended life span. They may have to travel for centuries to find a habit-
able planet for humans. We do not want them to die on their way to find a new home 
for humanity. We must continue to search for treatment to prolong human life.

What if we succeed tomorrow in developing treatment of all three old age 
diseases to double or triple our lifespan? If we do not succeed tomorrow may be day 
after tomorrow. Say the treatment is safe, inexpensive, and easily available to every 
man, woman, and child on the face of the Earth. Who decide that person A will 
receive the longevity treatment and will live and person B will not receive the same 
treatment and therefore will die? We need debate and discussion and come up with 
guidelines for our society. One person cannot provide answer to all these questions. 
All I want to do is to raise these questions in your mind. My aim will be fulfilled if 
I have made you think along these lines.

© 2020 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

Natural Medicinal Compounds 
from Marine Fungi towards Drug 
Discovery: A Review
Parthiban Brindha Devi and Ridhanya Jayaseelan

Abstract

Marine fungi are species of fungi which live in estuaries environment and 
marine environment. These species are found in common habitat. Marine fungi 
are rich in antimicrobial compounds such as anthrones, cephalosporins, peptides, 
steroids. These compounds which are derived mainly focused in the area of anti-
inflammatory, anti-oxidant, anti-fungal, anti-microbial, anti-fouling activity. 
Bioactive terpene compounds are produced by marine fungi and marine derived 
fungi can produce sclerotides, trichoderins. Marine fungi have become the rich-
est sources of biologically active metabolites and structurally novel in the marine 
environment. In a recent study the marine derived fungi dichotomomyces cejpii 
exhibits activity towards cannabinoid which is used to treat alzheimer dementia. 
Aspergillus unguis showed significant acetyl cholinesterase besides its anti-oxidant 
activity. These acts as a promising intent for discovery of pharmaceutically impor-
tant metabolites like alkaloids, peptides. Computational (in silico) strategies have 
been developed and broadly applied to pharmacology advancement and testing. 
This review summarizes the bioactive compounds derived from marine fungi in 
accordance with the sources and their biological activities.

Keywords: marine fungi, bioactive compounds, docking, metabolites

1. Introduction

To date there are about 100,000 fungal species, it is expected about one million 
species that are to be present. In spite of the fact that assessments for the quantity 
of fungi around 1.5 to more than 5 million, likely less than 10% of fungi have been 
identified till date. Marine derived fungi are rich in new metabolites [1, 2]. Marine 
derived fungi consists of secondary metabolites which acts a promising pharma-
cological and biological properties [3]. Fungi are significant parasites of nutrient 
cyclers and primary producers. These are tremendously understudied in the marine 
domain and information on their function is obliged by the fungal dispersion and 
drivers on worldwide scales [4]. Marine fungi are significant source of secondary 
metabolites. Despite the fact that marine parasites are less investigated in contrast, 
various valuable hits have been acquired from the drug discovery point of view 
adding to their significance in the product discovery [5, 6]. Source of drugs isolated 
from fungi are being used as camptothecin, torreyanic corrosive, vincristine and 
cytarabine and paclitaxel. Drug resistance towards diseases like tuberculosis, cancer 
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and HIV-AIDS have been biological target with restricted accomplishment [7]. 
A few classes of particular metabolites from marine fungi have a wide scope of 
bio activities against various activities. From marine fungi, more than thousand 
metabolites have been accounted which can be possibly developed as drugs [8–10]. 
The source of these marine fungi metabolites is differed as their natural surround-
ings have been accounted from different sources, for example, algae, sponge, fungi 
and mangrove derived fungi from bottom residue [11]. Fungi can also be harnessed 
as sources of chemicals, food and biofuels when people exploit metabolism of fungi 
[12]. Secondary metabolites are produced by fungi for different purposes, including 
threat of different pathogens, iron chelation and microorganisms. These metabo-
lites have been recognized from EDF [13]. Isolation of fungi from marine samples 
has regularly led to the recuperation of microorganisms, which are morphologically, 
trophically and ecologically like fungi yet are false organisms [14]. Fungi are gener-
ally conveyed in marine conditions from intense ocean to polar ice covers. They are 
found in a wide range of dead and living organic matter. Fungi have been made with 
those related with sediments, with explicit substrates like algae, driftwood, corals 
and specifically with sponges [15]. Reliably, fungi confined from sponges represent 
the biggest number (28%) of novel compounds revealed from marine fungi [16]. 
In spite of the fact that bio activities of secondary metabolites from marine fungi 
unveil clinical targets; they are not well constituted for pipelines of drugs and none 
of them right now is available [17]. To date, in excess of 180 bioactive secondary 
metabolites got from deep ocean fungi have been reported. These natural metabo-
lites obtained are generally organic and compounds like Pencillium, Polyketides is 
largely discovered. These incorporate compounds with antimicrobial, anticancer, 
antiprotozoal, antifungal and antiviral activities [18]. Indeed, even in deep aque-
ous biological systems, an unsuspected high assorted variety of fungal species was 
discovered utilizing molecular approaches . At first samples are collected from 
the ocean. The next step is fungal cultures and sample preparation. In the lab, 
sterility was acquired by vertical laminar flow hood and bunsen burner. Cultures 
were allowed to grow aerobically at 25°C with atmospheric pressure and ambi-
ent temperature. GYPS medium is used for the growth of strains (1 g glucose, 1 g 
peptone, 1 g starch 1 g yeast and 30 g ocean salts). Then it is freeze-dried at 80°C. 
DNA is extracted by homogenizing each sample with sterile glass dabs at 30 rpm. 
DNA was removed from developed strains with a Fast DNA Spin pack. In Cloning 
and sequencing, the SSU rRNA qualities were amplified utilizing PCR (primers). 
Transfer DNA was amplified by PCR at 94°C for 1.30 minutes including 37 cycles of 
94°C for 30 s, followed by 48°C for 1.25 min, and 72°C for 1.5 min. The PCR ampli-
fication with a last extension step and performed at 72°C for 10 min. The fragments 
were refined with a High Pure PCR kit (Roche) furthermore, were cloned in the 
DH5 equipped cells and pGEM-T vector. The two strands was determined utilizing 
Sequencher 4.6 (GeneCodes), A different grouping arrangement was developed 
for every phylum utilizing Clustal X 1.81 containing all the databases. After this 
protocol, 1733 sequences from Basidiomycota,, 4117 sequences from Ascomycota, 
215 sequences from Chytridiomycota, 621 sequences from Glomeromycota and 292 
sequences from Zygomycota is obtained from various branches of phylogenetic 
fungal species. Every phylum was then exposed to a numerous grouping arrange-
ment methodology, trailed by neighbor-joining method. Phylogenetic trees were 
envisioned by utilizing Treeview. The phylogenetic neighbors nearest to the ecologi-
cal sequence were chosen, and afterward phylogenetic analysis were performed. A 
different sequence arrangement methodology was performed utilizing CLUSTALX 
1.81, and the arrangement was refined by eye. After these evaluation, phylotypes 
were indicated utilizing a cutoff of 98% (pairwise distance). Then qPCR analysis 
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were performed with 10-μl blends utilizing iQ SYBR green Supermix (Bio-Rad), 
which contained SYBR green PCR buffer, 2.7 μM dATP, 2.7 μM dGTP, 2.7 μM 
dCTP,2.7 μM dTTP, and 0.42 U of iTaq DNA polymerase (Bio-Rad). At that point 
0.35 μM preliminary MH2 (5′TTCGATGGTAGGATAG3′) and 0.35 μM primer 
FungqPCR1 (5′TGTCGGGATTGGGTAATTT3′) were added to the blend. Reactions 
were carried out in optical tubes and were fixed with microseal film. All reactions 
performed with Chromo 4 thermocycler, utilizing an underlying denaturation at 
94°C for 3 min to initiate the compound, trailed by 35 or 40 cycles of denaturation 
at 94°C for 30 s and furthermore expansion at 48°C for 45 s and afterward by plate 
perusing. The dissociation curve for temperatures from 65–95°C was estimated after 
the last qPCR cycle. All informations analyzed utilizing Opticon Monitor 3. Samples 
which showed the most grounded signals in two starter runs were compared at in a 
last run. Different plasmid concentrations were utilized to build a standard curve 
for supreme quantification. Using this formula, standards are found: molecules/
μl = a/(plasmid length × 660) × (6.022 × 10^23) where a is the plasmid of concen-
tration in (μg/μl), 6.022 × 10^23 -molar constant, 660- avaerage molecular weight 
of one base pair [19]. The greater part of the work on secondary metabolites of 
marine organisms has concentrated on genera, mainly Penicillium, Aspergillus and 
additionally Fusarium and Cladosporium, moreover the less contemplated species 
merit extraordinary consideration [20]. Biological activity can also be identified 
using In Silico methods. It gives fast predictions for a large set of compounds in a 
high-throughput mode. The aim of target discovery is the validation and identifica-
tion of suitable drug targets for therapeutic intervention and discovery of novel 
chemical molecules that acts on the most relevant targets for a disease under study. 
In silico methods include quantitative structure–activity relationships, databases, 
similarity searching, homology models, pharmacophores, and other molecular 
modeling, data mining, machine learning, data analysis and network analysis tools 
that use a computer. Such methods have seen frequent use in the discovery and 
optimization of physicochemical characterization [21, 22].

2. Secondary metabolites and bioactive compounds

Two new metabolites, carbonarones A (1) and B (2), were acquired from the 
marine-fungi Aspergillus carbonarius detached from the marine residue gathered 
at Weizhou island of China. It indicated moderate cytotoxicity against K562 cells 
with IC50 estimations of 56.0 and 27.8 μg/ml, individually [23]. 14-norpseurotin 
A, 29-nordammarane triterpenoid 6β show noteworthy antimicrobial activity 
against Bacillus subtilis, Escherichia coli and Micrococcus lysoleikticus with MICs of 
3.74, 14.97 μM [24]. From the fungi extracts Ascochyta heteromorpha, the agent 
of a foliar infection of oleander (Nertum oleander), another cytochalasin named 
ascochalasin was separated together with deoxaphomin and cytochalasins A and 
B. Cytochalasins are an enormous gathering of contagious metabolites created 
by a few genera of fungi which demonstrated diverse biological activities. These 
compound binds to actin filaments and block the polymerization and also involved 
in the elongation of actin [25–28]. Three new metabolites, microsphaeropsones A–C 
(1–3) with an interesting oxepino[2,3-b]chromen-6-one, were detached from the 
endophytic growth Microsphaeropsis species [29] (Figure 1).

A semisynthetic dihydrooxepino[2,3-b]chromen6-one 7 was set up by oxida-
tion of the allylic alcohol 1 with manganese dioxide [29]. Marine-derived fungi 
Aspergillus versicolor MF160003 for the pharmacologically dynamic secondary 
metabolites prompts the disclosure of another Xanthenone derivative, 3-hydroxy 
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A semisynthetic dihydrooxepino[2,3-b]chromen6-one 7 was set up by oxida-
tion of the allylic alcohol 1 with manganese dioxide [29]. Marine-derived fungi 
Aspergillus versicolor MF160003 for the pharmacologically dynamic secondary 
metabolites prompts the disclosure of another Xanthenone derivative, 3-hydroxy 
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pinselin, with five known compounds, pinselin,methyl 8-hydroxy-6-methyl-9-oxo-
9H-xanthene-1-carboxylate, 2-methoxy pinselin, aspergillusone A 12-O-acetyl-
AGI-B4 [30]. Screening for new bioactive metabolites from the marine-determined 
variety of Aspergillus, an Aspergillus versicolor DJ013 separated from a coastal, 
Dongji Island, China. EtOAc separate resulted in identification and isolation of new 
furandione compounds, named asperfurandiones A and B [31]. Botryosphaerin 
were detached from the endophytic fungi Botryosphaeria sp. MHF associated with 
Maytenus hookeri. A compound CJ-14445 showed inhibition towards Saccharomyces 
cervisiae, Candida albicans and Penicillium avellaneum UC-4376 in correlation with 
nystatin which was utilized as a positive control [32] (Figure 2).

2.1 Bioactivities

Xanalteric acids I (38) and II (39) are the two new compounds which were segre-
gated from the organism Alternaria sp., taken from leaves of the Mangrove plant 
Sonneratiaceae, gathered in Dong Zhai Gang Mangrove Garden on Hainan Island, 
China. Compounds 38 and 39 showed frail anti-microbial action against multidrug-
resistant S. aureus with MIC estimations of 686.81–343.40 μM [34]. Spicellum 
roseum yielded the equivalent trichothecene as is delivered by the Trichothecium 
roseum. The compound demonstrated antimicrobial properties against specific 
yeasts of Saccharomyces cerevisiae and Candida albicans [35]. The absolute num-
ber of lignin from chosen white, soft and brown rot fungi were isolated. These 
outcomes have uncovered that, most elevated ligninolytic capacity was seen in 
P. ostreatus, P. eryngii S. hirsutum (white rot fungi), C. puteana H. pinastri (brown 

Figure 1. 
Compounds 1–6 isolated from the endophytic fungus Microsphaeropsis sp. and 7 obtained by the oxidation of 1 [29].

Figure 2. 
Different types of fungal metabolites [33].
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rot fungi) F. oxysporum and B. dothidea (soft rot fungi) [36]. The fungi recognized 
as Neopestalotiopsis sp., active against D. phaseolorum. The outcomes feature that the 
endophytes are equipped for delivering compounds that might be utilized to control 
plant pathogens. The compound fumiquinone B is accounted for just because as an 
antifungal operator against D. phaseolorum, a significant plant pathogen around 
the world. This is additionally the first report of the production of fumiquinone B 
by the Neopestalotiopsis [37]. Fungi M. albus identified with Cinnamomum zeylani-
cum, recognized five classes of unstable compounds like alcohols, esters ketones, 
lipids and acids which smothered the action of pathogenic fungi, namely Pythium 
ultimum, Phytophthora cinnamomi Rhizoctonia solani, Ustilago hordei, A.fumigates, 
Stagnosporanodorum, Sclerotinia sclerotiorum, Tapesia yallundae, F. solani, Cercospora 
beticola, C. albicans and Verticillum dahlia [38]. The detached metabolite sclerotio-
rin from Cephalotheca faveolata had the capacity to incite apoptosis in malignant 
growth cells.

Sclerotiorin had apoptotic properties for colon malignant growth (HCT-116) 
cells by means of BAX and inactivated the BCL-2 proteins and further degrade 
the caspase-3 catalyst advancing apoptosis in dangerous cells [39]. Antibacterial 
action of the detached bioactive parts from endophytic growth Phomopsis sp. 
inside Plumeria acutifolia against the bacterial pathogens E. coli, Klebsilla sp 
Pseudomonas sp., S. aureus, B. subtilis also, S. typhi and it had no huge impact on 
C. albicans [40, 41]. Awajanoran, another dihydrobenzofuran derivative, was 
separated from an agar-culture of Acremonium sp. AWA16–1, which had been 
separated from ocean mud gathered at Awajishima Island in Japan. This com-
pound restrained the development of A549 cells, the human lung adenocarcinoma 
cell line, with an IC50 estimation of 17 μg/ml, and furthermore demonstrated 
antimicrobial action [42]. R-135853 against different contagious strains and 
furthermore shows the MICs of R-135853 forthe strains utilized in vivo. R-135853 
showed strong activity against C. albicans, C. tropicalis, C. glabrata, C. neoformans 
and C. guilliermondii with MICs varying from 0.016 to 0.5 g/ml [43].

3. Docking studies

A chain of 1-(1H-1,2,4-triazol-1-yl)- 2-(2,4-difluorophenyl)- 3-subbed 2-propanols 
(5a–5y) which are analogs of fluconazole, have been structured and integrated by 
means of Cu(I)- catalyzed azide–alkyne cycloaddition based on computational 
docking investigations to the dynamic site of the cytochrome P450 14α-demethylase 

Figure 3. 
Compounds binding geometry of the new inhibitor 5 l in the active site of CYP51 [44].
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(CYP51). Target compounds were assessed against eight human pathogenic fungi in 
vitro. Compound 5 l demonstrated the best antifungal activity [44] (Figure 3).

Tyrosol, extracted from P. chrysogenum DXY-1, a marine fungi utilized as a QS 
inhibitor against C. violaceum and P. aeruginosa. The docking results show that tyro-
sol hinders the QS system of CviR in C. violaceum by binding to the DNA-binding 
domain and blocking the gene expression of pathogens [45] (Figure 4).

Three compounds (heptadecanoic acid, 16 methyl-, methyl ester; 9,12-octa-
decadienoic acid; cis-9-octadecenoic corrosive) identified and were screened 
against the skin cancer protein (Hsp90) by in-silico docking. The metabolites in two 
fungal strains of Hypocrea species were analyzed in GC–MS and the compound 
(Heptadecanoic corrosive, 16 methyl) indicated the best outcome against skin 
cancer protein [46] (Figure 5).

A 3D model of the cytochrome P450 14a-sterol demethylase of C. albicans 
(CA-CYP51) was built on the premise of the sequence homology with structure 
of the cytochrome P450 14a-sterol demethylases of M. tuberculosis (MT-CYP51). 
The model of CA-CYP51 was utilized to clarify the antifungal movement of a chain 
of 1,4-benzothiazine and 1,4-benzoxazine imidazole derivatives. All compounds 
receive comparable binding modes inside the catalytic site of CA-CYP51. These 
outcomes will be used to address the structure and synthesis of new strong antifun-
gal compounds supplied with hostile to Candida action [47] (Figure 6).

Mannich bases of thiosemicarbazide is tested for anti-fungal activity. Docking 
of compounds was performed on the pdb structure of Lanosterol 14 α-demethylase 
(CYP51A1, P45014DM) utilizing Vlife MDS 3.5 as target. All incorporated atoms 

Figure 4. 
Effects of tyrosol on the growth of C. violaceum CV026 and violacein production in C. violaceum [45].
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Figure 5. 
GC–MS result of potential compound Heptadecanoic acid, 16 methyl derived from Hypocrea lixii TSK8 [46].

Figure 6. 
Best docking solution of fluconazole into the catalytic site of CA-CYP51 [47].
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were docked into a similar binding site. Docking study demonstrated a solid hydro-
phobicity between amino acids, such as Arganine (ARG141), Glutamine (GLU146), 
with hydrogen of aldehyde at 2.279. The amino acids included are Glycine GLY176A, 
Aspartine ASP175A, Threonine THR147B Lysine LYS227A, Phenyl alanine PHE58A 
and Arganine ARG141B which may be assuming a significant role in the specific 
binding of compounds with target [48] (Figure 7).

4. Recent discoveries

In this investigation, researchers scanned for new secondary metabolites from 
ocean inferred growth strain FKJ-0025 and found two new compounds, sarco-
podinols A (1) and B (2), together with a known compound, SF-227. This is the 
principal report of secondary metabolites separated from family Sarcopodium. 
Cytotoxicity test utilizing human tumor cell lines, 1 demonstrated cytotoxicity 
against Jurkat cells. Eminently, 2 demonstrated cytotoxicity against HL-60, Jurkat, 
and Panc1 cells. These outcomes recommend that the absence of 5′-OH is the 
significant factor behind the lethality against HL-60 and Panc1 cells [49]. The novel 
Anthraquinone, 2-(dimethoxymethyl)- 1-hydroxyanthracene-9,10-dione, jointly 
with nine studied compounds (2–10), were taken from a marine derived fungi A. 
versicolor. 1 showed solid inhibitory activity against MRSA ATCC 43300 and MRSA 
CGMCC 12409 (with MIC estimations of 3.9 and 7.8 μg/mL separately) and mod-
erate activity against analyzed strains of Vibrio. Molecular docking studies with 

Figure 7. 
Representative interactions shown by K20 with amino acid residues of CYP51A1, P45014DM [48].
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AmpC β-lactamase IV and topoisomerase indicated least binding interactions and 
supported antimicrobial movement of this compound is a novel compound merited 
expanding consideration as a source of antibacterial factor [50].

4.1 Antimicrobial agents

Antifungal peptides created by certain lactic acid bacteria strains have high 
potential for applications in expansive scope of nourishments. The component of 
peptides antifungal movement is identified with their properties, for example, 
low atomic weight, secondary structure, concentrations. The antifungal peptides 
were proposed to be utilized as bio-additives to decrease as well as supplant chemi-
cal preservatives [51]. White rot fungi that go under the division eumycota are 
heterogeneous gathering of fungi having ability to degrade a wide assortment of 
difficult compounds. Xenobiotic degradation may be due to non-specific enzymes. 
Manganese peroxidase, laccase, lignin peroxidase were explored seriously for the 
wide scope of xenobiotics. These organisms are having the ability to separate the 
lignin in wood without degrading cellulose, sometimes both cellulose and lignin 
will be degraded [52]. Nanotechnology for the creation of nanoparticles utilizing 
fungal cells is an ongoing phenomenon. Parasite like Colletotrichum sp., A. clavatus, 
and Pestalotia sp. have been utilized for improvement of nanoparticles against 
pathogenic microorganisms [33].

5. Conclusion

Bioinformatics has built up itself as a basic apparatus in target revelation. In 
silico pharmacology paradigm is progressing and presents a rich exhibit of chances 
that will help with expediating the revelation of new targets, and leads to discovery 
of compounds with biological activities. The drug design is based on analysis of 
structure of fungal species complexes. Various evaluations are found using quasi 
in vivo assay and pharmacokinetic analysis. For example, X-ray structures of C. 
albicans CYP51 complexes with posaconazole and VT-1161, providing a molecular 
mechanism for the potencies of these drugs against pathogens that are intrinsically 
resistant to fluconazole.

Future perspectives

Comparative structural analysis indicates the phylum-specific CYP51 features 
highlights that could coordinate future rational improvement of more produc-
tive expansive range antifungals. Basic assay normally focused on antimicrobial 
and antifungal activity. Viable and safe medications in the field on infections and 
malignant growth are unquestionably required. Subsequently, it is recommended 
to widen biological screens for the once in a while examined biological activities, 
which might be significant for the treatment of ceaseless illnesses.
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Chapter 7

Studies on Histamine H2-Receptor 
Antagonists by Using Density 
Functional Theory
Kodakkat Parambil Safna Hussan, 
Indulekha Jayarajan Jithin Raj, Sailaja Urpayil  
and Mohamed Shahin Thayyil

Abstract

Density functional theory (DFT) is a quantum mechanical approach used to 
investigate the electronic structure (principally the ground state) of many-body 
systems, in particular atoms, molecules, and the condensed phases. In this work, we 
have used DFT/B3LYP/6-31+G(d) level of theory to get insight into the molecular 
geometry and thermochemical properties of histamine H2-receptor antagonists. 
Histamine H2-receptor antagonists or H2 blockers are a group of pharmaceutical 
ingredients that reduce the amount of acid produced by the cells in the lining of 
the stomach. The potential H2 blockers include cimetidine, famotidine, nizatidine, 
and ranitidine. The detailed theoretical investigation on the listed H2 blockers 
in terms of their thermochemical parameters and global descriptive parameters 
revealed that, though famotidine is the best among them with highest Gibbs free 
energy, nizatidine showed higher biological activity with high softness, low hard-
ness, and high electrophilicity index. The theoretical vibrational spectra of these 
four Histamine H2-receptor antagonists were analyzed and the infrared spectra 
of nizatidine was compared with the experimental IR spectra, and found to be 
good agreement with the experimental values. Further, frontier molecular orbitals 
especially the highest occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) were determined and the activation energy of the 
selected samples were calculated. In addition to this, the amorphisation technique 
were employed to enhance the solubility and bio availability of the best biologically 
active H2 blocker nizatidine using broadband dielectric spectroscopy.

Keywords: histamine H2-receptor antagonists, density functional theory, molecular 
orbitals

1. Introduction

The branch of computational chemistry is identified to be one of the nascent 
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Abstract

Density functional theory (DFT) is a quantum mechanical approach used to 
investigate the electronic structure (principally the ground state) of many-body 
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selected samples were calculated. In addition to this, the amorphisation technique 
were employed to enhance the solubility and bio availability of the best biologically 
active H2 blocker nizatidine using broadband dielectric spectroscopy.
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the theoretical results provide information with same quality of the data obtained 
through conducting experiments. With the required level of availability of vari-
ables or data, it helps in describing various unobserved chemical phenomena [1]. 
Computational chemistry is identified to be one of the major components identified 
to be included in the process of making new chemical products. The use of this 
technology provides increased efficiency of the drug introduced through analyzing 
the nature of the particular receptor site. The role of organic chemists is followed 
by attempting to synthesize the proposed structure of the chemical components, 
which is occasionally tested by biochemists. This set of actions is iterated by analyz-
ing experimental results after obtaining feedback on the same. The aspect of the 
feed back provides suggestions for effectively increasing the quality of molecules.

Various tools used by computational chemistry starting from molecular 
mechanics to higher quantum mechanical calculations including Hartree Fock 
method, density functional methods & ab initio calculations. The balls and springs 
model of molecules is identified to be included within molecular mechanics [2]. The 
element of quantum mechanics is introduced within the ab initio aspect through 
treating the same with the Schrödinger Equation [3]. Semi-empirical methods are 
identified to include Hartree-Fock theory in a more simplified version along with 
empirical corrections resulting in increased performance [4]. DFT or Density 
Function Theory uses electron density function irrespective of the wave function. 
The electron density function is also identified as charge density or just merely 
electron density. Two of the Hohenberg-Kohn theorems which describe that the 
ground state property of atom or molecule is identified by its electron density func-
tion and the energy produced by trial electron density should be either greater than 
or equal to its true and valid energy, are the main constituents of density functional 
theory [5]. The Kohn - Sham approach, on the other hand, is identified to analyze 
the level of variations made by a system through considering an ideal system that 
is comprised of non-interacting electrons [3]. Through reducing the energy along 
with Kohn-Sham orbitals, the Kohn-Sham equations can be derived from the energy 
equation [6, 7].

Experiment and theory are identified to be the major components for the 
functioning of science and almost all of its disciplines. Hence, one without the 
other won’t be able to effectively assist in the creation of scientific breakthroughs. 
A theory without experimental data to support it is regarded as a hypothesis, while 
experiments without theory will not provide a degree of finiteness to it. In the field 
of science, the advent of the computational facility is identified to provide increased 
support for such experimental needs. Focusing on the branch of chemistry, compu-
tational chemistry is identified to effectively assist in various experimental chores 
[1]. The major reason for the success of computational chemistry was the chance 
provided for skipping over the tedious and hazardous chemical experimentation 
with the help of computer simulation.

Here in this work structural properties along with the reactivity, energy, 
vibrational properties and frontier molecular orbitals of histamine H2-receptor 
antagonists (cimetidine, famotidine, nizatidine and ranitidine), are investigated 
using Density functional theory [4]. H2 blockers are a group of medicines that 
reduce the amount of acid produced by the cells in the lining of the stomach and are 
used to treat duodenal ulcers, gastric ulcers and Zollinger-Ellison disease [8]. They 
are also called ‘histamine H2-receptor antagonists’ but are commonly called H2 
blockers. The H2 blockers compete with histamine for H2 receptors on the stomach’s 
parietal cells and thereby depress the production of hydrochloric acid. They are 
rapidly absorbed and will reach peak blood levels in 1 to 3 hours. Acid-suppression 
lasts several hours thereafter and permits peptic ulcers to heal over a few weeks. 
It also counteracts the corrosive effects of acid, which refluxes into the esophagus 
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(food pipe) and causes heartburn. Though histamine H2 blockers inhibit the action 
of histamine on gastric H2 receptors thereby decreasing gastric acidity, they were 
considered a breakthrough in the treatment of peptic ulcer disease but it is used 
as non-NSAID ulcers, and control severe esophagitis. There are four H2 blockers 
available by prescription: cimetidine, ranitidine, nizatidine and famotidine [9]. But 
we are unaware about the chemical and biological activities of these H2 blockers 
and information are less to claim best among the four. This work is an attempt to 
get an insight to the structural and thermochemical properties and parameters such 
as Gibbs free energy, enthalpy and entropy, and stability of the four selected H2 
blockers and to find out which molecule is comparatively active; chemically as well 
as biologically. Further we have included the molecular dynamics of the best one 
among the four H2 blockers to enhance its solubility by amorphosizing the sample 
by quench cooling technique, though such study is out of focus of this chapter.

2. Materials and method

2.1 Materials

The input structures the drugs; cimetidine (PubChem: 3033637); famotidine 
(PubChem: 2756); nizatidine (PubChem: 5702160); ranitidine (PubChem: 3001055) 
were taken from the PubChem database [10], which are in sdf (Standard Data File) 
format and were converted to GJF (Gaussian Job File) input files using the applica-
tion Open Babel [11].

2.2 Computational methodology

All the quantum calculations have been performed by density functional 
theory using a Gaussian 09 software package [12]. The initial geometries chosen 
for calculation was taken from the PubChem database and optimized with DFT/
B3LYP/6-31 + G(d) level of the theory [6]. The B3LYP is Becke’s three-parameter 
practical hybrid methods that add the exchange and electronic correlation terms 
in DFT, including the Lee, Yang Parr (LYP) functional. The optimized geometry 
was used for the calculations of harmonic vibrational frequencies at the DFT/
B3LYP/6-31 + G(d) method, it also helps to ensure the systems to be local minimum 
number imaginary vibration frequencies. The thermochemical properties [13–15] 
like, hardness (η), softness (S), chemical potential (μ), electronegativity (χ) and 
electrophilicity index (ω), were calculated using Koopman’s theorem for closed-
shell compounds. Electrostatic potential analysis has also been made to identify 
the mapping surface of drugs. The thermo chemical properties of the selected 
molecules were calculated from electronic energy, the equilibrium geometry and 
the vibrational frequencies.

3. Results and discussion

3.1 Molecular geometry

All four histamine H2 receptor antagonists: cimetidine, famotidine, nizatidine, 
and ranitidine were optimized using DFT method using B3LYP/6-31 + G(d) level of 
theory. Optimized geometry parameters of the four samples were listed out in the 
supplementary material for reference. The optimized structure of four H2 blockers 
were depicted in Figure 1 [16–18].
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considered a breakthrough in the treatment of peptic ulcer disease but it is used 
as non-NSAID ulcers, and control severe esophagitis. There are four H2 blockers 
available by prescription: cimetidine, ranitidine, nizatidine and famotidine [9]. But 
we are unaware about the chemical and biological activities of these H2 blockers 
and information are less to claim best among the four. This work is an attempt to 
get an insight to the structural and thermochemical properties and parameters such 
as Gibbs free energy, enthalpy and entropy, and stability of the four selected H2 
blockers and to find out which molecule is comparatively active; chemically as well 
as biologically. Further we have included the molecular dynamics of the best one 
among the four H2 blockers to enhance its solubility by amorphosizing the sample 
by quench cooling technique, though such study is out of focus of this chapter.

2. Materials and method

2.1 Materials

The input structures the drugs; cimetidine (PubChem: 3033637); famotidine 
(PubChem: 2756); nizatidine (PubChem: 5702160); ranitidine (PubChem: 3001055) 
were taken from the PubChem database [10], which are in sdf (Standard Data File) 
format and were converted to GJF (Gaussian Job File) input files using the applica-
tion Open Babel [11].

2.2 Computational methodology

All the quantum calculations have been performed by density functional 
theory using a Gaussian 09 software package [12]. The initial geometries chosen 
for calculation was taken from the PubChem database and optimized with DFT/
B3LYP/6-31 + G(d) level of the theory [6]. The B3LYP is Becke’s three-parameter 
practical hybrid methods that add the exchange and electronic correlation terms 
in DFT, including the Lee, Yang Parr (LYP) functional. The optimized geometry 
was used for the calculations of harmonic vibrational frequencies at the DFT/
B3LYP/6-31 + G(d) method, it also helps to ensure the systems to be local minimum 
number imaginary vibration frequencies. The thermochemical properties [13–15] 
like, hardness (η), softness (S), chemical potential (μ), electronegativity (χ) and 
electrophilicity index (ω), were calculated using Koopman’s theorem for closed-
shell compounds. Electrostatic potential analysis has also been made to identify 
the mapping surface of drugs. The thermo chemical properties of the selected 
molecules were calculated from electronic energy, the equilibrium geometry and 
the vibrational frequencies.

3. Results and discussion

3.1 Molecular geometry

All four histamine H2 receptor antagonists: cimetidine, famotidine, nizatidine, 
and ranitidine were optimized using DFT method using B3LYP/6-31 + G(d) level of 
theory. Optimized geometry parameters of the four samples were listed out in the 
supplementary material for reference. The optimized structure of four H2 blockers 
were depicted in Figure 1 [16–18].
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3.2 Vibrational analysis

Infrared (IR) spectroscopy refers the analysis of interaction of infrared radia-
tion with a molecule. IR spectra of nizatidine obtained from DFT method using 
B3LYP/6-31 + G(d) level of theory (in Figure 2(a)) is compared with the experi-
mental IR spectra (in Figure 2(b)) and their assignments were tabulated in Table 1.

From the comparison of IR spectra of nizatidine it is clear that, the computed 
vibrational results were in good agreement with the experimental spectra. IR spec-
tra of cimetidine, famotidine and ranitidine are also generated using DFT method 
using B3LYP/6-31 + G(d) level of theory and shown in Figures 3–5.

The vibration at 3109 cm−1 shows the presence of N-H bond. The C-H band is 
present at 1741 for bending mode of vibration. The vibration band around 1435 
and 1462 cm−1 are due to C-H scissor vibration. The bands due to C-N stretching 
are appeared at 1300 and 1255 cm−1. The band due to C-C skeleton vibration are 
appeared at 544 and 508 cm−1.

The band due to asymmetric NH2 stretching vibration appears at 3336 cm−1 in the 
vibrational spectra of famotidine. The vibration band around 1696 and 1664 cm−1 are 
due to C=N stretching. The vibration at 1088 cm−1 shows the presence of C-N bond. 
The N-H band is present at 832 cm−1 for out of plain bending mode of vibration.

Spectral analysis of ranitidine shows a vibration at 3442 cm−1 and it is due to the 
presence of N-H bond. The C=C band is present at 1660 and 1588 cm−1 for stretch-
ing mode of vibration. The band due to NO2 stretching is appeared at 1390 cm−1. 
The vibration band around 1264 and 1174 cm−1 are due to C-N stretching.

3.3 Thermo-chemical properties

The reaction parameters of the four Histamine H2-receptor antagonists were 
calculated and tabulated below in Table 2.

Figure 1. 
Optimized molecular structures of Histamine H2 receptor antagonist using the B3LYP/6-31 + G (d) basis set. 
(a) nizatidine, (b) cimetidine, (c) famotidine and (d) ranitidine.
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By calculating reaction parameters of histamine H2 receptor antagonist it was 
found that famotidine is having high free energy, zero-point energy, enthalpy 
and low entropy. If the Gibbs free energy is higher the solubility will be higher i.e. 
famotidine having higher solubility. Nizatidine exhibits higher entropy value with 
less energy indicating that it has higher degree of freedom to be active. Cimetidine 
is less potent and having low solubility. If nizatidine get a small perturbation in 
terms of thermal energy it will be in full mode to be active for its specified task.

3.4 Frontier molecular orbital analysis

Both the energies of HOMO (Highest Occupied Molecular Orbitals) and LUMO 
(Lowest Unoccupied Molecular Orbitals) are identified. The chemical reactivity of 

Experimental IR DFT IR Assignments

2978 2929 Asymmetric C-H stretching vibration

2946

1612 1642 C-H vibration (overtone)

1571 1597 C=C stretching vibration

1519 1534

1455 1401 Asymmetric C-H deformation vibration

1431

1379 1370 Symmetric C-H deformation vibration

1221 1264 C-N stretching vibrations

1189 1219

1130 1138 C-H sym. Deformation vibration

1038 1057 C-N stretching vibration

982 923

843 850 C-H out-of-plane deformation vibration

746 769 C-C skeleton vibration (rocking)

701 715 CH3-metal groups due to CH2 rocking vibration

Table 1. 
Vibrational analysis of nizatidine by experimental and theoretical obtained from DFT method using B3LYP/6-
31 + G(d) level of theory.

Figure 2. 
Theoretical (DFT generated) IR spectra (a); experimental IR spectra (b) of nizatidine.
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a particular molecule can be determined from their energy gap and eigen values. In 
addition to being called the frontier orbitals, both HOMO and LUMO are identified 
to be effectively included within the study regarding charge transfer complex for-
mation reactions [13]. HOMO is identified to represent the ability to be an electron 
donor through giving an electron, while LUMO, on the other hand, and focuses on 
the method of gaining electron through being an electron acceptor [14]. The wave 
function is identified to describe the process of electron absorption as the transition 
from the ground state to the next excited state. This process is further understood 
as the excitation of one electron from the highest occupied molecular orbital to the 
lowest level of an unoccupied molecular orbital. The element of energy gap within 
both HOMO and LUMO is identified as the parameter describing molecular trans-
port properties [15]. The aspect of electron conductivity also can be understood 
through the measure of HOMO – LUMO gap along with molecular stability with a 
large gap denoting higher stability. Hence, the molecular orbitals of all four selected 
H2 blockers were generated and visualized using DFT, and these molecular orbitals 

Figure 3. 
Theoretical IR spectra of cimetidine using DFT/B3LYP/6-31 + G(d) level of theory.

Figure 4. 
Theoretical IR spectra of famotidine DFT/B3LYP/6-31 + G(d) level of theory.
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were shown in Figure 6 (the positive phase is represented in red and the negative 
one in green).

The possible transitions exhibited by nizatidine and famotidine is π  to ∗π  
transition while cimetidine showed π  to π  transition and ranitidine exhibited a 
∗π  to π  transition. The least energy required must be for π  to ∗π  transition and 

this may be the reason for high reactivity of nizatidine.
The HOMO, LUMO energies of the selected samples were calculated and 

tabulated below in Table 3.
The difference between HOMO and LUMO energy levels directly gives the band 

gap or energy gap of the compound. The higher the energy gap lower will be the 
reactivity of the molecule. Comparing the orbital energy parameters of histamine 
H2 receptor antagonist, nizatidine is found to be having lower energy gap, which 
shows that nizatidine is more chemically reactive than others. At the same time 
cimetidine has high energy gap indicating its less reactivity. So, we can infer that 
nizatidine is the most biologically active API while cimetidine is the least among the 
H2 blockers.

3.5 Global descriptive parameters

The global parameters are identified to have a larger role to play within the 
comparison of the behaviors of different compounds and their level of reactiv-
ity. A global descriptive parameter is identified to provide the description of the 

Figure 5. 
Theoretical IR spectra of ranitidine DFT/B3LYP/6-31 + G(d) level of theory.

Sample Molecular 
Mass 

(amu)

Zero point 
Energy 

(109 kJ/mol)

Enthalpy 
(109 kJ/mol)

Entropy  
(Cal/mol)

Gibbs Free 
Energy  

(109 kJ/mol)

Nizatidine 331.114 −4.43 −4.43 177.061 −4.43

Cimetidine 252.116 −2.93 −2.93 151.938 −2.93

Famotidine 337.045 −5.36 −5.36 153.901 −5.36

Ranitidine 314.141 −3.54 −3.54 172.629 −3.54

Table 2. 
The reaction parameters of Histamine H2 receptor antagonist.
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donor through giving an electron, while LUMO, on the other hand, and focuses on 
the method of gaining electron through being an electron acceptor [14]. The wave 
function is identified to describe the process of electron absorption as the transition 
from the ground state to the next excited state. This process is further understood 
as the excitation of one electron from the highest occupied molecular orbital to the 
lowest level of an unoccupied molecular orbital. The element of energy gap within 
both HOMO and LUMO is identified as the parameter describing molecular trans-
port properties [15]. The aspect of electron conductivity also can be understood 
through the measure of HOMO – LUMO gap along with molecular stability with a 
large gap denoting higher stability. Hence, the molecular orbitals of all four selected 
H2 blockers were generated and visualized using DFT, and these molecular orbitals 

Figure 3. 
Theoretical IR spectra of cimetidine using DFT/B3LYP/6-31 + G(d) level of theory.

Figure 4. 
Theoretical IR spectra of famotidine DFT/B3LYP/6-31 + G(d) level of theory.
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were shown in Figure 6 (the positive phase is represented in red and the negative 
one in green).

The possible transitions exhibited by nizatidine and famotidine is π  to ∗π  
transition while cimetidine showed π  to π  transition and ranitidine exhibited a 
∗π  to π  transition. The least energy required must be for π  to ∗π  transition and 

this may be the reason for high reactivity of nizatidine.
The HOMO, LUMO energies of the selected samples were calculated and 

tabulated below in Table 3.
The difference between HOMO and LUMO energy levels directly gives the band 

gap or energy gap of the compound. The higher the energy gap lower will be the 
reactivity of the molecule. Comparing the orbital energy parameters of histamine 
H2 receptor antagonist, nizatidine is found to be having lower energy gap, which 
shows that nizatidine is more chemically reactive than others. At the same time 
cimetidine has high energy gap indicating its less reactivity. So, we can infer that 
nizatidine is the most biologically active API while cimetidine is the least among the 
H2 blockers.

3.5 Global descriptive parameters

The global parameters are identified to have a larger role to play within the 
comparison of the behaviors of different compounds and their level of reactiv-
ity. A global descriptive parameter is identified to provide the description of the 

Figure 5. 
Theoretical IR spectra of ranitidine DFT/B3LYP/6-31 + G(d) level of theory.

Sample Molecular 
Mass 

(amu)

Zero point 
Energy 

(109 kJ/mol)

Enthalpy 
(109 kJ/mol)

Entropy  
(Cal/mol)

Gibbs Free 
Energy  

(109 kJ/mol)

Nizatidine 331.114 −4.43 −4.43 177.061 −4.43

Cimetidine 252.116 −2.93 −2.93 151.938 −2.93

Famotidine 337.045 −5.36 −5.36 153.901 −5.36

Ranitidine 314.141 −3.54 −3.54 172.629 −3.54

Table 2. 
The reaction parameters of Histamine H2 receptor antagonist.
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connection between the chemical reactivity of the molecule along with the range 
of sensitiveness exhibited to the various external conditions. Various aspects such 
as chemical potential, chemical hardness, electro negativity, electrophilicity, and 

Figure 6. 
Molecular orbitals of Histamine H2 receptor antagonist using the B3LYP/6-31 + G (d) basis set.  
(1) a. HOMO Energy =- 6.209 eV, b. LUMO Energy = - 1.650 eV; (2) a. HOMO Energy = -6.052 eV, b. LUMO 
Energy = -0.475 eV; (3) a. HOMO Energy =- 5.755 eV, b. LUMO Energy = - 0.957 eV; (4) a. HOMO  
Energy = -6.114 eV, b. LUMO Energy = -1.439 eV.
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softness are contained within the global descriptive parameters. These quanti-
ties correspond to the linear responses of the electron density with respect to the 
changes in the external potential and number of electrons [13]. The aspect of 
chemical hardness (η) can be understood as the resistance introduced by elements 
towards deformation or even polarization of the electron cloud of the element 
which is introduced through following chemical reactions conducted upon the 
same. Chemical softness (s), on the contrary to the chemical hardness, is identified 
to provide a measure of the capacity of the molecule for receiving electrons [14]. 
Through analyzing this case by considering the aspect of the HOMO – LUMO gap, 
a hard element is identified to have a larger HOMO – LUMO gap compared to a 
softer element. As the aspect of electro negativity (χ) describes the ability of the 
molecule for attracting electrons and reaching equalization much more quickly, 
it is identified to introduce low reactivity. The tendency for an electron to escape 
from an equilibrium state is referred to as chemical potential while the strength of 
electrophilies of elements is identified through electrophilicity indices.

Koopmans’ theorem states that in closed-shell Hartree–Fock theory, the first 
ionization energy of a molecular system is equal to the negative of the orbital 
energy of the highest occupied molecular orbital (HOMO) i.e., Koopmans’ theorem 
equates the energy of the HOMO with the negative of the ionization potential [19]. 
The global properties were calculated by using equations [12, 13, 20].

 ( ) ≈ − HOMOIonization potential IP E  (1)

 ( ) ≈ − LUMOElectron affinity EA E  (2)

where EHOMO is the energy of HOMO and ELUMO is the energy of LUMO.

 ( ) IP EA−
η ≈Hardness

2.
 (3)

 ( ) IP EA+
χ ≈Electronegativity

2
 (4)

 ( ) ≈ 1Softness S
2η

 (5)

 ( )µ ≈ −χChemical potential  (6)

 ( )ω ≈
2

Electrophilicity index
2
µ
η

 (7)

The Global descriptive parameters of the four histamine H2 receptor antagonists 
were calculated and tabulated below in Table 4.

Sample EHOMO (eV) ELUMO (eV) ∆E (eV)

Nizatidine −6.209 −1.650 4.559

Cimetidine −6.052 −0.475 5.577

Famotidine −5.755 −0.957 4.798

Ranitidine −6.114 −1.439 4.675

Table 3. 
Orbital energy parameters of studied compounds using DFT/B3LYP/6-31 + G (d) level of theory.
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softness are contained within the global descriptive parameters. These quanti-
ties correspond to the linear responses of the electron density with respect to the 
changes in the external potential and number of electrons [13]. The aspect of 
chemical hardness (η) can be understood as the resistance introduced by elements 
towards deformation or even polarization of the electron cloud of the element 
which is introduced through following chemical reactions conducted upon the 
same. Chemical softness (s), on the contrary to the chemical hardness, is identified 
to provide a measure of the capacity of the molecule for receiving electrons [14]. 
Through analyzing this case by considering the aspect of the HOMO – LUMO gap, 
a hard element is identified to have a larger HOMO – LUMO gap compared to a 
softer element. As the aspect of electro negativity (χ) describes the ability of the 
molecule for attracting electrons and reaching equalization much more quickly, 
it is identified to introduce low reactivity. The tendency for an electron to escape 
from an equilibrium state is referred to as chemical potential while the strength of 
electrophilies of elements is identified through electrophilicity indices.

Koopmans’ theorem states that in closed-shell Hartree–Fock theory, the first 
ionization energy of a molecular system is equal to the negative of the orbital 
energy of the highest occupied molecular orbital (HOMO) i.e., Koopmans’ theorem 
equates the energy of the HOMO with the negative of the ionization potential [19]. 
The global properties were calculated by using equations [12, 13, 20].

 ( ) ≈ − HOMOIonization potential IP E  (1)

 ( ) ≈ − LUMOElectron affinity EA E  (2)

where EHOMO is the energy of HOMO and ELUMO is the energy of LUMO.

 ( ) IP EA−
η ≈Hardness

2.
 (3)

 ( ) IP EA+
χ ≈Electronegativity

2
 (4)

 ( ) ≈ 1Softness S
2η

 (5)

 ( )µ ≈ −χChemical potential  (6)

 ( )ω ≈
2

Electrophilicity index
2
µ
η

 (7)

The Global descriptive parameters of the four histamine H2 receptor antagonists 
were calculated and tabulated below in Table 4.

Sample EHOMO (eV) ELUMO (eV) ∆E (eV)

Nizatidine −6.209 −1.650 4.559

Cimetidine −6.052 −0.475 5.577

Famotidine −5.755 −0.957 4.798

Ranitidine −6.114 −1.439 4.675

Table 3. 
Orbital energy parameters of studied compounds using DFT/B3LYP/6-31 + G (d) level of theory.



Drug Design - Novel Advances in the Omics Field and Applications

140

Sa
m

pl
e

IP
 (I

on
iz

at
io

n 
po

te
nt

ia
l)

EA
 (E

le
ct

ro
n 

af
fi

ni
ty

)
χ (

El
ec

tr
on

eg
at

iv
ity

)
μ 

(C
he

m
ic

al
 

po
te

nt
ia

l)
ω 

(E
le

ct
ro

ph
ili

ci
ty

 
in

de
x)

η (
H

ar
dn

es
s)

S 
(S

of
tn

es
s)

N
iz

at
id

in
e

6.
20

9
1.6

5
3.9

29
−

3.9
29

3.
38

7
2.

27
9

0.
21

9

Ci
m

et
id

in
e

6.
05

2
0.

47
5

3.
26

4
−

3.
26

4
1.9

1
2.

78
9

0.
17

9

Fa
m

ot
id

in
e

5.7
55

0.
95

7
3.

35
6

−
3.

35
6

2.
34

8
2.

39
9

0.
20

8

Ra
ni

tid
in

e
6.

11
4

1.4
39

3.
77

6
−

3.
77

6
3.

05
1

2.
33

8
0.

21
4

Ta
bl

e 
4.

 
G

lo
ba

l d
es

cr
ip

to
rs

 o
f s

tu
di

ed
 co

m
po

un
ds

 u
sin

g D
FT

/B
3L

YP
/6

-3
1 +

 G
 (d

) 
le

ve
l o

f t
he

or
y.

141

Studies on Histamine H2-Receptor Antagonists by Using Density Functional Theory
DOI: http://dx.doi.org/10.5772/intechopen.95322

Comparing the global descriptive parameters of histamine H2 receptor antago-
nist, nizatidine is found to be having higher softness, ionization potential, electron 
affinity, chemical potential and lower hardness, which shows that nizatidine is less 
stable and chemically more reactive. A higher value of electrophilicity index indi-
cates its high biological activity. In case of stability reactivity and biological activity, 
ranitidine comes next to nizatidine and among them, cimetidine is more stable and 
having lower biological activity.

3.6 Molecular dynamics

The theoretical studies revealed that nizatidine is highly stable and biological 
active molecule among the four histamine H2 receptor antagonists. But the value 
of Gibbs free energy emphasis that the solubility of nizatidine is less. The pos-
sible solution to enhance the solubility and bioavailability of the pharmaceutical 
drug is amorphisation of its crystalline counterpart. We have already reported the 
molecular dynamics of nizatidine in its glassy and supercooled liquid state using 
broadband dielectric spectroscopy [21]. The dielectric measurements of nizatidine 
were performed from 123.15 K to 373.15 K by quench cooling the sample. However, 
the sample does not crystallize during cooling from the melting temperature. Then 
the measured dielectric loss spectra (i.e., imaginary part of dielectric permittivity 
ε” plotted as a function of frequency f) are shown Figure 7.

The dielectric measurements revealed that the sample nizatidine is a good glass 
former with glass transition temperature Tg around 282.09 K with steepness index 
91 without showing any recrystalisation tendency during heating and cooling. The 
steepness index is the measure of the non-Arrhenius character of the temperature 
dependence of the α-relaxation times. In contrast to strong liquids (m = 16), fragile 
glass-forming materials (m = 200) show a fast change in its viscosity (relaxation time) 
as it approaches the glass transition temperature. The knowledge whether a glass for-
mer is strong or fragile seems to be essential in case of choosing the best temperature 
condition for storing an amorphous pharmaceutical where the structural relaxation 

Figure 7. 
Dielectric loss curves obtained for nizatidine in the supercooled liquid state [21].
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Comparing the global descriptive parameters of histamine H2 receptor antago-
nist, nizatidine is found to be having higher softness, ionization potential, electron 
affinity, chemical potential and lower hardness, which shows that nizatidine is less 
stable and chemically more reactive. A higher value of electrophilicity index indi-
cates its high biological activity. In case of stability reactivity and biological activity, 
ranitidine comes next to nizatidine and among them, cimetidine is more stable and 
having lower biological activity.

3.6 Molecular dynamics

The theoretical studies revealed that nizatidine is highly stable and biological 
active molecule among the four histamine H2 receptor antagonists. But the value 
of Gibbs free energy emphasis that the solubility of nizatidine is less. The pos-
sible solution to enhance the solubility and bioavailability of the pharmaceutical 
drug is amorphisation of its crystalline counterpart. We have already reported the 
molecular dynamics of nizatidine in its glassy and supercooled liquid state using 
broadband dielectric spectroscopy [21]. The dielectric measurements of nizatidine 
were performed from 123.15 K to 373.15 K by quench cooling the sample. However, 
the sample does not crystallize during cooling from the melting temperature. Then 
the measured dielectric loss spectra (i.e., imaginary part of dielectric permittivity 
ε” plotted as a function of frequency f) are shown Figure 7.

The dielectric measurements revealed that the sample nizatidine is a good glass 
former with glass transition temperature Tg around 282.09 K with steepness index 
91 without showing any recrystalisation tendency during heating and cooling. The 
steepness index is the measure of the non-Arrhenius character of the temperature 
dependence of the α-relaxation times. In contrast to strong liquids (m = 16), fragile 
glass-forming materials (m = 200) show a fast change in its viscosity (relaxation time) 
as it approaches the glass transition temperature. The knowledge whether a glass for-
mer is strong or fragile seems to be essential in case of choosing the best temperature 
condition for storing an amorphous pharmaceutical where the structural relaxation 

Figure 7. 
Dielectric loss curves obtained for nizatidine in the supercooled liquid state [21].
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is closely connected to crystallization process [22]. And it is found that nizatidine is 
stable over the measured temperature range up to 307.15 K. Of course, the dielectric 
studies is only giving an indication on the molecular mobility, for detailed information 
regarding the molecular mobility of nizatidine in glassy and supercooled liquid state 
refer paper published by Sailaja et al. [21].

4. Conclusions

Density functional theory calculation using DFT/B3LYP/6-31 + G (d) level of 
theory has been performed for four histamine H2 receptor antagonists, cimeti-
dine, famotidine, nizatidine, and ranitidine with the help of Gaussian software. 
Vibrational analysis (IR) of four histamine H2 receptor antagonists has been gen-
erated by using DFT. Generated vibrational results of nizatidine were compared 
with the experimental result and the computed vibrational results found to be in 
good agreement with the experimental result. From thermochemical parameters of 
histamine H2 receptor antagonist, it was found that famotidine is having superior 
thermodynamics parameters among the four with high free energy, zero-point 
energy, enthalpy and low entropy. Comparing the global descriptive parameters of 
histamine H2 receptor antagonist, nizatidine is found to be having higher softness, 
ionization potential, electron affinity, chemical potential and lower hardness, which 
shows that it is more stable and chemically reactive. Higher value of electrophilicity 
index indicates its high biological activity. Nizatidine is found to be having lower 
energy gap, which shows that nizatidine is more chemically reactive. In case of 
stability, reactivity and biological activity ranitidine comes next to nizatidine and 
among them, cimetidine is less stable and having lower biological activity. At the 
same time, the Gibb’s free energy revealed that the solubility of nizatidine is not suf-
ficient to have adequate bioavailability. Finally, we could amorphousize nizatidine by 
quench cooling technique and found that it stable in amorphous state without show-
ing any recrystallization tendency during super cooling and the subsequent heating 
in the metastable state. Nizatidine has a glass transition temperature around 282.1 K 
and was found to be stable over the measured temperature range up to 307 K.
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