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The human body is made up of millions of cells. Each cell has a nucleus
containing DNA organized into chromosomes.

Every human cell (except gametes) contains 23 pairs of chromosomes,
22 pairs of autosomes and one pair of sex chromosomes (homologous
chromosomes). Each person has two versions of the same gene or
alleles (one from each parent).

Chromosomes, genes and alleles
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From DNA to proteins

Genes contain the code for synthesizing
specific proteins.

Transcription is the process by which this
information is trasferred from DNA to
messenger RNA (mRNA), according to the
rules of complementary base pairing.
It takes place in the nucleus

Translation is the stage of protein synthesis,
in which the instructions carried by mRNA
are translated into the correct sequence of
amino acids to form a protein.
Each triplet of mRNA bases codes for a
single amino acid.
It takes place in the cytoplasm at the level of
ribosomes

https://theory.labster.com/structure-dna/



98.5% of the human genome consists of non-coding sequences not
translated into proteins.

Non-coding DNA

• Introns: non-coding sequences located in genes between coding
sequences (exons). During transcription, the entire gene is copied
into a pre-mRNA, which includes exons and introns. During the
process of RNA splicing, introns are removed, resulting in mature
mRNA.



Non-coding DNA

• Gene expression regulatory sequences: promoters or binding sites
for transcription factors that can activate or inhibit transcription
and protein synthesis (enhancers or silencers)

• Telomers: repeated non-coding nucleotide sequences at the end of 
chromosomes with a protective function

• DNA sequences from which a non-coding RNA is transcribed:
- transfer RNA (tRNA) and ribosomal RNA (rRNA), which are essential 

for protein synthesis

- microRNA (miRNA), which silences gene expression at the post-
transcriptional level

- long non-coding RNAs, which play an important role in regulation 
of gene expression



All cells in the body have the same DNA, but different morphological 
and functional features. This is because they express different parts of
their genome. Mechanisms controlling gene expression allow cells to
differentiate and finely regulate all stages of protein synthesis.

Regulation of gene expression

https://microbenotes.com/gene-expression/



Genetic polymorphisms

Genes can present sequence variations that lead to the existence of allelic
variants of a given gene. GENETIC VARIABILITY

A genetic polymorphism can be defined as a variation in the DNA sequence
that occurs in at least 1% of the population.

A frameshift mutation refers to the insertion or deletion of one or more
nucleotides in the DNA sequence.

https://www.biologyonline.com/dictionary/frameshift-mutation

"Frame shift": shift in the way the
sequence is read which leads to the 
synthesis of abnormal or nonfunctional 
proteins



Single nucleotide polymorphisms (SNPs)

There are about 10 million SNPs in the human genome. The functional
implications of these variations depends on their location within the DNA
sequence.

SNPs are the are the most common type of genetic variation in the human 
genome and consist in the variation of a single base pair in the DNA sequence.

https://www.genome.gov/genetics-glossary/Single-Nucleotide-Polymorphisms



Single nucleotide polymorphisms (SNPs)

1) Coding SNPs 

They are located within the coding regions of a gene and they modify 
nucleotide triplets (codon) sequences, possibly changing the amino acid
sequence of the gene's protein.

- Non-synonymous polymorphisms: genetic variations that affect the
encoded protein by an amino acid change, resulting in a change in protein
primary structure and function. Proteins may not function,
work less/more or be more quickly degraded.

- Synonymous polymorphisms: they change the nucleotide sequence, but
do not alter the amino acid sequence. The genetic code is described as
degenerate (or redundant), because a single amino acid can be coded by
more than one codon (64 codons and 20 amino acids).



Single nucleotide polymorphisms (SNPs)

2) SNPs in perigenic regions

They can be located within:
- splice junctions, leading to intron retention or exon loss in the mature

transcript. The resulting protein is sequence aberrant and is usually
degraded.

- regulatory regions, such as promoters or enhancers. A nucleotide
substitution could change the binding site for a transcription factor. The
effect on the protein is not qualitative but quantitative, i.e. the same
protein is expressed more or less.

3) SNPs in intergenic regions
They are located in non-protein-coding DNA between genes. They generally do
not have a major effect on protein function but they can indirectly affect gene
expression by modifying the activity of miRNAs and long non-coding RNAs.

 



Copy number variation (CNV)
CNVs refers to variations in the number of copies of specific DNA
sequences (between 50 bp and 3 Mb) among different individuals'
genomes. These DNA segments may be absent, due to deletions, or
present in numerous copies, due to duplications, in one or both
chromosomes of an individual. If these sequences enclose a gene, a
person may have no copies or many copies of that gene.

E.g.: CYP2D6, one of the most important CYP450 enzymes involved in drug 
metabolism, is encoded by a gene affected by CNV (0 to 13 copies).

https://www.genome.gov/genetics-glossary/Copy-Number-Variation



Pharmacogenetics is the study of how genes affect individual variability in 
drug response.

Many genes encoding proteins involved in drug response are polymorphic in 
the population.

These genes can be divided into two classes:

- genes encoding proteins involved in drug absorption, distribution, 
metabolism and excretion (ADME processes)

- genes encoding drug targets (receptors, enzymes, transporters and ion 
channels)

Pharmacogenetics

PolymorphismsPharmacokinetics Pharmacodynamics

- Absorption
- Distribution
- Metabolism

- Excretion

- Receptors
- Ionic channels

- Enzymes
- Transporters

Immune system



Polymorphisms in genes coding 
for proteins involved in drug 

metabolism



Drug metabolism

The reduction of the level of active drug in the body occurs through
two processes: metabolism and excretion.
Metabolism refers to the the biotransformation reactions and
chemical changes that a drug undergoes in the body.
These reactions are fundamental to reduce the biological activity of
the drugs and favor their removal from the body.

The main site of metabolic processes is the liver.
Other less important sites of metabolism are the intestine, the
kidneys, and the lungs.

Drug Polar and hydrophilic metabolites, which can 
be easily eliminated through urine or bile 



Possible outcomes of metabolic reactions

Active drug Inactive metabolite

(most frequent)

Inactive drug

(prodrug)

Active metabolite

Active drug Active metabolite

Active drug Toxic metabolite



Drug metabolism

Phase I reactions
(Functionalization)

Introduction or unmasking of  
polar functional groups on the 
chemical structure of the drug

Oxidation
Reduction
Hydrolisis

Phase II reactions
(Conjugation)

Binding of endogenous 
molecules  to the functional 

groups that lead to highly 
water soluble and polar 

metabolites

Glucuronidation, sulfation, 
acetylation, methylation, 

conjugation with amino acid  
or glutathione.



Cytochrome P450 system (CYP450)

Evans and Relling, 1999. Science 286:487-91 

About 70% of drugs used in
therapy are metabolized by
CYP450 enzymes.

CYP450 genes are highly 
polymorphic contributing to 
the individual inter-variabilty 
in drug metabolism.

Therapeutic failure or 
adverse/toxic reactions



UM EM IM PM

Polymorphisms can occur in one or both alleles of a selected CYP gene
having different impact on individual’s metabolic rate.

We can distinguish four main metabolic phenotypes:

PMs and UMs have respectively much lower or much higher metabolic 
activity compared to EMs and they are at increased risk of encountering
adverse reaction/toxicity or therapeutic failure.



CYP2D6

This enzyme is involved in the metabolism of about 25% of drugs currently in
use. These include antidepressants, antipsychotics, cardiovascular medicines
(such as beta blockers) and analgesics.

Puangpetch  et al. CYP2D6 polymorphisms and their influence on risperidone treatment. Pharmgenomics Pers Med. 



CYP2D6
More than 90 allelic variants of CYP2D6 have been described. The gene is
subjected to both SNPs and CNVs (deletion or duplication of the gene, up to
13x).

Torricelli e Giuliani. Farmacogenetica: aspetti 
diagnostici, applicazioni cliniche e prospettive future

Association between polymorphims of CYP2D6 gene and enzyme activity



Roden and George.The genetic basis of variability in drug responses. 
Nature Reviews Drug Discovery volume 1, pages37–44 (2002)



CYP2D6: codeine metabolism

Codeine is used to relieve mild-
to-moderate pain, and it belongs
to the drug class of opioid
analgesics. 

Codeine is a prodrug: its 
analgesic activity depends on  its
conversion to morphine that
binds to the  opioid receptors
with 200-fold greater affinity
than codeine. 

CYP2D6  metabolizes codeine to
morphine.

Codeine is also used to treat 
cough at lower doses (depression 
of cough center in medulla)

https://www.nysora.com/anesthesia/opioids/



CYP2D6: codeine metabolism

• Codeine therapeutic doses are set up on people with EM 
phenotype, who break down approximately 5-10% of codeine dose 
to  morphine.

• PM patients are at risk of experiencing little or no therapeutic
effect.

• UM patients are at risk of severe adverse reactions, such as central
sedation and respiratory depression.

• Another drug should be used in PM or UM patients.



2013

In february 2013 a boxed 
warning was issued by FDA to 
contraindicate codeine use in 
children with specific CYP2D6
isoforms (UM profile) because of
the increased risk of morphine-
induced respiratory depressant
effects.

Use of codeine for moderate pain is contraindicated in:

- children below 12 years

- children and adolescents below 18 years having respiratory
issues

- CYP2D6 ultra-rapid metabolizers (children and adults)

- breastfeeding women

 



CYP2C19
CYP2C19 accounts for approximately 4% of CYP450 enzymes in the liver. It is 
involved in the metabolism of several drugs, including antidepressants, 
omeprazole, diazepam, clopidogrel and mephenytoin. 

More than 20 allelic variants of CYP2C19 gene have been described.

Variants generally lead to a decreased enzyme function due to the expression
of inactive enzymes (PM phenotype). However, a SNP (CYP2C19*17) that
leads to increased enzyme expression has also been identified (UM
phenotype).



CYP2C19: clopidogrel metabolism 

Seip et al, 2010. Implementing genotype-guided antithrombotic therapy. Future cardiology. Indraswari et al., 2022. Antiplatelet Therapies After Ischemic Stroke. Practical Neurology

Clopidogrel is an antiplatelet agent used to prevent and treat
cardiovascular diseases, such as stroke and myocardial infarction.

It’s a prodrug and the active thiol metabolite is mainly produced by
CYP2C19 metabolism. 

Clopidogrel irreversibily blocks the P2Y12 receptor on platelets, preventing 
the binding of ADP (adenosine diphosphate, which induces platelet
activation and blood clotting) to the receptor.



CYP2C19: clopidogrel metabolism 

Individuals carrying the CYP2C19*2/*3 allelic variants have low circulating
levels of the clopidogrel active metabolite. This can lead to low therapeutic
action and to a higher risk of cardiovascular problems (stroke, heart attack,
death). The variant has also been linked to stent thrombosis.

Patients with the CYP2C19*17 allelic variant are at increased risk of bleeding.

For PMs and IMs, other drugs are recommended, and careful clopidogrel
dosage evaluation is recommended UMs.

Kim  et al., 2017. Clinical Pharmacogenetic Testing and Application: Laboratory 
Medicine Clinical Practice Guidelines. Ann Lab Med. 



CYP2C19: proton pump inhibitors (PPIs)

CYP2C19: diazepam
Diazepam is demethylated by CYP2C19. The plasma half-life of
diazepam is longer in individuals who are homozygous for the
CYP2C19*2 allelic variant. Reduced metabolism may lead to
diazepam accumulation with an increased risk of sedation and loss of
consciousness.

Polymorphisms in the CYP2C19 gene affect the pharmacokinetics 
and therapeutic efficacy of PPIs when used in combination with 
amoxicillin and clarithromycin or metronidazole for the eradication 
of Helicobacter pylori. PMs have a higher rate of eradication when 
compared to EMs.



CYP2C9

Kirchheiner et al. The CYP2C9 polymorphism: from enzyme kinetics to clinical dose recommendations. Per Med. 2004 Dec;1(1):63-84.

CYP2C9 is a CYP450 enzyme involved in the metabolism of 
approximately the 16% of drugs, including warfarin, phenytoin, 
NSAIDs, and sulfonylureas.



CYP2C9

Theken et al. Clinical Pharmacogenetics Implementation Consortium guideline (CPIC) for CYP2C9 
and nonsteroidal anti-inflammatory drugs. Clin Pharmacol Ther. 2020;108:191-200.

CYP2C9*2 and CYP2C9*3 alleles are the most widespread and they
are linked to reduced or absent enzyme activity (IM or PM subjects).
These patients require a reduced dose of the drug (20-60% less,
depending on the genotype) to avoid serious adverse reactions (e.g.
warfarin induced bleeding).



N-Acetyltransferase 2

N-acetyltransferase 2 (NAT2) is a key enzyme involved in the phase II
metabolism of aromatic amines and heterocyclic aromatic amines.

NAT2 gene is highly polymorphic in the population.

Based on the genetic profile, we can distinguish: 

- rapid acetylators

- intermediate acetylators

- slow acetylators

Slow acetylators have reduced detoxification capacity compared to rapid or 
intermediate acetylators and are at higher risk of adverse reactions.

80-90%   North-Africans
60%         Indians
50%         Europeans

80-90%      Asians
67%            Latin-Americans

Slow acetylators frequency Rapid acetylators frequency



Isoniazid is an antibiotic indicated in the first-line treatment of
tuberculosis.
Slow acetylators have a higher risk of developing isoniazid-induced
hepatotoxicity and peripheral neuropathy.

NAT2: isoniazid metabolism

Weinshilboum R, Wang L. Nature Rev Drug Discov 3, 739, 2004

Plasma concentrations of the antituberculosis agent isoniazid in 267 subjects 6 hours after an oral dose. The bimodal distribution results 

from polymorphisms in the gene encoding N-acetyltransferase-2 (NAT2), which catalyses the metabolism of isoniazid.



Gene-environment interaction

Many multifactorial diseases originate from a genetic predisposition,
but are also influenced by environmental factors.

Gene-environment interaction (GxE) can be defined as:

1) different effects of an environmental exposure on disease risk in
people with different genotypes;

2) a different effect of a genotype on disease risk in people with
different environmental exposures.

GxE becomes a key factor in determining the risk of developing a
disease.



NAT2 and bladder cancer

NAT2 is involved in the detoxification of aromatic amines, such as
aniline and 2-naphthylamine, which are highly present in cigarette
smoke, dyes, and paints.

The risk of developing bladder cancer link to smoking or to the
occupational exposure to arylamines is increased in slow acetylators,
although polymorphisms in the NAT2 gene causing a reduction of the
enzyme activity are not a risk factor in themselves.

GENE-
ENVIRONMENT 
INTERACTION 

(GXE)



Polymorphisms in genes coding 
for drug transporters



ABC transporters (ATP-binding cassette 
transporters)

They are the main drug transporters family.

They use the energy from the hydrolysis of ATP to transport drugs out of the
cell (“efflux pumps”).

P-glycoprotein belongs to this transporter family. It is abundantly expressed in
the apical membrane of enterocytes and renal tubular cells, in bile canaliculi of
hepatocytes, in the blood–brain barrier, and in the placenta.

It plays a key protective role by controlling the absorption, distribution and
excretion of drugs. It is also highly expressed in cancer cells, where it is
involved in resistance to chemotherapeutic drugs.



Examples of drugs 
that are substrates 
of P-glycoprotein



P-glycoprotein
It is encoded by the ABCB1 gene, also known as the MDR-1 (multidrug
resistance 1) gene, which is located on chromosome 7.

This gene is highly polymorphic. Polymorphisms modify protein activity or 
expression, with a significant impact on the effect of drugs acting as its 
substrates (reduced bioavailability, risk of accumulation, altered passage 
through the blood-brain barrier and excessive elimination).



OATP1B1 transporters

Sainz de Medrano Sainz et al. Influence of pharmacogenetics on the diversity of response to statins associated with adverse drug 
reactions. Adv Lab Med. 2023

OATP1B1 transporter is encoded by SLC01B1 gene and belongs to the 
organic anion transporting polypeptides (OATPs) family, influx transporters 
which mediate the passage of drug across biological membrane.

OATP1B1 is considered the major transporter involved in the hepatic uptake
of statins, cholesterol-lowering drugs.



The presence of polymorphisms which reduce the function of OATP1B1 can
lead to reduced plasma clearance of statins, increasing the risk of
accumulation in the blood, with reduced therapeutic effect and muscular
side effects (e.g. myopathy)

Medwid S et al., 2024. SLCO1B1 variants in a patient of African ancestry presenting with rosuvastatin-induced 
rhabdomyolysis: A case report. Br J Clin Pharmacol. 91(1):232-235. 

Canestaro et al.. Statin pharmacogenomics: opportunities to improve patient outcomes and 
healthcare costs with genetic testing. J Pers Med. 2012 2(4):158-74. 
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