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Synonyms

Cytochrome P450 (CYP); Cytochrome P450 iso-
zymes; Cytochrome P450 monooxygenases;
Mixed-function oxidases; Personalized medicine;
Precision medicine

Definition

A polymorphism is a genetic variant that leads to
at least two non-rare phenotypes with a frequency
of 1% or greater in a population. When the variant
is in a gene that codifies proteins involved in drug
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absorption, distribution, metabolism, or excretion
(ADME), it is a pharmacokinetic polymorphism.

A pharmacokinetic polymorphism can alter the
plasmatic level of medication and therefore alter
the response. Depending on the type of variant
and the pharmacokinetic process involved, a
polymorphism could conduce to different security
profiles of drugs or modify the therapeutic
effectiveness.

Pharmacokinetics

Pharmacokinetics is the relationship between the
administered dose and the plasma concentration
of a drug, which implies studying the different
processes of absorption, distribution, metabolism,
and excretion, in short “what the organism does
with the drug.” Pharmacokinetics determines the
concentration of drugs in the drug-exposed sub-
ject and contributes to the observed response’s
intensity. Modifications in pharmacokinetics can
explain different responses among different indi-
viduals, where different physiological situations
may be found, including short or advanced age,
organic failure (renal, hepatic), hypo-/
hypervolemia, and others. Pharmacokinetic
parameters vary among subjects and also
depending on the route of administration [1].
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The ADME Process

From the administration of a drug until it is finally
excreted from the organism, different processes
occur. These encompass the processes of absorp-
tion, distribution, metabolism, and excretion
(abbreviated: ADME). Although some drugs
exert their effect without entering systemic circu-
lation (creams that serve as a barrier, some laxa-
tives, and others), most of them must enter the
organism via enteral or parenteral absorption to be
transported by the blood to the target organ, where
they will cross cell membranes and finally reach
the molecular target. Therefore, the body is a
nonhomogeneous compartment in which the
drug is distributed. Subsequently, the drug mole-
cules are processed by enzymes of phase
I (cytochrome P450 [CYP450], epoxide hydro-
lase, and others) and phase II (glutathione-
S-transferases, UDP glucuronosyltransferases,
sulfotransferases, and others), which have
evolved to biotransform endogenous and exoge-
nous compounds. Thus, depending on phase I and
II enzyme activity, the drug level varies, increas-
ing or decreasing the therapeutic response. The
activity of metabolism enzymes may vary
depending on genetics and also by interaction
with other molecules. Finally, urinary or biliary
excretion are the main (but not the only) excretion
routes to remove drugs [1].

Figure 1 shows the plasma concentration ver-
sus time curve for different administration routes.
Notice that the intravenous route does not have an
absorption process, reaching the peak immedi-
ately after the infusion. The other routes all have
absorption, distribution, metabolism, and excre-
tion. Metabolism and excretion are represented
mainly in the descendent part of the curve. How-
ever, both processes can start at the beginning of
the pharmacokinetic process. Thus, if a patient has
a variant that implies a lower metabolism, it can
reach higher and earlier plasmatic peaks, in addi-
tion to a slighter decrease in plasmatic
concentration.
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Relationship Between Genetics and
Proteins Involved in Pharmacokinetic
Processes

It is known that DNA contains the instruction to
building proteins that allow all the cellular func-
tions. It is also known that the genetic code is
redundant, i.e., different combinations of nucleo-
tides (DNA) can codify for the same amino acid
(protein). Nevertheless, sometimes a change in
DNA implies changes in the amino acid codifica-
tion, changing the protein structure and possibly
the function. A nucleotide change can also affect
the regulatory zone, changing the protein’s
expression (amount). The last scenario we can
found is a nucleotide change in an intronic splice
zone. That can generate alternative splicing, alter-
ing the protein structure and function.

Phase | Enzymes

The CYP450 superfamily contains the main phase
I enzymes. It is the most relevant metabolizing
system responsible for the oxidation of numerous
endogenous  (endobiotic) and  exogenous
(xenobiotic) compounds. It is expressed in many
tissues, being more abundant in the liver. Based
on similarities in amino acid sequences [2], it is
classified into families, subfamilies, and isoforms.
In humans, 18 CYP families and 43 subfamilies
have been identified. Of these, 57 genes and
59 pseudogenes have been sequenced. These
enzymes’ nomenclature and their variants are
widely agreed though it is continuously updated
(http://drnelson.utmem.edu/CytochromeP450.
html).

CYP450  superfamily catalyzes phase
I metabolism, generally introducing or exposing
a hydrophilic group in drugs. These enzymes are
very polymorphic, and their relationships with
drug response have been described widely in the
scientific literature [3—5]. Generally, one CYP
enzyme metabolizes more than one drug, and a
drug is metabolized by more than one CYP
enzyme.
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Pharmacokinetic Polymorphisms, Fig. 1 Pharmacokinetics curves of several routes of administration. In the right
superior box, the main basic pharmacokinetic parameters are shown [32]

Besides drug detoxification, CYP enzymes
participate in the bio-activation of prodrugs, and
if these enzymes are less functional, the therapeu-
tic effect will be minor due to less transformation
to the active drug [6].

Several studies suggest that differences in
basal levels of CYP constitute one of the primary
sources of interindividual variability in response
to xenobiotics. Among all CYP families, the most
studied are 1, 2, and 3 families, all of them
polymorphic. In this respect, polymorphisms are
usually named with the number of the enzyme
followed by a star and then the number of the
variant (for example, CYP3A4*1B), but the best
way to name them when the variant corresponds
to an SNP is using the “rs number,” a unique
number assigned by NCBI dbSNP to each single
nucleotide polymorphism [7-9].

In the CYP450 superfamily, there is a broad
spectrum of relevant polymorphisms. There are

SNPs related to a higher activity of the enzyme,
such as CYP1A1*2C, an amino acid change near
the active site, and has been linked to a rising in
the enzymatic capacity. Other SNPs are related to
a higher level of genetic expression, for example,
CYP1A1*2A, which is a substitution in the 3’
region of polyadenylation. Moreover, a polymor-
phism could be related to suppressing the activity,
for example, CYP3A4*26, which is a nonsense
substitution; therefore, the protein has no
activity [10].

Phase Il Enzymes

This phase of the metabolism is associated with
conjugation with hydrophilic molecules to favor
eliminating a drug. After this stage, drugs are gen-
erally inactive, and their final fate is urinary or fecal
excretion. In a few cases, after phase II, a chemical



compound could acquire toxic activity. For exam-
ple, the nephrotoxicity of hydroquinone and
bromobenzene is mediated via quinone-glutathione
conjugates. Gene-related deficiency in phase II
enzymes is related to an increased risk of toxicity,
and the clinical recommendations when a drug
metabolized by these enzymes is administered to a
patient with such deficiency are focused on avoiding
adverse effects and improving safety in patients
[11]. In drug metabolism, glutathione-S-transferases
(GST) and uridine 5'-diphosphate (UDP)-
glucuronosyltransferases (UGT) metabolize half of
the drugs approximately.

Human glutathione-S-transferase is a family of
multi genes of soluble dimeric enzymes [12],
which include alpha (o), mu (), pi (n), zeta (),
sigma (o), kappa (k), omega (®), and theta (7),
with a broad subcellular distribution and partial
superposition of specificities. Its principal func-
tion is to detoxify pollutants, carcinogens, and
mutagens by conjugation with glutathione
(GSH). They also play a role in protecting tissues
against reactive oxygen species (ROS) and lipid
hydroperoxides during oxidative stress [13, 14].

A relevant polymorphism in GST is the null
genotype, and it corresponds to a deletion of a
portion of the gen, so it is impossible to create the
protein. That polymorphism has been associated
with drug toxicity due to a slower metabolism and
cancer risk due to the lack of detoxification of
potentially  carcinogenic compounds [15-
17]. UGT is related to bilirubin metabolism. Its
deficiency generates Gilbert’s syndrome charac-
terized by jaundice, so it is also associated with
hepatic damage after administration of atazanavir,
a drug used in HIV patients, due to reduced con-
jugation and elimination.

Human UGT contains four members of genes,
UGT1, UGT2, UGT3, and UGTS, and the function
is to conjugate a broad spectrum of molecules with
glycosyl groups [18]. In drug metabolism, the pri-
mary reaction catalyzed by UGT is the conjugation
with glucuronic acid, and therapeutic substrates of
this process include analgesics, nonsteroidal anti-
inflammatory agents, anticonvulsants, antipsy-
chotics, antivirals, and benzodiazepines [19].

The polymorphism UGT1A1*28 implies a
lower metabolism of some drug, for example,
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irinotecan, a drug used to treat colorectal cancer,
thus causing a high risk of toxicity to chemother-
apy [20]. The Pharmacogenomics Knowledge
Database (PharmGKB) highlighted the relevance
of UGT1AL in the biotransformation process and
remarked the UGT1A1*28 polymorphism as one
of the most relevant because it implies the inser-
tion of TA nucleotides in the promoter, decreasing
the expression of the enzyme and, as a conse-
quence, decreasing the drug metabolism [21].

Another relevant phase II enzymes are
sulfotransferases (SULTs), N-acetyltransferases
(NATs), and thiopurine S-methyltransferase
(TPMT).

TPMT participates in the metabolism of mer-
captopurine and thioguanine, drugs used to treat
acute lymphoblastic leukemia. Its deficiency is
associated with the risk of myelosuppression
depending on metabolizer type. Poor and interme-
diate metabolizers are at higher risk than extensive
metabolizers. There is currently a clinical guide-
line that allows taking actions in dosing regarding
the genotype of patients [22].

NATs are enzymes related to the metabolism of
antituberculosis drugs, and their deficiency has
been related to more frequent adverse drug reac-
tions [23]. On the other hand, SULTSs enzymes are
related to biotransformation of a broad spectrum
of xenobiotics, including many therapeutic agents
and also endogenous steroids [24].

Drug Transporters

Drug transporters participate in many pharmaco-
kinetic processes: absorption, distribution, and
excretion. Therefore, their dysfunction could
affect the therapeutic goals related to suboptimal
or supraoptimal plasmatic levels [1].

There are two families of essential drug trans-
porters: ATP-binding cassette (ABC) and solute
linking carriers (SLC), each of them having dif-
ferent functions. They could act as efflux or influx
transporters. They appear in enterocytes affecting
drug absorption, in renal tubules and hepatocytes
impacting the urinary or biliary excretion of their
substrates or the risk of organ damage, and at the
brain-blood barrier affecting drug distribution to



Pharmacokinetic Polymorphisms

the brain. The ABC family comprises a wide-
spread type of transporters in different species,
and they possess a well-conserved nucleotide-
binding domain where ATP is hydrolyzed. ABC
transporters are expressed predominantly in the
liver, intestine, blood-brain barrier, blood-testis
barrier, placenta, and kidney. ABC proteins trans-
port many endogenous substrates, including inor-
ganic anions, metal ions, peptides, amino acids,
sugars, and also drugs. A well-studied member of
this family is ABCB1 (ATP binding cassette sub-
family B member 1) or P-glycoprotein (P-gp),
which can contribute to drug elimination, affect
drug absorption and distribution to the therapeutic
target. It can be inhibited or upregulated by drug
interactions [25].

SLC family is a very diverse family, including
the SLC22 subfamily, the organic cation trans-
porters (OCTs), organic zwitterion/cation trans-
porters (OCTNs), organic anion transporters
(OATs), and others such as the human SLC6 fam-
ily members serotonin, norepinephrine, and dopa-
mine transporters (SERT, NET, and DAT,
respectively), among others [26].

SLC21A6 or SLCO1BI1 gene (solute carrier
organic anion transporter family member 1)
encodes the organic anion transporter polypeptide
OATPI1BI. This protein is found in liver cells; it
transports compounds from the blood into the
liver to be cleared from the body. As an example,
the rs4149056 C allele is related to decreased
activity of the transporter in vitro [27, 28] and
reduced clearance of some drugs in vivo [29, 30],
and it has been associated with an increased risk to
develop myopathy after administration of simva-
statin, a drug used for hypercholesterolemia, due
to a decreased arrival to the liver [31].

Relationship Between
Pharmacogenetics and ADME Processes

Every pharmacokinetic process could be affected
by pharmacogenetics, and the effect can be mon-
itored through drug plasmatic levels. Figure 2
shows plasmatic concentration versus time curves
for three patients who received the same dose of
the same medication per os. The therapeutic

threshold (the minimum level that must be
reached to have a pharmacological effect) is not
reached by patient A. Therefore, the treatment will
fail. The toxicity threshold (the minimum level at
which there is a probability to get adverse effects)
is reached by patient C. Thus, the treatment could
fail due to a toxic event. The range between ther-
apeutic and toxicity thresholds is called the thera-
peutic range. Drug plasma concentrations should
be within this range to reach clinical goals.

In the next subsections, we have assumed that
we are treating subjects with polymorphisms
affecting absorption, distribution, metabolism, or
excretion-related genes exclusively, and the cor-
respondent impact on pharmacokinetic profiles is
discussed [32].

Absorption

The activity of the transporter P-gp is very vari-
able. It could vary due to inducers or inhibitors of
this protein or genetic differences in the encoding
gene (MDRI). A less functional P-gp will increase
the drug’s absorbed fraction due to a decrease in
the drug’s return to the intestinal lumen. On the
other hand, an overexpressed P-gp will decrease
the absorbed drug [25, 33]. Figure 2 represents
pharmacokinetic curves for three patients differ-
ing only in P-gp polymorphism. Patient A carries
the MDR1 Ser893 polymorphism, a variation that
promotes a higher activity of P-gp in enterocytes.
Patient B has a “wild-type” gene, and finally,
patient C is homozygous for the SNP C3435T, a
variant that negatively affects the expression of
the gene, so there is a lower amount of P-gp in the
cell surface, decreasing the efflux.

Patient A does not reach the therapeutic thresh-
old, and patient C is exposed to drug levels above
the toxicity threshold. The absorption rate is dif-
ferent in each patient, being the highest in patient
C. The ascendant phase slope is higher in patient
C than patient A or B, but the elimination rate is
similar in every patient (parallel curves in the
elimination phase).

Another critical point to highlight is the plas-
matic peak. In patient C, the peak (C,,.4) is higher
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Pharmacokinetic Polymorphisms, Fig. 2 Scheme of plasma concentration versus time curve in patients with different

genotypes of P-gp, affecting absorption of drugs [32]

and occurs earlier than in the wild-type patient and
the patient with underexpression of P-gp.
However, contrary to this hypothetical example,
it is well known that several transporters are
involved in the absorption phase of some drugs,
with some transporters favoring drug uptake and
others favoring efflux. Therefore, it is necessary to
know which specific transporters impact the absorp-
tion of a given drug to predict the effect of a poly-
morphic variant on the drug pharmacokinetics.

Distribution

Polymorphisms in plasma proteins have not been
extensively described yet. Let us assume a hypo-
thetical situation where we found a polymorphism
in albumin affecting drug binding sites linked to a
reduced bound fraction in plasma. Thus, if we
study a drug with a high protein binding, for
example, warfarin, and remembering that the
free drug is the therapeutically active entity, we
will have more therapeutically active warfarin,

reaching a therapeutic threshold with a relatively
low dose compared to wild-type carrier subjects.
Furthermore, the toxicity threshold will be
reached more quickly. Therefore, this patient
should receive lower doses than a wild-type one,
mainly to prevent hemorrhagic episodes [32].
Some transporters could affect the distribution
of drugs, thus affecting pharmacological success.
For example, the overexpression of the
abovementioned P-gp protein, which is also
expressed in the blood-brain barrier, could
decrease active drugs’ entrance to the central ner-
vous system. Other transporters such as MRP3
and MRP4 (encoded by ABCC2 and ABCC4
genes, respectively) are expressed in the liver.
Polymorphisms rs12762549 in MRP2 and
rs11568658 in MRP4 decrease transporters’ activ-
ity and decrease the arrival of drugs to this organ,
affecting both distribution and metabolism [32].
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Drug Metabolism (Biotransformation)

Drug metabolism is the most studied area in
pharmacogenetics and pharmacogenomics. Varia-
tions in phase I and phase II enzymes have a
proven relationship with therapeutic response,
and the effect of a rapid or slow metabolism can
be easily studied through the plasmatic level of a
drug [32].

At this level, we have two different scenarios:
The most common is an active drug in a rapid or
ultrarapid metabolizer, where the medication will
be eliminated faster than in an extensive meta-
bolizer, making it challenging to reach efficacy.
The other frequent scenario involves a patient
with poor metabolism, for whom the drug will
stay longer in the organism, thus favoring the
incidence of adverse reactions.

Another relevant situation to be analyzed is
when the administered drug is not active, but its
metabolite is (as in the case of prodrugs). In that
scenario, poor metabolism is associated with

lower bio-activation and, consequently, to a
lower or no therapeutic effect.

In other cases, for example, tamoxifen, both
the drug and its metabolites (4-hydroxytamoxifen,
N-desmethyltamoxifen, and endoxifen) have ther-
apeutic activity even though it is suggested that
endoxifen is more active than tamoxifen
(Fig. 3) [34].

Excretion

Drug excretion may be a relevant pharmaco-
genetics process whenever the drug is not widely
metabolized, and the elimination involves glo-
merular filtration and active secretion in the renal
tubule. For example, B-lactam antibiotics, as pen-
icillin and cephalosporins, are poorly metabo-
lized, so their excretion is principally performed
by excretion of the unaltered drug, to which trans-
porters do contribute [1].

In the proximal renal tubule, there are three trans-
porters implied in the active secretion of B-lactam



drugs, belonging to the family of organic anion
transporter (OAT): OAT1, encoded by SLC2246
and located in the basolateral membrane together
with OAT3, encoded by SLC22A48, and in the apical
membrane OAT4, encoded by SLC22411 gene [32].

It has been described that all these genes have
SNPs affecting the normal activity of transporters.
The most studied SNPs are 1511568626 (149C>T)
in OATI, rs11568482 in OAT3 (62763264T>A),
and rs11231809 (64302950T>A) in OAT4. In
patients carrying some of these polymorphic alleles,
the elimination process will be slower, favoring the
incidence of adverse effects. On the other hand,
overexpression of genes encoding these excretion
transporters will result in lower drug plasma levels,
and the therapeutic effect would be reduced. For
example, the elimination from the body of
cefotaxime (a 3rd-generation cephalosporin antibi-
otic) is mediated by OAT3. Hepatic excretion can
also be altered by genetics. The transporter ABCC4
is expressed in the liver and participates in the
excretion of diverse compounds, including conju-
gated bilirubin and other conjugated substances.
The SNP rs11568658 in ABCC4 has been associ-
ated with cholestasis due to a lack of elimination of
the compound [35]. This polymorphism has also
been associated with reduced ABCC4-dependent
drug resistance because the protein can be found in
different cell types, and the polymorphism implies
less transport through ABCC4, so the medication
can easily carry out its action [36].

Conclusions

* Pharmacokinetics in patients varies due to
genetic factors, and every stage in the ADME
process is potentially susceptible to be modi-
fied by them, giving rise to variable therapeutic
responses.

* Pharmacogenetic and pharmacogenomic tools
can help to improve the clinical outcome of
drug therapy, considering both drug efficacy
and safety, and should be considered at the
beginning of patient treatment.

* Not only ADME processes-related polymor-
phisms should be associated with drug selec-
tion. Factors as HLA-B, related to immune
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response, and others should be considered to
improve efficacy and prevent adverse drug
reactions.

* Genetic factors must be considered together
with clinical and demographic factors to
choose the correct medication and dosage.

* As pharmacogenetics is a discipline in current
development, new studies must be carried out
to increase the knowledge of relationships
between genetic variants and pharmacological
response, particularly in mixed populations.
Clinical trials considering genotypes will be
useful to favor the application in daily clinical
practice in health centers.
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