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Synonyms

One-compartment model
Definition

The one-compartment pharmacokinetic model is
the simplest compartmental pharmacokinetic
model. As the name suggests, the model considers
the whole organism as a single compartment
where the drug distributes homogeneously and
instantaneously, an extreme simplification that
leads to a very simple mathematical description.
The assumption of instantaneous and homoge-
neous distribution also implies that the apparent
volume of distribution (Vd) will be constant.
Another second and very important assumption
of the model is that drug elimination within the
compartment occurs following (apparent) first-
order kinetics (Fig. 1). Depending on the modeled
therapeutic scenario, drug absorption will be
assumed to be instantaneous (intravenous bolus),
or to follow zero or first-order kinetics (intrave-
nous infusion at a constant rate or extravascular
drug administration, respectively). The model has
considerable didactic importance, and, despite its
many shortcomings, it is able to properly fit the
pharmacokinetic data of some drugs.

By solving the correspondent mass balance, it
is possible to obtain equations of drug amount in
the body (A) versus time t, or concentration within
the compartment (equivalent, here, to plasma con-
centration, Cp) versus t.
Generalities and Assumptions

All pharmacokinetic models are derived by writ-
ing the correspondent mass balance equations for
the model and solving such equations mathemat-
ically. In compartmental analysis, one mass bal-
ance equation is considered for each compartment
encompassed by the model. In the one-compart-
ment model, thus, only one mass balance equation
will be initially required.

Mass balance equations take the following
general form:
dA
dt

¼ rate of drug in½ � � rate of drug out½ � ð1Þ

where dA/dt denotes the instantaneous rate of
change of the amount of drug in the given
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One-Compartment Pharmacokinetic Model,
Fig. 1 Schematic representation of the one-compartment
model. Depending on the chosen route (and way) of drug
administration, it will be assumed that the drug enters the
compartment instantaneously or following zero or first-
order kinetics
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compartment and the terms on the right denote the
difference between the rates at which drug mole-
cules enter and exit the compartment. Naturally,
the rates at which the drug enters the compartment
are positive, as they represent drug gain, while the
terms that represent drug loss for the compartment
are negative.

In the one-compartment model, the body is
represented by a single abstract compartment
where plasma and tissue drug concentrations
reach the distribution equilibrium instantaneously.
Of course, drug distribution can never actually be
instantaneous, as it depends on the perfusion and
permeation transport to the tissues. Nevertheless,
instantaneous distribution is a reasonable assump-
tion when all the tissues that eventually receive
significant levels of the drug approach the
(pseudo)equilibrium with plasma in a time period
that is considerably smaller than the elimination
half-life [1]. The other relevant (and often less
problematic) assumption of the model is that
drug elimination follows apparent linear elimina-
tion kinetics (in other words, the rate of elimina-
tion is assumed to be proportional to the amount
of drug remaining in the compartment). This is
often a reasonable approximation, as in therapeu-
tic settings the drug concentrations for most drugs
are below the value of the Michaelis-Menten con-
stant (Km) of saturable systems (enzymes and/or
transporters) involved in the elimination process.
Intravenous Drug Administration: Bolus
and Infusion

The one-compartment bolus intravenous injection
is mathematically the simplest clinical scenario
for pharmacokinetic modeling. For all practical
purposes, the drug dose D is delivered rapidly
and directly into systemic circulation by an injec-
tion over a very short time period. Intravenous
injection can be thus regarded as an instantaneous
absorption process. As after drug administration
only elimination processes impact on the amount
of drug in the body, the mass balance can be
simply written as follows:

dA
dt

¼ �kA ð2Þ

where k symbolizes the elimination rate con-
stant. Note that, right after the injection (at t ¼ 0),
A is equivalent to the injected dose D.

Integration of Eq. (2) between t ¼ 0 and any
given time results in the following expression:

ln Að Þ ¼ ln Dð Þ � kt ð3Þ

Note that Eq. (3) corresponds to a loglinear
form, where ln A is the dependent linear variable
and t is the independent variable. ln D is the
intercept and �k is the slope. Simple algebra
leads to the equivalent exponential equation
(mono-exponential decay):

A ¼ De�kt ð4Þ

Fig. 2 presents graphical representations of
Eqs. (3) and (4).

By dividing both sides of the equation by Vd, A
becomes the plasma drug concentration Cp and D
becomes what we will call C0 (plasma drug con-
centration extrapolated at t ¼ 0):

Cp ¼ C0 e
�k t ð5Þ

Importantly, then, the shape of the graphs ofCp
versus t (i.e., the plasma concentration-time
curve) and ln (Cp) versus t will not change from
those displayed in Fig. 2. kwill still be the slope of
the loglinear form of the equation, but the inter-
cept will now be C0.



One-Compartment Pharmacokinetic Model,
Fig. 2 Graphical representation of the amount of drug in
the body (A) versus time (t) (left) and ln(A) versus t (right)

according to the one-compartment pharmacokinetic
model, bolus intravenous administration
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From Eq. (3), it can immediately be demon-
strated that the elimination half-life of the drug, in
the context of the one-compartment model, can be
computed as
t1=2 ¼
ln 2ð Þ
k

ð6Þ

Plasma samples for pharmacokinetic analysis
by the one-compartment model, for an intrave-
nous bolus injection, are typically collected at 5–
12 time-points after drug administration [1]. The
time interval between samples is generally small
for early samples and increases for later samples.
The drug concentration in each sample is deter-
mined analytically. Pharmacokinetic analysis
begins log-transforming data and checking if the
values of ln (Cp) versus the t fit a linear plot. Early
or late data points that deviate from linear behav-
ior can indicate, respectively, that the
one-compartment model fails to adequately
explain the experimental data or analytical prob-
lems (points near the analytical assay detection
limit at late time-points, which should be
disregarded). After checking the linear behavior,
regression analysis is performed on the data, using
t as the independent variable and ln (Cp) as the
dependent variable. Vd can be computed from the
fitted value of C0, which, in turn, is calculated as
C0 ¼ eb ð7Þ

b being the intercept obtained from the linear
equation. k corresponds to �m, m being the slope
of the linear equation. In this way, a single linear
regression analysis provides both the fundamental
parameters of the model.

The area under the plasma concentration ver-
sus time curve, also called the area under the curve
(AUC), is an extremely useful parameter in phar-
macokinetic analysis. It can be used as a mean to
determine pharmacokinetic parameters such as
the total clearance (Cl) or the absolute bioavail-
ability F. Furthermore, it is a measure of drug
exposure [2] and one of the parameters typically
used to compare drug products through bioequiv-
alence studies [3], and it provides a mean to test
the assumption of linear kinetics [4]. The total
AUC is defined as

AUC ¼
ð1
0

Cp dt ð8Þ

which, for an intravenous bolus, can be easily
proven to correspond to

AUC ¼ D
Cl

ð9Þ

In other words, AUC is proportional to the
amount of drug reaching systemic circulation
(here, D), and the proportionality factor is no
other than Cl, which is constant provided that
the linear elimination kinetics assumption holds
true. Common approaches to estimate the partial
or total AUC for an intravenous injection include
the analytical approach (i.e., solving the mathe-
matical integral), and the linear trapezoidal and
linear log trapezoidal approaches [1, 5]. Further
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Fig. 3 Plasma concentration versus time profile for one-
compartment modeling of an intravenous infusion at a
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insight into estimation of AUC is provided in the
chapter on Noncompartmental Pharmacokinetics.

Zero-order absorption is alternatively consid-
ered when the drug enters the systemic circulation
at a constant rate. An intravenous infusion at a
steady flow rate represents an ideal zero-order
absorption case [1]. In practice, intravenous infu-
sion delivers the drug almost directly into sys-
temic circulation at a constant rate over a given
period (0 < t < T), after which the infusion is
interrupted, and the rate of drug delivery instantly
drops to zero (t > T). Independent mass balance
equations are thus required for the time periods
during infusion and after infusion stops. During
infusion, the mass balance can be written as
constant rate

O

dA
dt

¼ K0 � kA ð10Þ

where K0 denotes the infusion rate. Note that,
at early time-points (just after the infusion starts),
the elimination term in the mass balance is small
compared with the absorption term, since elimi-
nation follows first-order kinetics and the amount
of drug in the body/compartment is small. There-
fore, at short times after initiating the infusion, the
positive term in the mass balance surpasses the
negative term, and dA/dt is positive. Conse-
quently, A and Cp will initially rise. Eventually,
as the drug accumulates in the body, both input
and output terms will become equal in magnitude,
and will cancel each other out. dA/dt will become
zero and no further change in drug levels will be
observed as long as the infusion persists. In other
words, a steady state will be achieved (Fig. 3).

Integration by substitution of the mass balance
(u substitution, u ¼K0 � k A ) results in the
following expression:
A ¼ K0

k
1� e�k t
� � ð11Þ

Dividing both sides of Eq. (11) by Vd yields

Cp ¼ K0

Cl
1� e�k t
� � ð12Þ

It can be observed that when t!1, Cp
becomes the steady-state plasma concentration,
which is equivalent to K0/Cl. It can be easily
shown that when t equals 5 t1/2, the drug levels
will be very similar to steady-state levels (about
97% of steady-state levels; mathematically, steady
state will only be achieved at infinite time, as the
concentration-time curve is asymptotic). Put in
other words, the steady-state concentration Cpss
depends on the infusion rate, but the time to
achieve steady state is independent of the infusion
rate and depends only on the drug half-life.

Once the infusion stops, the mass balance will
become identical to Eq. (2), as only elimination
prevails. When t > T, the concentration-time
curve will decay monoexponentially, similarly to
what has already been discussed for an intrave-
nous bolus (Fig. 4).

Equations (10), (11), and (12) could be applied
to describe drug delivery involving some con-
trolled drug release systems, which deliver the
drug at a sustained rate into extravascular regions
of the body. Since a fraction of the drug can be
metabolized or broken down pre-systemi-
cally when delivered extra-vascularly, the equa-
tion has to be corrected (or generalized) using the
absolute bioavailability F.
Extravascular Drug Administration

It is reasonable to assume that first-order absorp-
tion occurs when the drug is administered through
immediate-release drug delivery systems, using
extravascular routes. The instantaneous rate at
which the drug accesses systemic circulation will
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then be proportional to the amount of drug
remaining to be absorbed at the site of adminis-
tration/absorption, Qa. When using immediate-
release drug delivery systems, absorption of
most drugs is indeed linear, since simple diffusion
is the most common absorption mechanism.

The correspondentmass balance can bewritten as
dA
dt

¼ kaQa � k A ¼ ka FDe�kat � kA ð13Þ

as the mass balance in the absorption site can be
written as

dQa

dt
¼ �ka Qa ð14Þ

At short times after administration, the amount
of drug remaining to be absorbed in the absorption
site is comparatively high, whereas A is
One-Compartment Pharmacokinetic Model,
Fig. 4 Evolution of the plasma concentration-time profile
once the infusion is stopped at t ¼ T

One-Compartment Pharmacokinetic Model, Fig. 5 Gr
time profile, and ln(Cp) versus time profile for a one-compar
comparatively low. Furthermore, as usually ka
>> k (an exception being flip-flop kinetics [6]),
the positive term in the mass balance will exceed
the elimination term; accordingly, A and Cp will
increase. As absorption progresses, Qa gradually
decreases and A, in parallel, will increase. Both
terms in the mass balance will sooner or later be
identical in magnitude and will cancel out. At this
point, no net change in Awill be observed, and the
peak concentration (Cpmax) will be achieved. An
instant later, the magnitude of the elimination term
will surpass that of the absorption term, and the
drug levels will start decreasing (Fig. 5). Eventu-
ally, the absorption term may be neglected, and
the mass balance can be approximated to the
elimination term only (postabsorptive elimination
or terminal phase).

Integration of the differential Eq. (13) using
Laplace transforms, assuming ka >> k and no
latency, results in the following biexponential
function, which is known as the Bateman function
[7]:

Cp ¼ F D
Vd

ka
ka � kð Þ e�kt � e�kat

� � ð15Þ

Note that, as ka >> k, the second exponential
term �e�kat becomes negligible at large values of
time. It may be interpreted that, for all practical
purposes, absorption has been then completed and
from that moment onward only elimination
remains significant.
aphical representation of the plasma concentration versus
tment (first-order absorption) pharmacokinetic model
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By finding the derivative of Eq. (15) and equal-
ing it to zero, the time to peak plasma concentra-
tion (tmax) can be found:

tmax ¼
ln ka

k

� �
ka � kð Þ ð16Þ

The peak plasma concentration (Cpmax) can be
find by replacing t in Eq. 15 by tmax.

An absorption half-life can be calculated sim-
ilarly to what has already been done for the elim-
ination half-life:
O

t1=2,abs ¼ ln 2ð Þ
ka

ð17Þ

For extravascular administration in the frame-
work of the one-compartment model, the rate
constants are frequently determined by the
method of residuals or feathering [7]; another
method to estimate a valid ka value assuming the
validity of an intravenously obtained k is the
method by Wagner and Nelson [8]. The Bateman
function and the methods of residuals will fail if ka
and k show similar values [7]: if the absorption
rate does not greatly exceed the elimination rate,
absorption will continue while elimination is in
progress, and linear approximation of the terminal
data of semilogarithmic plots of concentration
versus time tends to underestimate k. Interest-
ingly, Wagner-Nelson approach provides accurate
determinations of ka even when both rate con-
stants are similar in magnitude.

Although, as previously mentioned, the
absorption rate is typically larger than elimination
rate, an unusual phenomenon called flip-flop
occurs when ka << 3k, as ka will be obtained
from the terminal phase of the concentration-
time curve, and, after feathering, k can be deter-
mined as minus the slope of the natural logarithm
of the residuals plotted against time. The situation
is rather uncommon in immediate-release formu-
lations. 5-Fluorouracil is an example of drug
exhibiting flip-flop [9]. The phenomenon is more
common in slow-release formulations, and it’s
also frequently observed preclinically [6].

First-order absorption constitutes one of the
cases where AUC values are required in order to
fully assess all model parameters [1]. Though the
AUC can be estimated analytically, in this case the
linear trapezoidal method and the so-called linear-
log trapezoidal rule (“linear-up log-down”) are the
most applied. There, trapezoidal approach is used
in the rising fraction of the concentration-time
curve, and the logarithmic approach in case of
decreasing concentrations [5].
Multiple Dosing

Most of the equations discussed in the previous
sections are applicable to describe the evolution
of the drug levels in the compartment after the
administration of a single dose of a drug. However,
many clinical scenarios require the use of multiple
dosage regimens, where typically a dose D of the
drug is administered at regular time intervals that
we will denote t (most commonly, t equals 6, 8,
12, and 24 h). Chronic conditions such as diabetes,
hypertension, cardiac failure, and epilepsy are
good examples of diseases that require the admin-
istration of one or more dosage units daily. Even
short-duration treatments, such as oral antibiotic
courses, often require multiple administrations of
the drug. Adaptation of the preceding equations to
a multiple dosage regimen will not only allow esti-
mating drug levels at any moment during multiple
dosing, but they will also help to decide on a
convenient posology, i.e., a D, t pair that maxi-
mizes efficacy, safety, and patient adherence.

These adapted equations are based on the prin-
ciple of superposition [1], which states that the
plasma levels after multiple doses of the drug will
be equal to the sum of contributions from each
individual dose. In other words, when giving a
certain dose, the drug molecules from that dose
that arrive at systemic circulation will add to the
remaining molecules in from previous doses,
resulting in drug accumulation. Plasma concen-
tration will build up, and, eventually, the mean
rate of drug absorption will equal the mean rate of
drug elimination and a (pseudo)steady state will
be reached (Fig. 6). The superposition principle
will hold true as long as the drug displays linear
pharmacokinetics in the therapeutically relevant
concentration range.



One-Compartment Pharmacokinetic Model, Fig. 6 Evolution of plasma concentrations following consecutive
extravascular drug administrations
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Interestingly, the Bateman function can be eas-
ily adapted to any dose or to steady state by
modifying each exponential term with the follow-
ing factor:
1� e�n kxt

1� e�kxt
ð18Þ

where n denotes the dose under consideration
(nth dose) and kx represents the rate constant of
the correspondent exponential (either ka or k). In
this way, the more general equation to describe the
concentration-time profile adopts the
following form:

Cp¼ FD
Vd

ka
ka� kð Þ

1� e�n k t

1� e�k t e�k t� 1� e�n kat

1� e�ka t
e�kat

� �

ð19Þ

In the preceding equation, t denotes the time
passed since the administration of the nth dose (i.
e., the last administered dose). Observe that this
general equation can be easily approximated (and
simplified) depending on the context. For
instance, at steady state e�n katand e�n kt tend to
zero. Accordingly, Equation (19) can be
approximated to
Cp ¼ FD
Vd

ka
ka � kð Þ

1

1� e�k t e
�k t � 1

1� e�ka t e
�kat

� �

ð20Þ

It can be reasoned, for instance, that the mini-
mal concentration associated with a given dose
will be observed just before administering the
next dose, that is, when t equals t, and that when
t equals t, the last dose has practically been
absorbed and the absorption exponential
approaches zero.

By finding the derivative of Eq. (19) and equal-
ing zero, the time of peak plasma concentrations
associated with the nth dose (tmax,n) can be
obtained:

tmax ,n ¼
ln

ka
1�e�n kat

1�e�kat

� �
kel

1�e�n k t

1�e�k t

� �
� 	

ka � kð Þ ð21Þ
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Synonyms

Oral administration; Oral delivery; Oral route;
Per os; Peroral
Definition

Whereas broadly speaking, oral drug delivery
might include all medications taken by mouth
(per os, p.o.), this chapter specifically deals with
those systemic medications taken by mouth and
intended for intestinal absorption of the active
pharmaceutical ingredient(s). Buccal and sublin-
gual drug delivery will not be considered here, as
they are separately covered by other entries
(▶ “Buccal Route of Drug Delivery” and▶ “Sub-
lingual Route of Drug Delivery”).
Advantages and Disadvantages
of the Oral Route

Owing to several reasons, oral delivery is the most
preferred and convenient route of drug adminis-
tration. To begin with, it is a physiological, non-
invasive, and painless way of entry for solid and
liquid materials to the body. This, combined with
the patient autonomy regarding oral administra-
tion of drugs (as no assistance from health care
providers or special devices is usually needed
when using this route), explains patients’ prefer-
ence for this route [1–3], therefore characterized
by high patient compliance. From a formulation
and manufacturing perspective, it can be regarded
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as versatile (as it admits a broad spectrum of
dosage forms) and cost-efficient, due to least ste-
rility constrains. Solid dosage forms are much
more stable than liquid or semisolid formulations,
which are the only options when using other
routes (e.g., intramuscular, intravenous). Finally,
the oral route tends to be safer than other routes,
mainly due to the relatively slower bioavailability
that results in a rather flatter drug plasma
concentration-time curve (Fig. 1) compared with
other routes of administration. This reduces the
probabilities of acute drug reactions.

There are also some limitations or drawbacks
associated to the oral route. First, it is not an
adequate choice in emergencies, as the slow
absorption that is advantageous from a safety
perspective also results in relatively slow onset
of action. It is not a viable route for unconscious
or uncooperative patients, or for patients who are
vomiting. It is possibly the administration route
Oral Drug Delivery, Fig. 1 Comparison of typical
plasma concentration-time curves for oral, intramuscular
(IM), and intravenous (IV) administration. The slower
kinetics of absorption through the oral route results in a
with greater variability in absorption, as it
depends on a diversity of factors which are
discussed in detail in the following section of
this entry. Some drugs can be destroyed in the
acidic gastric environment or by digestive
enzymes (including gastric and pancreatic
enzymes) or might undergo absorption problems,
which are especially relevant factors for biophar-
maceutical/biologic medical products [4, 5] (see
the entry ▶ “Absorption of Biotechnology-
Derived Biologics Drug Products”). Last, unpal-
atable or highly irritant drugs can also pose a
challenge for oral delivery.
Factors Impacting on the Rate
and Extent of Oral Absorption

The oral route is, by far, the drug administration
route that is influenced by the widest diversity of
flattened concentration-time curve, which reduces the
probability of acute adverse reactions (much more com-
mon for IV administration). The image has been gently
provided by Prof. María E. Ruiz, section editor of this book
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factors. From the aggressive environment found
in the stomach and/or the small intestine to the
potential effects of the gut microbiota on absorp-
tion, some of the most relevant factors to take into
consideration are discussed in the following
subsections.

Gastric Environment
The first significant biological challenge against
orally administered drugs is the aggressive acidic
conditions found within the stomach, which usu-
ally are in the pH range 1–2.5.

The acidic gastric environment exerts its influ-
ence on orally administered drugs in two manners.
First, some drugs are degraded in acidic condi-
tions. For example, benzylpenicillin (penicillin G)
is unstable at low pH, and it is thus rapidly
inactivated in the stomach, which generally pre-
cludes its oral delivery [6]. The proton pump inhib-
itor omeprazole is also acid labile, requiring its oral
administration as enteric-coated formulations
[7]. Moreover, the lack of stability of omeprazole
in the stomach led to the development of aMultiple
Unit Pellet System, a tablet formulation which
contains a large number of small and individually
enteric-coated micropellets; MUPS tablets disinte-
grate rapidly in the stomach, and due to their small
size, the pellets readily empty to the site of absorp-
tion in the small intestine [8], with a much more
predictable absorption than conventional enteric-
coated formulations. Second, as most drugs are
either weak acids or bases, their degree of ioniza-
tion (and therefore, their apparent solubility and
permeability) will be influenced by the pH of the
environment (see entry ▶ “pH Partition Theory”).
At the low pH values of the stomach, basic drugs
will be positively charged, and thus they will be
more soluble but less permeable; the inverse will be
true for acid drugs. On the one hand, poorly soluble
weak bases might undergo precipitation upon entry
into the small intestine due to the raise in the pH
value of the environment (in the first portions of the
small intestine, pH is usually above 5). This would
naturally affect the amount of soluble drug avail-
able for absorption through the intestinal mucosa.
On the other hand, gastric acid-suppressing agents
can interfere with the absorption of drugs for which
gastric pH is a determinant of their solubility and
bioavailability. A good example are some
antiretrovirals such as atazanavir or rilpivirine,
which are preferably solubilized at acidic condi-
tions; their coadministration with antiacid drugs
results in reduced bioavailability owing to the
increase in the gastric pH [9].

Gastric proteases can also limit the oral bio-
availability of their substrates, as in the well-
known case of insulin. Oral delivery of insulin
(much more convenient than the usual subcutane-
ous administration) is one of the major long-term
goals for the management of type 1 diabetes.
However, the oral bioavailability of insulin is
markedly low (less than 1%) due to proteolysis
by digestive enzymes (including pepsins), and
also owing to limited permeability related to its
high molecular weight and hydrophilicity
[10, 11].

Gastric Emptying
Gastric emptying is the process by which the
content of the stomach passes through the pyloric
sphincter and accesses the small intestine. The
rate of gastric emptying is influenced by several
factors including physiological (e.g., fasted or
postprandial) and physiopathological states (e.g.,
depression [12] and anxiety [13]), the volume and
composition of the stomach content, patterns of
previous nutrient intake [14], biological sex [15],
or even posture [16]. In fact, gastric retentive
dosage forms and formulations that favor gastric
emptying have been developed to regulate gastric
emptying and thus the kinetics of drug absorption
[17, 18].

Gastric emptying is closely related to drug
absorption since, despite that the absorption of
acid and neutral drugs may start in the stomach,
where nonionized (and more permeable) sepecies
predominate, the small intestine still is the pre-
ferred absorption site for most of the therapeutic
agents. This is because it presents different levels
of absorptive specializations, including folds in
mucosa and submucosa called circular folds,
finger-like projections of the mucosa called villi,
and microscopic cellular membrane protrusions
on the luminal surface of the enterocytes called
microvilli, which are the major absorptive special-
ization. Combined, these three specializations
provide an increase in the surface area (available
for absorption) of about 600-fold. The expression
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of influx transporters in the small intestine also
favors absorption of their substrates.

Further discussion on this matter can be found
in the entries ▶ “Gastric Emptying” and
▶ “Migrating Motor Complex”.
Absorption Window

Some drugs display region-specific absorption
[19], which is known as absorption window.
This phenomenon can be associated to a constel-
lation of factors, such as differential solubility,
permeability and/or stability in different regions
of the gastrointestinal tract due to changes in the
environmental pH, and/or interaction with endog-
enous elements as digestive enzymes or bile salts.
If intestinal transit moves the drug molecules
beyond that region, drug absorption (and, thus,
bioavailability) will be compromised, as the dose
will not be completely absorbed [20].

The absorption window of a drug could also be
influenced by the differential regional expression
of metabolizing enzymes as well as influx and
efflux drug transporters (see further details in next
subsections) across the small intestine [21, 22]. For
instance, the well-known ATP-binding cassette
(ABC) efflux transporter P-glycoprotein (Pgp) is
expressed in much higher levels in the ilium than in
the duodenum. Accordingly, Pgp substrates will be
preferably absorbed in the proximal regions of
the small bowel.

Supersaturating self-emulsifying drug delivery
systems (SEDDS) can be used to improve bio-
availability of poorly soluble lipophilic drugs,
including Pgp substrates [23]. SEEDS are isotro-
pic mixtures of oils, surfactants, solvents, and
cosolvents, orally administered in gelatin capsules
[24]. This type of formulations improves the dis-
solution and apparent solubility of highly lipo-
philic drugs, so that they can better exploit the
absorptive specializations in the small bowel. In
the case of Pgp substrates, rapidly achieving con-
centrations above their intrinsic solubility at the
proximal small intestine (where Pgp is present in
comparatively low levels) can be beneficial for
absorption. There, the efflux transporter would
be more easily saturated upon exposure to
relatively high concentrations of the solubilized
active pharmaceutical ingredient. What is more,
some of the usual constituents of self-emulsifying
systems may transiently impair Pgp activity [25].

Levodopa, the mainstay symptomatic treatment
of Parkinson’s disease, constitutes another example
of a drug with a narrow absorption window, being
actively absorbed in the upper intestine by amino-
acid transporters [26]. Controlled-release gastro-
retentive delivery systems have been proposed
to achieve a slow release of this drug into the
upper gastrointestinal tract at a constant rate, max-
imizing levodopa absorption at its absorption
window [27].
Intestinal and Hepatic First-Pass Effect

The oral route is the route of administration for
which the first-pass effect is more pronounced.
During absorption, and before reaching systemic
circulation, the drug molecules will encounter two
major biotransformation organs: the intestine and
the liver. The liver is universally recognized as the
main drug metabolizing organ, owing to the coor-
dinated activity of a wide diversity of metaboliz-
ing enzymes and transporters expressed in high
levels in the hepatocytes [28, 29]. However, the
intestinal wall has also been established as an
important site of presystemic elimination, where
some of the most relevant metabolizing enzymes
are found in high levels.

CYP3A is the most abundant CYP subfamily
expressed in the small intestine, accounting for
over 80% of the total intestinal CYP content,
with CYP2C representing the second most abun-
dant (around 15% of the total content) [30]. Note
that the CYP3A subfamily includes CYP3A4,
arguably the most relevant Phase I drug-
metabolizing enzyme owing to its broad substrate
specificity. The levels of intestinal CYP3A4
(expressed as mass unit per mg of microsomal
protein) have been found to be comparable to
those in the liver [31], with the highest ones
being found in the duodenum and jejunum. The
CYP isoforms are however only significantly
expressed in the enterocytes, and not in other
intestinal cell populations.
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The small bowel also expresses a range of uri-
dine diphosphate-glucuronyltransferases (UGTs)
[32]. Their expression varies along the intestine,
but to a lesser extent than that of CYPs.

CYPs’ expression and activity are subjected to
large inter- and intraindividual variation, due to
both genetic polymorphism and environmental
agents that activate transcription factors that induce
metabolizing enzymes [33, 34]. For instance, the
interindividual differences in CYP2C9 and
CYP2C19 across individuals can be as high as
9-fold and 6.5-fold, respectively [30].
O

Intestinal and Hepatic Transporters

Whereas the impact of drug-metabolizing
enzymes has been established decades ago, the
relevance of drug transporters as key determinants
of drug pharmacokinetics has become evident
much more recently [35], with initial focus on
liver and kidney transport systems, and presently
expanded to intestinal transporters. Broadly
speaking, transporters can be classified as:Uptake
transporters, which import their substrates into a
cell and usually belong to the superfamily of
solute carriers (SLCs), that mediate facilitated
diffusion and secondary active transport. The
presence of these transporters in the gut wall
greatly contributes to the uptake of (polar and/or
large) compounds of nutritional value, such as
vitamins, amino acids, peptides, nucleosides, or
sugars.

Efflux transporters from the ABC superfamily,
which export their substrates out of the cell (see
entries ▶ “ABC Transporters: An Overview” and
▶ “Solute Carrier (SLC) Transporters: An Over-
view” for further details), contributing to the gut
role as a barrier for xenobiotics.

Drugs which are substrates for SLCs (e.g., levo-
dopa, methyldopa, valaciclovir, and methotrexate)
are often molecularly similar to, or share molecular
features with, the physiologic substrates of these
transporters. In general terms, SLCs in the intestine
wall will contribute to their uptake and bioavail-
ability. Pharmacokinetically relevant ABC trans-
porters, contrariwise, are polyspecific, meaning
that they show affinity for a wide diversity of
substrates. They can be regarded as a detoxification
system: By functioning in coordination with
metabolizing enzymes, they are determinants of
the disposition of numerous xenobiotics, generally
diminishing their bioavailability (see entry on
▶ “Phase 0 and Phase III Transport”).

As previously stated, intestinal transporters are
differentially expressed in different regions of the
intestine [21, 36]. For instance, Pgp levels
increase from proximal to distal regions of the
small intestine, whereas the highest concentra-
tions of multidrug resistance-associated protein
2 (MRP2) are detected in the proximal jejunum,
with minimal expression levels in the distal ileum.

As in the case of metabolizing enzymes, regu-
latory elements controlling protein levels (e.g.,
inducers) and genetic polymorphisms that lead
to increased or diminished function of transporters
are important avenues by which the transporters’
impact on the absorption and disposition of their
substrates may be modified [36].
Intestinal Motility and Splanchnic
Blood Flow

Except for the intermediate phase of the inter-
digestive migrating complex (see entry
▶ “Migrating Motor Complex”), gastrointestinal
motility is mostly a function of digestive period.
Postprandially, the pattern of gastric and intestinal
activity is associated with the trituration, diges-
tion, and absorption of food [20]. The gastrointes-
tinal transit time is thereof modified by meal
composition. Factors that shorten transit time,
such as diarrhea or laxatives, will generally
worsen drug absorption [37, 38], especially for
drugs with poor permeation.

Splanchnic blood flow rate is also a significant
factor as blood is the primary vehicle that carries
the drug from the site of absorption to the systemic
circulation [20], which in general results in a sink
condition (as the drug is constantly removed from
its absorption site). Moreover, blood drainage
from most of the gastrointestinal tract (except for
the more distal part of the rectum) occurs through
the portal vein and leads directly to the liver. How
fast this occurs can influence the extent of the first-
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pass hepatic extraction. Diminished splanchnic
circulation could hence reduce the rate of intesti-
nal uptake of lipophilic drugs and increase the
first-pass effect.
Intestinal Microbiota

Gut microbiota is recognized as another relevant
determinant of a drug pharmacokinetics. It
plays a key role in enterohepatic circulation, as
enzymes secreted by the microbiota, like the
β-glucuronidase, can reverse Phase II metabolism
(by de-conjugating the drug) and favor intestinal
reabsorption, thus increasing drug bioavailability
[39]. Also importantly, some drugs are trans-
formed by the intestinal microbiota to metabolites
that cannot be formed in the liver, altering the drug
pharmacodynamics. For instance, the narrow ther-
apeutic drug digoxin can be inactivated by the
microbiota, markedly altering the state of digita-
lization [39, 40].

The effects of the microbiota on drug pharma-
cokinetics and pharmacodynamics might be
altered by coadministration of antibiotics that
alter the composition of the intestinal flora.

See entries ▶ “Gut Microbiota: Impact on
Pharmacokinetics” and ▶ “Enterohepatic
Recycling” for more details.
Disease States

Gastrointestinal and nongastrointestinal disease
states can alter drug absorption owing to several
reasons. For instance, gastrointestinal disease
states (e.g., Chron’s disease, ulcerative colitis,
and diarrhea) can radically modify the gastroin-
testinal transit time, the luminal pH, and/or the
gastrointestinal permeability, as well as the abun-
dance of metabolizing enzymes and transporters
and the microflora composition [37].

Any nongastrointestinal disease that affects any
of the factors discussed in the previous subsections
can potentially affect oral drug absorption. For
example, drug absorption following oral adminis-
tration may be decreased in shock states due to a
reduced perfusion of the splanchnic organs
[41]. The reduced cardiac output with peripheral
hypoperfusion observed in patients with heart fail-
ure could reduce drug absorption too [42].
Food-Drug Interactions

The oral route is, naturally, the route of drug admin-
istration in which food-drug interactions are most
frequently found. Such interactions could relate to
the interactions of food constituents with metabo-
lizing enzymes and/or transporters (e.g., competi-
tive or noncompetitive inhibition), or to the direct
physical or chemical reactions between nutritional
elements and the drug itself (e.g., by forming insol-
uble or nonabsorbable complexes).

A food-drug interaction can also occur due to
food-triggered initiation of several physiological
processes, including fluctuations in the gastroin-
testinal pH, enhanced gastrointestinal motility,
delayed gastric emptying, prolonged intestinal
residence time, bile salts release, and increased
splanchnic and hepatic blood flow [43]. For
instance, the solubility and bioavailability of lipo-
philic drugs increases when coadministered with a
high-fat food, which provides a lipophilic envi-
ronment to solubilize otherwise poorly soluble
drugs, and stimulates bile secretion (which in
turn induces the formation of micelles that solu-
bilize drugs) and the intestinal lymphatic transport
pathway [44–46].

Depending on the underlying mechanism of
the interaction, the result may be an increase or a
decrease of drug absorption. Therefore, some
drugs are recommended to be taken with meals,
whereas others are preferably administered in the
fasting state.

For a more detailed description on food-drug
interactions, the reader is referred to the entry
▶ “Oral Drug Delivery and Food-Drug
Interactions”.
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Oral Drug Delivery and
Food-Drug Interactions
P. Zarmpi and N. Fotaki
Department of Pharmacy and Pharmacology,
University of Bath, Bath, UK
Synonyms

Fed state; Food administration; Food ingestion;
Food-drug interactions; Meal intake
Definition

Food interactions refer to the changes in the com-
position of the fluids and parameters of the gas-
trointestinal tract that may (or may not) affect the
rate and extent of oral drug absorption through the
lumen.
Impact of Food on the Composition
of Gastrointestinal Fluids

Mouth cavity and esophagus: Meal intake stimu-
lates the secretion of saliva by the salivary glands.
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Secretion is triggered centrally or by chewing.
Saliva is mainly composed of water, electrolytes,
enzymes, and antimicrobial agents [1] and main-
tains a pH of approximately 7.0. Processing of
meal begins in the oral cavity by mastication,
which increases the surface area of the food and
facilitates swallowing [2]. Masticated food is
transferred to the stomach through the esophagus;
meal or drug absorption in the mouth or esopha-
gus is limited due to the tough and thick surface
layer stratified-squamous epithelium [2].

Stomach: The stomach serves in mixing and
digesting food components. Food administration
will instantly increase the gastric pH (from
1.4–2.1 to 4.3–5.4 in the fasted and fed state,
respectively, [4]) according to the type of meal
[3]. Gastric pH values will return to their fasting
levels due to meal dilution by gastric secretions
and meal removal by gastric emptying [3]. This is
a gradual and variable process depending on the
type of the ingested food [3]. Approximately, a
3.5 h time window is suggested after which
fasting pH level will be restored [5]. Changes in
the bile salt level in the fed stomach are consid-
ered minor [6]; however, the concentrations of
lipids increase post-meal administration
(0.56 mg/mL and 150 mg/mL in the fasted and
fed state, respectively) [4]. The buffer capacity
(7 mmol L�1 ΔpH�1 and 14–28 mmol L�1

ΔpH�1 in the fasted and fed state, respectively)
and osmolality (98 mOsm kg�1 and
559 mOsm kg�1 in the fasted and fed state,
respectively) of the gastric fluids will increase in
food presence [4]. Values for both the aforemen-
tioned parameters depend on the characteristics
(input values) of the meal [5]. Α 30% reduction
in the surface tension of the gastric fluids has been
observed in fed (30.0–31.0 mNm�1) as compared
to fasted (41.9–45.7 mN m�1) conditions [5]. An
increase in the viscosity of the gastric fluids can be
anticipated according to the type of meal [7]. The
volume of the gastric contents is expected to
increase with food, according to the amount of
the ingested solid or liquid [4].

The stomach plays a key role in digesting the
administered food. Meal ingestion stimulates the
secretion of gastric lipase, a lipolytic enzyme
secreted by the chief cells in the fundus [8] and
able to hydrolyze a significant fraction of
triglycerides (10%–30%) to fatty acids and glyc-
erol [9, 10]. An increase in the gastric lipase levels
is observed from the time of meal administration
and until the 100% of the food has been emptied
from the stomach. Reported levels of gastric
lipase are 15–20mg/mL and 108mg/mL at 50%
and 100% gastric emptying, respectively. Pepsin
is another key enzyme in the gastric digestion
process. It is an endopeptidase (secreted by
the chief cells in the stomach) responsible for the
digestion of the proteinic components of the food.
Pepsin levels increase after meal ingestion in the
stomach (mean values of 0.87 mg/mL and
1.68 mg/mL in the fasted and fed state, respec-
tively) [4]. Variations in the pepsin levels in vivo,
attributed to differences in experimental proto-
cols, have been reported [5]. An overview of the
changes that food intake induces in the stomach is
shown in Fig. 1.

Small Intestine: The small intestine is the main
gastrointestinal part in which dietary components
or drugs will be absorbed into the systemic circu-
lation. Post-meal administration, the pH of
the fluids in the different small intestinal segments
will decrease due to the emptying of the gastric
fluids: (i) duodenum: 5.8–6.5 (fasted state) and
3.1–6.7 (fed state), (ii) jejunum: 4.4–6.5 (fasted
state) and 5.2–6.0 (fed state), and (iii) ileum:
6.8–8.0 (fasted state) and 6.8–7.8 (fed state)
[4]. Changes in the pH of the intestinal fluids
depend on the buffer capacity of the administered
meal [5]. The introduction of meal components in
the small intestine stimulates the secretion of cho-
lecystokinin, which in turn triggers gallbladder
contraction, and the release of bile into the small
intestine [1]. As a result, bile salt levels increase
post-meal administration [(i) duodenum:
1–5.3 mM (fasted state) and 1.6–6.2 mM (fed
state), (ii) jejunum: 0.8–5.5 mM (fasted state)
and 0.5–40 (fed state) and (iii) ileum: 2–10 mM
(fasted state) and 0.5–30 (fed state)] [4]. Signifi-
cant increase is also expected in the levels of lipids
and phospholipids due to meal ingestion [4]. As in
the fed stomach, the buffer capacity
[(i) duodenum: 4–13 mmol L�1 ΔpH�1 (fasted
state) and 18–30 mmol L�1 ΔpH�1 (fed state),
(ii) jejunum: 2.4–2.8 mmol L�1 ΔpH�1 (fasted
state) and 13.2–14.6 mmol L�1 ΔpH�1 (fed
state), (iii) ileum: data non available] and
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osmolality [(i) duodenum: 124–266 mOsm kg�1

(fasted state) and 250–367mOsm kg�1 (fed state),
(ii) jejunum and ileum: data non available] in the
small intestine will increase after meal intake
[4]. The increase in bile salt levels triggers a
reduction in the surface tension in the small intes-
tine [(i) duodenum: 33.3–46.0 mN m�1 (fasted
state) and 32.2–36.7 mN m�1 (fed state), (ii).
jejunum: 28 mN m�1 (fasted state) and
27 mN m�1 (fed state) and (iii) ileum: data non
available] [4]. As per the stomach, changes
(increase) in the viscosity of upper gastrointestinal
fluids may occur post administration of food (e.g.,
fibers) [7]. The volume of the intestinal fluids is
expected to increase (30–420 mL and 18–660 mL
in the fasted and fed state, respectively) depending
on the rate at which fluids are emptied from the
stomach [4].

Digestion of dietary products occurs in the
small intestine. The pancreatic juice contains sev-
eral key enzymes for digestion [1]. Pancreatic
enzymes are able to cleave proteins, polypeptides,
triglycerides, and phospholipids, and to assist
in the absorption of dietary components. Pancre-
atic lipase is the enzyme responsible for the
degradation of lipids (40–70%) in the small
intestine [11]. It assists in the conversion of tri-
glycerides into fatty acids and monoglycerides
[1]. Postprandially, a 5–10-fold increase in the
levels of pancreatic lipase has been reported
[11]. Phospholipase A2 mediates the conversion
of phospholipids into fatty acids and
Oral Drug Delivery and Food-Drug Interactions,
Fig. 1 Overview of the induced changes in the composi-
tion of the gastrointestinal fluids upon meal administration.
lysophospholipids, with an approximately five-
fold increase in its levels reported in the fed state
[11]. Differences in the levels of other nonspecific
esterases in the small intestine were minor
between the fasted and fed state [11]. The compo-
sitional parameters that change upon food admin-
istration in the small intestine are presented in
Fig. 1.

Large Intestine: The large intestine is respon-
sible for the absorption of water and electrolytes,
formation of feces and bacterial fermentation of
certain indigestible materials. Data on colonic
(ascending colon) contents indicate a reduction
in the pH of the fluids in the fed state (median
values of 7.8 and 6.0 in the fasted and fed state,
respectively) [12]. Total bile acid concentrations
are significantly higher in the fed state, when
compared to the fasted state, as a result of the
gallbladder stimulation by food (mean values of
115.2mM and 587.4mM in the fasted and fed state,
respectively) [12]. As a result of food administra-
tion and lipid digestion, the average levels of
carbohydrates [8.1 mg/mL (fasted state) and
14 mg/mL (fed state)], long chain fatty acids
[120mM (fasted state) and 225mM (fed state)],
phosphatidylcholine [362mM (fasted state) and
539mM (fed state)] and cholesterol [594mM
(fasted state) and 1502mM (fed state)] are
increased in the fed colon [13]. An increase in
the buffer capacity [21.4 mmol L�1ΔpH�1 (fasted
state) and 37.7 mmol L�1 ΔpH�1 (fed state)] and
osmolality [81 mOsm kg�1 (fasted state) and
", # and ≈ indicate increase, decrease and no change in the
values of each parameter, respectively
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227 mOsm kg�1 (fed state)] of colonic fluids post-
meal administration has also been reported
[12, 13]. As in the stomach and small intestine,
the surface tension of the fluids in the large intes-
tine is lower in food presence (39.2 mN m�1) as
compared to food absence (42.7 mNm�1) [12, 13]
(Fig. 1).
O

Impact of Food on Gastrointestinal
Physiological Processes

Hydrodynamics: The primary role of the gastro-
intestinal system is the digestion and absorption of
dietary components. Food softening and mixing
with the gastrointestinal fluids is, therefore, criti-
cal. In the fasted state, the migrating motor com-
plex (MMC; cycles of motor activity migrating
from the stomach to the distal ileum [1]) promotes
the movement of luminal contents toward the
large intestine. MMC consists of four phases dur-
ing the fasted state: (i) Phase 1: quiescence,
(ii) Phase 2: irregular contractions of medium
amplitude, (iii) Phase 3: regular contractions of
high amplitude, (iv) Phase 4: irregular contrac-
tions of descending amplitude [14]. Upon food
ingestion, these cycles are interrupted by one
phase of regular and frequent contractions of
high amplitude. These peristaltic movements in
the stomach and small intestine facilitate mixing
and bring particles into contact with the intestinal
mucosal cells.

Gastric emptying: Passage of fluids from the
stomach into the small intestine is regulated by
gastric emptying. It is controlled by peristaltic
waves, and the contraction of the antrum followed
by the contraction of the pylorus and duodenum
[1]. The rate at which liquids and solids are emp-
tied into the small intestine depends on the
amount, size/nature of ingested meal, and the
MMC phase during which meal was ingested
[4]. An increase in the gastric residence times
and delay in gastric emptying is expected post-
meal administration with mean times for complete
gastric emptying of 25 and 40 min in the fasted
and fed state, respectively [4]. For solid meals, the
time to reach 50% of gastric emptying may range
between 70 and 130 min [15].
Intestinal Transit Times: An increase in the
intestinal transit times is observed post-meal
administration to allow for food digestion and
absorption. Reported mean transit times in the
entire small intestine were 192 min and 276 min
in the fasted and fed state, respectively
[4]. Reported mean transit times from the duode-
num to jejunum and ileum in the fed state were
32 min and 59 min, respectively [4].
Impact of Food on Oral Drug Delivery

The aforementioned changes in the gastrointesti-
nal fluids and processes may be rendered critical
for oral drug delivery. The effects of food on drug
bioavailability can be more complex and depend
on the characteristics of the drug, dosage form,
and administered meal [16]. In general, the impact
of food intake on oral drug absorption is catego-
rized as: (i) zero food effect (no changes in oral
drug absorption), (ii) positive food effects
(increase in oral drug absorption) and (iii) nega-
tive food effects (reduction in oral drug
absorption).

Zero Food Effect: In certain cases, the rate and
extent of oral drug absorption can be unaffected
by meal presence. Usually, this relates to drugs
that:

• Are not influenced by the food-induced gastro-
intestinal changes [17]

• Are completely and rapidly absorbed in the
fasted state [17]

• Are readily absorbed throughout the different
regions of the gastrointestinal tract [17]

The changes in the pH of the gastrointestinal
fluids may not influence the performance of cer-
tain drugs/formulations for which dissolution is
pH independent [18]. The food-induced delay in
gastric emptying may delay oral drug bioavail-
ability, as the amount of drug entering in the
small intestine can be reduced. For drugs with
dose vs pharmacodynamic response relationship
insensitive to small changes in dose, the effects of
meal intake on oral drug absorption can be insig-
nificant [19]. The presence of food may increase
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the small intestinal transit times. As a result, the
increased contact time with the intestinal mucosa
may increase oral drug bioavailability. For drugs
administered in certain formulations (e.g.,
sustained release) that are well absorbed along
the entire length of the intestine under fasted con-
ditions, the prolonged residence time in the small
intestine in the fed state may not be critical [16]. A
list of drugs for which meal intake has been found
insignificant for absorption is presented in
Table 1.

Positive food effect: An increase in oral drug
absorption is reflected by an increase in the area
under the curve (AUC) of the plasma concentra-
tion vs time profile and the Cmax of the absorbed
drug. Meal intake may significantly improve oral
drug bioavailability in certain cases and usually
poorly soluble drugs benefit from food intake. The
main reported mechanisms for increased oral drug
bioavailability include:

• Enhanced drug solubilization in the lipidic (fat)
meal phase

• Enhanced drug solubilization by the increased
levels of bile salts

• Improved dissolution by bile salts and food
lipids

• Accelerated dissolution for drugs with higher
solubility at gastric pH values due to delayed
gastric emptying

• Increased contact time with intestinal mucosa
due to prolonged transit times

• Absence of drug supersaturation and/or precip-
itation in the small intestine for weak bases due
to reduced pH
Oral Drug Delivery and Food-Drug Interactions, Table 1
zero, positive and negative food effect (information obtained

Zero food effect
Alprazolam
Amlodipine
Bambuterol
Bisoprolol
Brofaramine
Bromocriptine
Carbamazepine
Cimetidine
Cyclosporine
Diazepam
Ibuprofen

Positive food
Amiodarone
Astemizole
Cefuroxime
Clarithromyc
Danazol
Diltiazem
Felodipine
Itraconazole
Nifedipine
Progesterone
Theophylline
As the majority of drugs are poorly soluble
lipophilic compounds, food (specially lipidic
components) can help solubilize the drug and/or
increase its solubility, thus increasing the driving
force for absorption through the gastrointestinal
tract [20]. Moreover, dietary lipids can directly
facilitate the dissolution of lipophilic compounds
[21]. The increased levels of solubilizing compo-
nents (e.g., bile salts) in food presence can also be
a confounding factor for lipophilic drugs
[20, 21]. The delayed gastric emptying allows
for the accelerated dissolution of certain poorly
soluble lipophilic drugs and has been suggested as
a mechanism for the increased absorption of cer-
tain drugs [22]. “Dose-dumping” (phenomenon
describing the earlier than expected release of
the active pharmaceutical ingredient) effects, as
a result of meal intake, are particularly critical in
the case of modified release formulations. The
presence of fats, high bile salt levels, and pH
changes after meal intake have been identified as
factors affecting the integrity of matrices or coat-
ings, hence resulting in increased drug release
rates [23]. Such effects are of great risk and can
compromise patient safety. For the interesting
case of weak bases in vivo, food effects can be
critical. The differences in the solubility of weak
basic compounds in the stomach and small intes-
tine (due to the different pH of the fluids in the two
compartments) may induce a state of drug super-
saturation and subsequent drug precipitation upon
transfer of the drug in the small intestine, in the
fasted state. However, the reduced pH values in
the intestinal fluids under fed conditions are
unlikely to contribute to the generation of a
List of drugs for whichmeal intake has been found to exert
from [30])

effect

in

Negative food effect
Alendronate
Atenolol
Didanosine
Metformin
Methotrexate
Naproxen
Phenutoin
Pravastatin
Rufloxacin
Verapamil
Zidovudine
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supersaturation state once the drug enters into the
small intestine. Such effect has been suggested as
a potential mechanism for the improved bioavail-
ability of weak bases post-meal administration
[24]. A list of drugs for which meal intake has
been found to improve absorption is presented in
Table 1.

Negative food effect: A negative food effect
may either relate to delayed and/or decreased
(reduced AUC and Cmax) oral drug absorption
[17]. Delayed oral drug absorption refers to a
slower rate but unaffected extent of oral drug
absorption. A delay in oral drug absorption is
usually caused by highly soluble and rapidly
absorbed drugs as a result of the delay in gastric
emptying by food presence [25]. Decreased oral
drug absorption relates to lower AUC and Cmax

values. The main mechanisms by which food can
reduce oral drug bioavailability include:

• Incomplete drug dissolution due to elevated
gastric pH values (case of weak bases)

• Drug instability in gastric fluids
• Binding of drugs or gastrointestinal compo-

nents with food
• Reduced drug diffusion rate

For weak bases, complete dissolution in the
stomach is feasible due to the low gastric
pH. The increase in the gastric pH values post-
meal administration can lead to incomplete drug
dissolution and hence low drug bioavailability
[26]. The delay in gastric emptying can be critical
for certain acid-labile drugs, as their prolonged
residence in the stomach may increase their deg-
radation and reduce the bioavailability of the
parent molecule [17]. Interactions of certain
food components with bile salts can reduce the
amount of solubilizing components, and hence
decrease drug absorption [27]. Certain drugs
can also form insoluble complexes with iron or
calcium-containing food and exhibit lower oral
bioavailability. The increased viscosity of the gas-
trointestinal fluids can as well be detrimental for
oral drug absorption. Suggested mechanisms
behind the impact of food viscosity on the reduced
oral drug absorption include: (i) inhibition of gas-
tric emptying and/or modification of intestinal
transit times; (ii) slower diffusion of drugs
towards the intestinal membrane; (iii) reduced
disintegration of the dosage form; and
(iv) reduced drug dissolution [28]. A list of
drugs for which food has been found to reduce
absorption is presented in Table 1.
Simulated Fed Fluids

To date, simulation of the contents of the gastro-
intestinal fluids post-meal administration in vitro
is critical to evaluate and predict the impact of
food effects on oral drug absorption in vivo.

Stomach: The physicochemical characteris-
tics of the fed stomach are complex and change
over time. Two approaches have been developed
for simulation of the fed gastric fluids:
(i) development of snapshot media which reflect
the pH values, buffer capacity, and osmolality of
the stomach 75 min (early), 75–165 min (middle)
and after 165 min (late) post-meal intake; and
(ii) gradual digestion of milk by adding physio-
logically relevant amounts of hydrochloric acid
containing pepsin [29]. The digestion process
can be further simulated by addition of gastric
lipase in the medium [29].

Small Intestine: Various media have been
developed to simulate the contents of the fed
small intestine. These include the two versions
of the standardized Fed State Simulated Intes-
tinal Fluids (FeSSIF) and snapshot media
taking into account the gradual digestion
process [29].

Large Intestine: Simulation of the fed colonic
contents is currently based on the use of the Fed
State Simulated Colonic Fluid (FeSSCoF), which
has been found to adequately predict solubility
data when compared to human colonic fluids [13].
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Synonyms

OAT; OAT1; OAT10; OAT2; OAT3; OAT4;
OAT7; OATP; Organic Anion Transporting Poly-
peptides; SLC21; SLC22A; SLCO; URAT1
Definition

Organic anion transporters (OATs) are members
of the solute carrier (SLC) group of transporters
and belong to the Major Facilitator superfamily
(MFS). According to the Human Genome Orga-
nization (HUGO), they are assigned to the
SLC22A family, that also includes the Organic
Cation Transporters (OCTs) and the Organic
Carnitine (zwitterion) Transporters (also known
as Novel Organic Cation Transporters,
OCTNs), with which OATs share many general
structural features. OATs are multispecific
carriers that transport rather small organic
anions, including endogenous compounds, such
as p-aminohippurate, prostaglandins, guanine
nucleotide-related compounds, cGMP, and steroid
conjugates, among others, and also exogenous
compounds including many antivirals, nonsteroi-
dal anti-inflammatory drugs, statins, diuretic
agents, antimetabolites, and antibiotics, among
others [1]. They have a pivotal role in the
basolateral (Phase 0) uptake of their substrates
into epithelial cells of drug-eliminating organs
and also in drug reabsorption. In humans, most
OATs are highly expressed in the human liver and
kidneys, and at lower levels in the brain, placenta,
testis, and prostate [2]. OATs from the SLC22A
family include OAT1-10 (SLC22A6, SLC22A7,
SLC22A8, SLC22A11, SLC22A10, SLC22A20,
SLC22A9, SLC22A25, SLC22A27, SLC22A13,
in that order) and the urate transporter URAT1
(SLC22A12). Whereas prototypical members of
the SLC22A family can mediate the bidirectional
movement of substrates, most of the OATs gener-
ally facilitate the uptake of organic anions into
epithelial cells (functioning as influx transporters)
by secondary/tertiary active transport (specifi-
cally, by exchange with dicarboxylates, such as
α-ketoglutarate) or monocarboxylates [2, 3].

Organic Anion Transporting Polypeptides
(OATPs) are also SLCs that belong to the MFS.
According to the HUGO, they are currently
assigned to the SLCO family (formerly SLC21).
They also participate in the cellular uptake of their
substrates and, as OATs, possess wide substrate
specificity. However, they preferably transport
larger (>350 g/mol) amphiphilic or hydrophobic
anionic substrates [1, 4, 5], including bile acids,
conjugated steroids, peptides, and thyroid hor-
mones, as well as many drugs such as sartans,
statins, antibiotics, and anticancer agents. In
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humans, OATPs include 11 members: OATP1A2
(SLCO1A2), OATP1B1 (SLCO1B1), OATP1B3
(SLCO1B3), OATP1C1 (SLCO1C1), OATP2A1
(SLCO2A1, also known as the prostaglandin
transporter PGT), OATP2B1 (SLCO2B1),
OATP3A1 (SLCO3A1), OATP4A1 (SLCO4A1),
OATP4C1 (SLCO4C1), OATP5A1 (SLCO5A1),
and OATP6A1 (SLCO6A1) [1, 5]. The transport
mechanism via OATP transporters is believed to
occur by electroneutral exchange, where uptake is
coupled to the efflux of other anions such as
glutathione or bicarbonate [1, 6].
Structure, Mechanism of Transport,
and Regulation of OATs and OATPs

OATs, alike the rest of the transporters of the
SLC22A family, share a similar predicted mem-
brane topology [1] (Fig. 1) that involves twelve
alpha-helical transmembrane domains (TMDs); a
large extracellular loop between TMDs 1 and
2, which presents conserved glycosylation sites;
a large intracellular loop between TMDs 6 and
7, which contains conserved phosphorylation
sites; and intracellular C- and N-termini. The con-
sensus sequences for phosphorylation and glyco-
sylation play a relevant role in rapid,
posttranscriptional regulation of the transporter
activity [7–9].
Organic Anion Transporters and Organic Anion Transp
Regarding OATPs, available data is consistent
with 12 TMDs with six extracellular loops and five
intracellular loops and both termini on the cyto-
plasmic side [1, 5] (Fig. 2). A large extracellular
loop locates between TMDs 9 and 10, and amino
acids subject to N-glycosylation are found in the
extracellular loop linking TMDs 3 and 4, and 9 and
10 [8]. It has been proven that rat Oatp1a1 and
(human) OATP1B1 are N-glycosylated in the
second and fifth extracellular loops and that
the non-glycosylated proteins are retained intra-
cellularly, with consequent reduced transport
function [10, 11]. It is thus probable that
other mammalian OATPs exhibit the same
behavior.

OATs and OATPs general mode(s) of transport
corresponds to the alternating access model, usu-
ally described as a “rocker-switch” mechanism
[12–14]. According to this model, these trans-
porters expose a central binding cavity to either
the extracellular or intracellular spaces and con-
currently seal the opposing face of the transporter,
preventing a continuous channel or pathway
across the membrane. When a substrate binds on
one side of the membrane, the protein undergoes a
conformational shift that enables the release of the
substrate on the other site. A substrate that is
preferably uptaken by the cell would display
higher affinity for the outward-open conformation
and reduced affinity for the inward-open
orting Polypeptides, Fig. 1 Proposed topology of OATs
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conformation. As observed in other polyspecific
transporters, available evidence (fundamentally
from site-directed mutagenesis and homology
modeling studies) suggests that the binding
pocket contains multiple binding sites that allow
accommodating structurally distinct substrates
and modulators [15–17]. Several conserved posi-
tively charged amino acids (which have been
regarded as “positive binding pocket”), including
basic amino acids arginine and lysine, are deemed
crucial for anionic substrate recognition and trans-
location [15, 18–20] in both OATs and OATPs.

Noteworthy, unlike OCTs, transporters for
anionic substrates have to translocate ionized spe-
cies against themembrane potential,which normally
is inside-negative. To overcome this energetically
unfavorable process, it is proposed that both OATs
and OATPs mediate secondary/tertiary active trans-
port by exchanging their anionic substrates by other
negatively charged species [5, 21].

In the case of OATs, the overall transport pro-
cess can be deemed as tertiary active transport,
based on its placement subsequent to secondary
active transport [21]. The steps determining the
organic anion transport can be summarized as
follows: Firstly, the Na+/K+-ATPase pump uses
ATP to fuel an inwardly driven Na+ gradient
across the cell membrane; secondly, a symporter
(e.g., the Na+/dicarboxylate cotransporter) utilizes
the energy stored as Na+ gradient to move another
ion (usually, a readily available endogenous diva-
lent anion such as α-ketoglutarate) against its
electrochemical gradient, therefore building up
an outwardly directed gradient for this exchange
substrate; thirdly, an OAT exchanges this counter-
anion by an extracellular substrate, which is also
usually an anion. In the case of OATPs, the coun-
ter ion to which the substrate uptake is coupled
may be bicarbonate, glutathione, conjugated glu-
tathione, or glutamate [22].

OATs and OATPs expression are regulated at
different levels, both transcriptionally and post-
transcriptionally. At the transcriptional level, both
transcription factors and epigenetics play a role in
the regulation of OATs and OATPs [1, 3, 8]. Tran-
scription factors regulate gene expression by
binding to genomic elements and recruiting tran-
scriptional machinery, chromatin-modifying com-
plexes, etc. They respond to diverse signals,
acting as “sensors” of molecules elaborated in
remote tissues (e.g., hormones) or of exogenous
molecules (e.g., nutrients, drugs, toxins) [3] (some
additional insight into transcriptional factors can
be found in the entry ▶ “Enzyme Induction and
Drug Metabolism”). For example, hypothalamic-
pituitary-gonadal axis, mediated by estrogens,
androgens, and growth hormone, has been impli-
cated in the regulation of some SLC22A/SLCO
transporters in animals, and it is possible that
pituitary hormones may also contribute to regulate

https://doi.org/10.1007/978-3-030-84860-6_68
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transporter function in humans. Liver-specific tran-
scription factors are key regulators of human OAT
and OATP genes. Hepatocyte nuclear factor-1α
(HNF1α) upregulates OAT1, OAT3, OAT5,
OAT7, OATP1B1, and OATP1B3; the nuclear
receptor HNF4α also transactivates OAT1, OAT2,
OATP1B1, OATP1B3, and OATP2B1 promoters
[1, 8]. Bile acids such as chenodeoxycholic acid,
deoxycholic acid, and lithocholic acid are endoge-
nous ligands that activate the farnesoid X receptor
(FXR), which plays a pivotal role in bile acid
feedback regulation systems [1, 23]. FXR, in turn,
induces different target genes, among them the
transcriptional repressor small heterodimer partner,
SHP, another nuclear receptor that counteracts
HNF-4α [24] (Fig. 3). FXR may also directly
bind to a negative response element in the
HNF-4α promoter [1].
Organic Anion Transporters and Organic Anion
Transporting Polypeptides, Fig. 3 Hepatocyte nuclear
factors (HNF) are among the transcription factors that
regulate organic anion transporters (OATs) and Organic
Anion Transporting Polypeptides (OATPs). Different bile
acids can activate the farnesoid X receptor (FXR), which in
turn activates the target gene small heterodimer partner
Epigenetic mechanisms are also relevant in
the regulation of certain OATs and OATPs
genes. For instance, extensive methylation of
nucleotides around the transcription start site
of OAT1 and OAT3 in the human liver may
explain the kidney-specific expression of such
transporters [25].

Short-term regulation of OATs and OATPs
may be mediated by phosphorylation, which can
modulate the subcellular trafficking and turnover
of transporters [8] (as previously said, the intra-
cellular loop and -COOH terminus include con-
served phosphorylation sites). N-glycoxidation
and oligomerization are essential to target the
nascent transporter copies to the plasma mem-
brane [26, 27]. In contrast, ubiquitination regu-
lates internalization and subsequent proteasomal
and lysosomal degradation [8].
(SHP). SHP negatively regulates HNF-4α. HNF-1α is
also regulated by HNF-4α; thus, downregulation of
HNF-4α can also indirectly downregulate target genes
that codify for OATP1B1, OAT3, OAT5, and OAT7.
Finally, HNF4-α downregulation by SHP inhibits the inter-
action between HNF4α and β-catenin, therefore down-
regulating the expression of OATP1B3
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Role of OATs in Drug Disposition

Themajor OATs and OATPs expressed in the liver
and the kidneys are critical for the first step in
renal and/or biliary excretion of their substrates,
including endogenous compounds as urate and
several acidic drugs. That is, they mediate the
basolateral uptake of their substrates, acting as
Phase 0 transporters that facilitate the transloca-
tion of their substrates from the blood to the intra-
cellular space of the eliminating cell, across the
cellular membrane. This is a crucial step in drug
disposition as ionized species would not be able to
permeate through the cell membrane by simple
diffusion and against the negative potential gradi-
ent (see the entries ▶ “Phase 0 and Phase III
Transport” for further discussion). Accordingly,
OATs and OATPs are a potential source of drug-
drug interactions and genetic variability in the
pharmacological response. Noteworthy, OATs
and OATPs usually work in tandemwith members
of the ATP-binding Cassette superfamily which
also transport acidic compounds and complete the
elimination cycle, prominently MRPs (e.g.,
MRP2, MRP4) and BCRP.

The reader may also refer to the entries
▶ “Phase 0 and Phase III Transport”, ▶ “Biliary
Drug Excretion”, and ▶ “Renal Drug Excretion”
for illustrative schemes.

OAT1 and OAT3 are the key OATs that medi-
ate the Phase 0 transport of small anionic com-
pounds in the proximal tubule cells, whereas
OAT2 is the key OAT at the sinusoidal membrane
of the hepatocytes (where OAT5 and 7 are also
expressed) [2, 28]. Drugs transported by OAT1
include tetracycline, several antiviral drugs
(adefovir, acyclovir, zidovudine, ganciclovir, and
others), the histamine receptor subtype
2 (H2) antagonists cimetidine and ranitidine,
the diuretics furosemide and bumetanide, and
the nonsteroidal anti-inflammatory drugs
ketoprofen and ibuprofen, among others. OAT2
substrates include tetracycline, zidovudine,
ranitidine, diclofenac, methotrexate, paclitaxel,
5-fluorouracil, and allopurinol, among others.
Drugs that are transported by OAT3 include tetra-
cyclines; the antivirals cidofovir, valacyclovir,
zidovudine, adefovir, and others; the H2 receptor
antagonists ranitidine, cimetidine, fexofenadine,
and famotidine; and the diuretics furosemide,
bumetanide, and torasemide; pravastatin and
rosuvastatin; and methotrexate, among others.
Other members of this group, like OAT4,
OAT10, and URAT1, mediate the tubular
reabsorption of their substrates (e.g., urate,
nicotinate).

Regarding OATPs, OATP1B1, OATP1B3,
and OATP2B1 are mainly expressed at the sinu-
soidal membrane of the hepatocytes, where they
mediate the Phase 0 uptake of their substrates.
OATP2B1 is also expressed in the apical mem-
brane of the enterocytes and the endothelial
cells of the blood-brain barriers (along with
OATPA2), where they can facilitate the intestinal
absorption and/or brain distribution of their sub-
strates [2, 6]. OATP1B1 substrates include
benzylpenicillin, bile acids, bilirubin, estradiol-
17β-glucuronide, methotrexate, pravastatin, and
olmesartan, among others. OATP1B3 substrates
include benzylpenicillin, bilirubin, bile acids,
estradiol-17β-glucuronide, methotrexate, pacli-
taxel, rosuvastatin, and saquinavir, among
others. Benzylpenicillin, bilirubin, fexofenadine,
montelukast, and several statins and steroids are
among OATP2B1 substrates.

OATs have rather low genetic variability (par-
ticularly OAT1 and OAT2) in comparison, for
instance, with OCTs [28]; polymorphisms found
in the coding region of both OAT1 and OAT2 do
not substantially contribute to interindividual var-
iability in drug elimination. At least ten missense
mutations have been found in the gene that cod-
ifies for OAT3 [29]. Contrariwise, a large number
of genetic variants have been described for
OATPs [6]. For example, the c.521T>C single
nucleotide polymorphism has been linked to a
substantially diminished transport activity of
OATP1B1. Such polymorphism could have par-
ticular relevance for cholesterol-lowering thera-
pies of the statins group as their mode of action
involves the inhibition of the 3-hydroxy-3-
methylglutaryl coenzyme A reductase in the hepa-
tocytes; consequently, reduced OATP1B1-
mediated transport into the liver may simulta-
neously reduce the efficacy and enhance the risk
of adverse effects (e.g., myopathy) of statins.
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Some drugs, such as probenecid and some non-
steroidal anti-inflammatory drugs, can exert inhib-
itory effects on OATs (e.g., OAT1). Their
coadministration has been proposed to induce ben-
eficial drug-drug interactions, for instance, by
reducing the renal uptake of nephrotoxic drugs.
The coadministration of probenecid and cidofovir,
for instance, has been suggested to protect patients
against cidofovir-induced nephrotoxicity linked to
excessive renal accumulation [30].
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Definition

Organic cation transporters (OCTs) are members
of the solute carrier (SLC) group of transporters
and belong to the major facilitator superfamily.
According to the Human Genome Organisation
(HUGO), they are assigned to the SLC22A fam-
ily, which includes electrogenic and electroneutral
OCTs, and also the organic anion transporters
(OATs), a large group of carriers involved in the
uptake of organic anions. OCTs are multispecific,
bidirectional carriers that transport organic cat-
ions, including (among others) endogenous com-
pounds such as serotonin, norepinephrine,
dopamine, and histamine. They are also critically
involved in the absorption, disposition, and excre-
tion of many exogenous compounds including
(among others) metformin, platinum-based anti-
neoplastic drugs, nucleoside analogs, antiarrhyth-
mics such as procainamide and quinidine,
sumatriptan, pentamidine, acyclovir, and fluoxe-
tine [1]. In humans, OCTs from the SLC22A
family include OCT1 (SLC22A1), OCT2
(SLC22A2), OCT3 (SLC22A3), and also the
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novel organic cation transporters OCTN1
(SLC22A4) and OCTN2 (SLC22A5).

Whereas this entry will focus on the
abovementioned transporters, cation transporters
from other families that work in tandem with
OCTs during the efflux transport in drug elimina-
tion organs (i.e., Phase III transport) will also be
mentioned and briefly discussed.
Structure and Mechanism of Transport

All OCTs, alike the rest of the transporters of the
SLC22A family, share a similar predicted mem-
brane topology [1, 2] (Fig. 1), which comprises
12 alpha-helical transmembrane domains
(TMDs), a large extracellular loop between
TMDs 1 and 2, which presents at least one con-
sensus sequence for N-glycosylation, and a large
intracellular loop between TMDs 6 and 7, plus
intracellular C- and N-termini. Both the intracel-
lular loop and the C-termini include consensus
sequences for phosphorylation (which play a
role in rapid regulation of the transporter activity
[2–4]).

OCTs mode of transport corresponds to the
alternate access model, which postulates that
transporters work by undergoing conformational
Organic Cation Transporters, Fig. 1 Predicted topology o
changes, which alternately create access to a large
hydrophobic binding region (in which, according
to homology models, 7 of the 12 transmembrane
domains participate [5, 6]) from either the intra-
cellular side or the extracellular side [7]. When a
substrate binds on one side of the membrane, the
protein undergoes a conformational shift that
enables to release the substrate on the other side.
A substrate that is preferably uptaken by the cell
would display higher affinity for the outward-
open cleft and reduced affinity for the inward-
open cleft. Numerous mutagenesis studies have
identified a conserved aspartate residue in the
TMD 11 which is critically important for deter-
mining affinity and transport in OCT1, OCT2, and
OCT3. This TMD 11 aspartate may function as
the singular binding site for the cationic region of
transported substrates and may be essential for
substrate coordination and stabilization of the cat-
ion’s positive charge [8].

As observed in other polyspecific transporters,
available evidence supports the hypothesis that a
large binding pocket defined by the TMDs con-
tains multiple, close, partially overlapping bind-
ing sites for different substrates and inhibitors
[1, 9]. OCTs contain low-affinity binding
sites that are directly involved in substrate trans-
location, but also high-affinity binding sites
f OCTs
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that may be related to allosteric modulation of
transport [9].

When cationic substrates are only present on
one side of the TMDs, OCT1, OCT2, and OCT3
operate as electrogenic uniporters (i.e., the trans-
port process leads to the translocation of net
charge across the membrane, and a single sub-
strate unit is translocated per transport cycle).
When acting as uniporters, OCTs mediate facili-
tated diffusion (either uptake or efflux). The driv-
ing force for this process is provided by the
substrate concentration gradient and/or the mem-
brane potential, which normally is inside-
negative. Therefore, cation uptake is normally
preferred, whereas cation efflux can occur in
depolarized cells or in the presence of a large
outwardly directed gradient that energetically
compensates membrane potential.

When the cytoplasmic concentration of a sub-
strate is high enough, the transporters can operate
as electroneutral cation exchangers. The uptake of
a given cation can be stimulated when a different
cationic substrate is present on the other side of
the membrane; in this case, the reorientation of the
inward-open to the outward-open conformation is
faster compared with the reorientation of an
unloaded transporter (this is termed trans-stimu-
lation) [9, 10].

All in all, OCT1, OCT2, and OCT3 preferably
facilitate electrogenic cellular uptake of organic
cations, but they can operate as electroneutral
exchangers if the intracellular and extracellular
concentrations of different substrates are similar,
or facilitate substrate efflux in the absence of
extracellular cations, as in the OCT2-mediated
efflux of acetylcholine in bronchial epithelial [11].

In the case of OCTNs, it has been shown that
OCTN1 can transport cations by proton-cation
antiport [1], and l-carnitine can be co-transported
with sodium by OCTN2 [12].
Role of OCTs in Drug Absorption
and Disposition

The major OCTs expressed in the liver and kidney
mediate the basolateral uptake of their substrates,
including many drugs; that is, they act as Phase
0 transporters that facilitate the translocation of
their substrates from the blood to the intracellular
space of the eliminating cell, across the cellular
membrane. This is a crucial step in drug disposi-
tion, as cationic species would not be able to
permeate through the cell membrane by simple
diffusion (see the entry ▶ “Phase 0 and Phase III
Transport” for further discussion). Noteworthy,
OCTs usually work in tandem with multidrug
and toxin extrusion (MATEs) proteins and/or
multidrug resistance transporter 1 (MDR1 or
P-glycoprotein), which also recognize organic
cations and mediate apical secretion, thus com-
pleting the elimination cycle. In the intestine,
OCTs and OCTNs mainly mediate the absorption
of their substrates; OCTNs expressed at the tubu-
lar brush border can participate in reabsorption
(note, however, that these transporters are
low-affinity, high-capacity carriers and the pos-
sible interaction of some of their substrates
with other more selective, high-affinity carriers
expressed in the same cells should be
considered).

The relevance of OCTs in the disposition of
organic cations has been proven in studies with
OCT1 or OCT2 knockout mice and OCT1/2
double-knockout mice. The hepatic uptake and
biliary excretion of organic cations were greatly
reduced in OCT1 knockout animals, in consis-
tence with the role of this transporter in the liver
(see next subsection) [13]. Tubular secretion of
tetraethylammonium was fully abolished in
OCT1/OCT2 double-knockout rodents, with the
subsequent increase in plasma levels [14],
suggesting that the deficiency in these transporters
could be associated with increased drug sensitiv-
ity and toxicity.

From a genetic perspective, the members of the
OCT subfamily are highly polymorphic; changes
in the activity of these variants alter intestinal
absorption, uptake by key drug-eliminating
organs (reducing hepatic or renal clearance), and
target tissue uptake, thus affecting the efficacy and
safety of the treatment [15]. Pharmacogenomic
studies have also shown that variants in genes
related to the SLC22 family may have a consider-
able effect on the response to different antineo-
plastic medications [16].

https://doi.org/10.1007/978-3-030-84860-6_66
https://doi.org/10.1007/978-3-030-84860-6_66
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The following sections will discuss the main
organs where OCTs are expressed in compara-
tively high levels. The reader may also refer to
entries ▶ “Phase 0 and Phase III Transport”, Bil-
iary Drug Excretion, and Renal Drug Excretion
for illustrative schemes.

Transporters that Facilitate the Transport
of Organic Cations in the Liver
In the hepatocytes, the uptake of organic cations
from the sinusoidal blood into the cell is mainly
facilitated by OCT1. OCT3 also contributes to
basolateral translocation but, in general, to a lesser
extent than OCT1. This Phase 0 activity (i.e.,
uptake) is complemented by Phase III transport
(i.e., efflux) of cations at the canalicular mem-
brane, which is performed by the proton-cation
exchanger hMATE1 (from the SLC47 family).
MDR1 is also located in the canalicular mem-
brane and is relevant for the efflux of hydrophobic
cationic substrates (see the entry on Biliary drug
excretion for further insight).

OCT1 expression is regulated at different levels,
both transcriptionally and posttranscriptionally
[1]. Among the transcription factors that activate
the transcription of OCT1, there are the upstream
binding stimulating factors 1 and 2 and the hepato-
cyte nuclear factors 1 and 4α. Inversely, the OCT1
gene is suppressed by bile acids [17]. Posttranscrip-
tional regulation includes intracellular trafficking
(which is regulated by N-glycosylation) and, as
previously stated, phosphorylation of the intracel-
lular domains by multiple kinases.

Metformin is the first-line treatment for type
2 diabetes. It is a hydrophilic biguanide positively
charged at physiological pH. It exerts its glucose-
lowering effects by inhibiting the mitochondrial
respiratory chain in the liver, leading to the acti-
vation of AMPK, enhancing sensitivity to insulin,
and lowering cAMP, thus decreasing the expres-
sion of gluconeogenic enzymes, among other
effects [1, 18]. Metformin uptake into the hepato-
cytes (its site of action!) is mediated by OCT1 and
OCT3 in the sinusoidal membrane. It has been
shown that the hepatic uptake of orally delivered
metformin was decreased in reduced-function
OCT1 variants [19]. It has also been reported
that the glucose-lowering effect of metformin is
blunted in (healthy) individuals with reduced
OCT1 function [20].

The antimalarial proguanil is another example
of the impact that polymorphic variants of OCTs
can have on a drug efficacy. It is a prodrug posi-
tively charged in blood which is uptaken into the
hepatocytes via OCT1 and, to a smaller extent, by
OCT3. There, the active metabolite cycloguanil is
produced by the CYP450 (specifically
CYP2C19); cycloguanil attacks preerythrocytic
Plasmodium forms in the liver and within eryth-
rocytes. It was recently reported that the concen-
tration of cycloguanil and the cycloguanil/
proguanil ratio in the blood are correlated with
the functionality of OCT1 alleles, suggesting that
loss of function genetic variants of OCT1 may be
at least a partial explanation of proguanil treat-
ment failure in patients [21].

Transporters that Facilitate the Transport
of Organic Cations in the Kidney
Expression of high levels of OCT2 at the
basolateral membrane of tubular epithelial cells
is crucial for the cellular uptake, and subsequent
secretion, of multiple organic cations (Phase
0 transport). Uptake of organic cations across the
abluminal membrane is complemented by OCT3.
On the luminal membrane, in contrast, OCTN1
and OCTN2, MATE-1 and MATE2-K, and
MDR1 may conclude the Phase III tubular secre-
tion of cations (remember that OCTN1 and
OCTN2 may function bidirectionally depending
on the intracellular cation concentration; besides,
OCTN1 can work as a proton-cation exchanger,
similar toMATEs). Alike, OCT2 and OCT3 could
eventually also release cations from the cell into
the interstitial space, if cation levels inside the
tubular cell reach sufficiently high values. Predict-
ably, OCT1, OCTN1, and OCTN2 can also medi-
ate cation reabsorption.

OCT2 may be regulated transcriptionally (e.g.,
basal transcription of OCT2 is activated by the
upstream binding stimulating factor 1 and
suppressed epigenetically by hypermethylation)
and posttranscriptionally (by endosomal recruit-
ment and phosphorylation) [1].

https://doi.org/10.1007/978-3-030-84860-6_66
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Cimetidine is a good example of drug interac-
tions caused by inhibition of OCTs in the kidney
(thus, resulting in reduce renal clearance of the
“victim” drug). Cimetidine has been identified as
substrate of OCT1, OCT2, MATE1, and MATE2-
K and as inhibitor of OCTN1, OCTN2, and OCT3
[1, 22]. In other words, almost all the polyspecific
renal transporters involved in tubular secretion can
be inhibited competitively or not competitively by
cimetidine. Therefore, co-administration of cimet-
idine reduces the renal excretion of several drugs,
among them procainamide and gabapentin, possi-
bly worsening the incidence of side effects like
disturbances of the cardiorhythm and dizziness,
respectively [1].

Platinum compounds represent another exam-
ple of how drug interactions or genetic variants
involving OCT2may influence treatment outcome.
In particular, cisplatin presents severe, dose-
limiting side effects that include nephrotoxicity
and ototoxicity. Nephrotoxicity has been linked to
basolateral transport mechanisms [23]. OCT2 and
MATE1, among others, are involved in the tubular
uptake and secretion of cisplatin [24]. OCT1/
OCT2 knockout mice are (partially) protected
against cisplatin-induced nephrotoxicity and also
ototoxicity [25]. Consistently, a few clinical studies
suggest that co-administration of cimetidine and
mutations in OCT2 protect patients from nephro-
toxicity [26–28], by reducing the accumulation of
the drug in the tubular cells.

Transporters that Facilitate the Transport
of Organic Cations in the Small Intestine
In the small intestine enterocytes, OCT1, OCT3,
OCTN1, and OCTN2 are expressed in the brush-
border membrane, where they are primarily
involved in the absorption of organic cations
from the diet. The OCTs in the luminal membrane
may occasionally mediate the efflux of cations by
cation exchange. The role of these transporters is
complemented by other more selective trans-
porters from the SLC superfamily expressed in
the small intestine, such as the dopamine trans-
porter and the thiamine transporter.

Gastrointestinal adverse effects to metfor-
min, which are supposedly caused by high
concentrations of the drug in the gut lumen,
have been associated with a loss of function
of OCT1 variants that would impair metformin
absorption [29].
Transporters that Facilitate the Transport
of Organic Cations in Other Organs
Some OCTs, in particular, OCT1 and OCT3, are
expressed quite ubiquitously throughout the body
(though not always in high levels). The role of
OCTs in the brain is of particular relevance, as the
relatively high levels of these transporters in brain
capillaries are possibly involved in the adjustment
of neurotransmitter concentration in the brain
[1]. In the lungs, OCT2 and OCTN1 located at
the luminal membrane of bronchial epithelial cells
can mediate cellular release of acetylcholine [30],
thus being involved in the subsequent cholinergic
reaction. OCT1, OCT2, and, in particular, OCT3
and MATE-1 are expressed in the placenta [31],
where they possibly exert protective roles on the
fetus at different stages of gestation.
Cross-References
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