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1.1 INTRODUCTION

Oral bioavailability of a drug is a measure of the rate and
extent of the drug reaching the systemic circulation and is
a key parameter that affects its efficacy and adverse effects.
Therefore, study of oral bioavailability has received consid-
erable attention in scientific arena. Unfortunately, we are
unable to predict bioavailability as «a priori to this date,
although we have made significant progress in understand-
ing various components of this complex puzzle, including
solubility (e.g., aqueous solubility), partition coefficients
(e.g., octanol/water), absorption (e.g., permeability across
the Caco-2 cell membrane), metabolism (e.g., microsome-
mediated phase I metabolism), and excretion (e.g., efflux
via p-glycoprotein). However, understanding a few of these
components would not allow us to accurately predict a
drug candidate’s bioavailability in humans. Therefore, oral
bioavailability remains to be a highly experimental param-
eter that eludes prediction from modern computational
or experimental approaches, although some preliminary

progress has been made in recent years. Continued progress
to develop a better and more thorough understanding of
physicochemical and biochemical profiling of drug or drug-
like molecules would be needed to alleviate the problems
associated with bioavailability, and some progress has been
made in the last decade (Ho and Chien, 2009). Poor oral
bioavailability is also one of the leading causes of fail-
ures in clinical trials. This is because compounds with
low bioavailability would have a highly variable expo-
sure between individuals. If a compound has an average
bioavailability of 5%, it would easily vary in the range of
0.5-10%, a 20-fold difference. This difference makes the
selection of an appropriate dose particularly difficult since
too little may yield no impact and too much could result in
toxicity, which is not acceptable for most drugs that desire
chronic administration.

The reasons why oral bioavailability is such a chal-
lenge for development of drugs or drug-like substances
(e.g., nutraceuticals) are several-fold: first, many physic-
ochemical and biological factors contribute to the bioavail-
ability of a compound; second, many scientific disciplines
are involved but few, if any, scientists are good at more
than one specific area; third, reliable scaling from ani-
mal models to humans is often absent; and fourth, oral
bioavailability is often seriously affected by diet and
polypharmacy, neither of which can be adequately con-
trolled in a standard clinical trial, considering the diversity
of the population—the elderly and seriously ill patients.
In addition, we are normally able to gain access only to
limited body fluids such as blood and urine, and fluids
surrounding the target tissues/cells are often not accessi-
ble. This limitation makes bioavailability, a measure of the
extent and rate of absorption and the elimination processes,
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Figure 1.1 Organ bioavailability barriers to drugs. The processes that include dissolution from
the solids to molecules, transport of the dissolved molecules via passive and carrier-mediated
uptake transporters into the cells, and phase I and phase II metabolism inside the enterocytes and
beyond are depicted. Drug metabolism mostly occurs in the liver. Drug elimination is mainly via
bile and kidney, so other elimination route (e.g., exhalation) is not shown. (See insert for color

representation of the figure.)

really representing only systemic blood exposure to drugs
(Fig. 1.1). Therefore, it is not surprising that bioavailability
would sometimes not satisfactorily correlate with efficacy.

Oral bioavailability remains a major challenge to
the development of nutraceuticals and naturally derived
chemopreventive agents. For example, many scientists are
interested in developing plant-derived polyphenols into
chemopreventive agents. Polyphenols are derived from
plants and consumed in the form of fruits, vegetables,
spices, and herbs. In different regions of the world, a
large percentage of dietary polyphenols are consumed
in the form of flavonoids from various sources of food
intake, although cultural and dietary habit dictates which
forms of polyphenols are consumed (Fletcher, 2003; Slavin,
2003; Aggarwal et al., 2007). On the other hand, a large
percentage of population do not take sufficient quantities
of fruits and vegetables for a variety of reasons (Adhami
and Mukhtar, 2006). Therefore, scientists are interested
in developing a pill that will mimic the effects of
ingesting fruits and vegetables. Yet, today their effort
has not produced a single polyphenolic chemopreventive
agent; the unsuccessful attempt may be attributed to the
poor bioavailability of polyphenols (usually <5%). Poor
bioavailability makes the evaluation of a chemopreventive
agent a particular challenge, since the clinical trials for
chemopreventive agents often involve a large population
for a prolonged period and extremely high costs.

When all of the above-mentioned challenges are taken
into consideration in the product development of drugs or
chemopreventive agents, it is obvious that developing an
appropriate oral dosage form for drug candidate or can-
didate of chemopreventive agent is not a trivial or straight
forward task. Although pharmaceutical scientists have great
difficulty in predicting and enhancing bioavailability, the
reward is also immense as the vast majority of top rev-
enue and prescription leaders are orally administered drugs.
Therefore, we devote this chapter to briefly introduce each
of the factors that influence bioavailability and guide the
readers to the appropriate chapters in this book where they
can obtain in-depth contents of each related topic.

As an oral dosage form enters the oral cavity and then
the gastrointestinal (GI) tract, several barriers must be
overcome before it can reach the systemic circulation and
the therapeutic target. On its way to the therapeutic target,
a drug in a given dosage form will need to first overcome
the preabsorption barrier formed by the hostile acidic and
enzymatic environment in the stomach and intestine. Then
the drug would encounter the primary barrier formed by
the biological membrane, that is, the wall of the GI tract.
Once a drug successfully passes the intestinal epithelium
barrier, the drug will need to overcome another barrier
consisting of transporters and enzymes, which utilize the
efflux mechanism to pump the drug back to the intestine
and degrade the drug via the first-pass effect. There are



many factors that will affect a drug molecule’s ability
to overcome these barriers to reach and remain in the
systemic circulation. These factors include the inherent
physicochemical properties of the drug molecules, biologi-
cal characteristics of the GI tract, pathophysiological state,
drug—drug or drug—food interactions, etc.

1.1.1 Physicochemical Factors

Various physicochemical factors will affect the oral
bioavailability of a drug. The importance of physicochemi-
cal properties of a drug molecule in drug absorption or per-
meation was illustrated by Lipinski’s “rule of 5 (Lipinski
et al., 2001). Because of the importance of physicochemi-
cal properties, a thorough characterization of drug substance
would provide fundamental information for drug discovery,
as well as for formulation and dosage form development.
The characterization of key physicochemical properties of
drug substances is described in Chapter 2. One of the key
physicochemical properties that play a crucial role in the
drug absorption/permeation is solubility. Solubility defines
the maximum concentration of a drug available for absorp-
tion or permeation, while another important physicochem-
ical property, dissolution rate, controls the rate of the drug
available for absorption or permeation. Factors that affect
solubility and dissolution rate surely will also influence the
bioavailability of the drug. Variation of pH in the GI tract
causes drugs to behave differently in terms of solubility and
dissolution rate along the GI tract. For an acidic drug, a low
solubility and slow dissolution rate in the stomach, where
pH is low, can be expected, while for a basic drug, poor sol-
ubility owing to precipitation in the intestinal fluids, where
pH is high, would happen. An understanding of the basic
concept of solubility and dissolution rate forms a solid foun-
dation for comprehending bioavailability. Physicochemical
factors also dictate the permeability of drug molecules.
Solubility and permeability of a drug are such important
factors for drug absorption or bioavailability. The combined
effect of these two factors would determine the developa-
bility and bioavailability of a compound to a certain extent.
Chapters 3 and 4 discuss the two important factors related
to drug absorption, namely, solubility and dissolution rate.
Chapter 6 provides the fundamentals for drug permeation
or absorption. Chapter 7 correlates the physicochemical
parameters in vitro and in vivo.

1.1.2 Biological Factors

Oral delivery is a preferred route for the administration
of small molecule drugs, because the intestine has a very
large surface area, in excess of 200 m?, which is the
size of a tennis court. Since oral absorption is limited by
the drugs with molecular weight <600Da and effective
absorption window in the GI tract, permeability of drug
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through intestinal membrane, physiology of GI tract, and
metabolism of drugs in absorption and transport have
become important factors with respect to bioavailability.

GI tract is not always a hospitable place for drug
absorption. Enzymes are secreted in the GI tract at a
rate of about 45g per day in adult humans. Although
the primary functions of these enzymes are to digest
nutrients such as protein, carbohydrates, and nucleotides,
their presence is one of the primary reasons why protein
and genetic materials (for gene therapy) cannot be delivered
orally, unless special formulation approaches are used.
In addition to surviving in the hostile environment, a
drug needs to overcome the barriers posted by the
intestinal epithelium. Intestinal epithelium is a complex
tissue with advanced cellular structures and metabolic
functionality. The presence of cellular junctions, especially
tight junction, severely impedes the passage of molecules
with molecular weight >200Da via the paracellular route.
Therefore, the vast majority of the drug molecules must
use the transcellular route. Transcellular route is affected
by a myriad of interrelated but sometimes competing
biological factors. Although it was always believed that
lipophilic molecules have an easy access to the transcellular
route, the presence of various efflux transporters that
preferentially bind with lipophilic molecules could seriously
limit the absorption of lipophilic molecules. In addition,
if a molecule is too lipophilic (e.g., log P >5), it may
be retained in the cellular membrane. Because intestinal
epithelial cells have a functional existence of only three
to four days (near or at the tip of the intestinal villus),
molecules that bind too tightly will be eventually lost
when the epithelial cells slough off. Hydrophilic drug
molecules with molecular weight >200 Da cannot penetrate
the intestinal epithelium by passive diffusion; they must
have special structural motifs that make them attractive for
the nutrient transporters such as amino acid transporters
(Chapter 17), the small peptide transporter 1 (or PepT1)
(Chapter 18), organic ion transporters (Chapter 19), and
nucleobases transporters. Assuming drug molecules get
into the epithelial cells, there are intestinal first-pass
metabolisms capable of further degrading their chance
to reach the systemic circulation. These metabolisms are
primary phase II metabolism although CYP3A4 is thought
to be decently active in the enterocytes. In Chapters 5, 6,
8, and 10, the barriers to oral bioavailability have been
described in greater details, with emphasis on GI biology
(Chapters 5 and 16), drug absorption (Chapter 6) and
metabolism pathways (Chapter 8), and drug excretion by
the enterocytes (Chapter 9).

The last major barrier to oral bioavailability, perhaps
the most well-known one, is the first-pass metabolism in
the liver. Since all drugs absorbed via the GI tract (except
the last few centimeters of the rectum) have to enter the
portal vein and encounter hepatocytes (each of which can
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be called metabolic superstar), escaping liver metabolism
is the last step in the oral absorption process.

In addition to these important factors, protein binding,
which affects drug distribution and free drug available for
metabolism, has also featured in this book (Chapter 11).
Lastly, another general factor that affects the systemic
exposure, elimination via urine, is discussed in Chapter 12.
Taken together, substantial information is provided on the
pharmacokinetic behaviors of drugs following oral admin-
istration (Chapter 13), many of which can be explained
using the information learned from previous chapters.

1.1.3 Diet and Food Effects

Development of drugs is becoming more global and multi-
dimensional. The day where a standard diet is appropriate
for clinical trials across the globe is probably over. Tradi-
tionally, diet and food effects have focused on the protein
content, caloric intake, and fat amounts, and few if any have
carefully examined the effects of other more exotic dietary
components such as spices. More recently, consumers are
taking ever large quantities of dietary supplements with
increasing frequency and variety. Although we are unable
to completely address how these changes in the diet will
impact drug bioavailability, various attempts have been
made. Chapter 14 has shed some light on this topic.

1.1.4 Drug Interactions

Drug interactions remain a serious concern for the develop-
ment of new drugs. On the basis of the target patient popula-
tion, certain types of drug interactions are not acceptable to
the manufacturer, FDA (Food and Drug Administration of
the United States of America), or both. Traditionally, drug
interactions are classified into pharmacodynamic interac-
tions and pharmacokinetic interactions and this book mainly
deals with the latter in Chapter 15, since it is a book focused
on oral bioavailability.

Classical pharmacokinetic drug interactions typically
involve phase I metabolic enzymes, and clinical examples
of this type of interactions are well documented in the
literature. From a pharmacokinetic point of view, drug
interaction may cause a rise or a fall in body exposure of
drug, that is, change in Cp,,x (maximal drug concentration)
and/or AUC (area under the curve) values. From a
mechanistic point of view, a rise in exposure is typically
related to inhibition of enzyme activities or down regulation
of relevant metabolic enzymes, whereas a fall in exposure
is typically related to activation of dormant enzymes or
induction of relevant metabolic enzymes.

More recently, FDA is contemplating the inclusion of
efflux transporters into the drug interaction universe, and
provisional guidance has been issued. This could further
complicate the drug development process and increase

the complexity and cost of development. The reasons are
several-fold. First, many drugs undergo efflux and phase
I metabolism simultaneously and therefore it is difficult
to sort out the precise mechanisms of drug interactions.
Second, there are few demonstrated clinical cases where
interactions with efflux transporters have been confirmed
as the sole source of drug interactions. Third, metabolic
enzymes may develop significant interplay with the efflux
transporters such that it would be necessary to interact
with both components of the disposition in order to display
clinically significant effects. Many of these are discussed
in Chapter 26.

1.1.5 Formulation Factors

Based on the physicochemical and biological factors that
affect the bioavailability, we can use different strategies to
overcome the barriers for bioavailability (Chaubal, 2004).
One can design a dosage form that can avoid the harsh
environment in the stomach or optimally utilize the absorp-
tion window. For example, an enteric-coated dosage form
will not dissolve until it reaches the intestine while a gas-
troretentive drug delivery system can prolong the resident
time of dosage forms in the GI tract. Oral dosage forms can
be coated with rate-limiting membranes that can control
the rate of drug release from the dosage form. Increased
solubility and dissolution rate are effective ways to improve
bioavailability. One can create an effective dissolution rate
that supplies the proper amount of soluble drug for absorp-
tion. Nanoparticles are increasingly becoming an important
part of modern drug dosage form design as incorporation of
nanoparticles can often alleviate challenges associated with
poor solubility. Varieties of pharmaceutical technologies
and drug delivery approaches have been used to improve
the physicochemical properties of the drugs. Approaches
for various dosage form design and solubility/dissolution
enhancement can be found in Chapters 20 and 21.
Enhancement of solubility and dissolution rate allows
formulation scientists to manipulate the factors related to
drug substances for improving bioavailability. To improve
bioavailability, one can also modulate the permeability of
drug across the intestinal epithelium. Chapters 22 and 23
represent some of the attempts in this direction.

1.2 SCIENTIFIC DISCIPLINES INVOLVED

It was once thought that the intestinal tract is a very accom-
modating organ for drug absorption because this organ is
built to absorb nutrients. If drugs are good for us, should
the intestinal tract be there to do what benefits us? It was
not until 1990s that the myth—if medicinal chemists can
develop active compounds in vitro, formulation scientists
can make a finished product to deliver them in vivo—was
found to be untrue. Development of two classes of



compounds, renin inhibitors and HIV protease inhibitors,
convinced drug development scientists and senior manage-
ment in pharmaceutical companies that oral bioavailability
matters because the intestine is not just an absorption organ.

Scientists with various training and education back-
grounds are involved in the development of orally
administered drugs. Aside from classical biologists and
medicinal chemists that are involved in the drug discov-
ery phase, more preclinical ADME (absorption, distribu-
tion, metabolism, and excretion) works are now integrated
into the drug discovery area. Once a candidate is selected,
additional ADME work plus toxicology will be needed
to further advance the candidate into clinical trials. Then,
physician researchers, nurse practitioners, biostatisticians,
marketing professionals, and pharmaceutical economists
become involved in the clinical studies. At the same time, a
different group of scientists, many with engineering back-
ground, are making decisions on the manufacturing and
processing parameters. Therefore, it is not entirely unex-
pected that scientists in different groups do not always
have the proper background to fully understand each other.
One of the purposes of this book is to provide an easy-
to-understand section for the scientists in different areas to
understand ADME and their terminologies.

One of the important goals of this book is to give a prac-
tical guide to the use of several state-of-the-art technologies
and methodologies to readers who may or may not be famil-
iar with these techniques in order to gain a basic understand-
ing and knowledge for practical approaches and/or methods.
The readers can dive into the contents ranging from
advanced reviews on various important efflux transporters
that affect drug absorption and excretion (Chapter 24),
to the coupling between efflux transporters and enzymes
(Chapter 25), to computational methods and approaches to
predict bioavailability (Chapter 33). For the technology and
methodology, the readers can find a detailed description on
the Caco-2 cell culture model (Chapter 27), MDCK (Madin
Darby canine kidney and other related cell culture models
(Chapter 28), intestinal perfusion (Chapter 29), liver perfu-
sion (Chapter 30), primary hepatocytes (Chapter 30), in vivo
pharmacokinetics (Chapter 31), and methods to determine
regulation of enzymes and transporters (Chapter 32).

Rapid advances in the human genomics and proteomics
promise to better predict factors determining human
responses to drugs. Although the price of sequencing the
whole human genome remains out of the practical range at
present, rapid advances in this area are expected to make
the practice an economic reality in the not so distant future.
Recent passage of a law by the Congress of the United
States of America to ban discrimination based on genetic
information should provide the legal framework to protect
an individual’s right to utilize his/her genetic information
for better health care. This law and progress in the
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economics of human genome sequencing will mean that,
in the near future, we could develop criteria that will dose
patients according to his/her genetic makeup—a radical
progress in the field of individualized pharmacy. We will
all welcome the day that geneticists become active partic-
ipants in the drug development process, instead of limiting
their participation only in the drug discovery process.

1.3 SUMMARY AND OUTLOOK

Oral bioavailability remains a big challenge for small
molecules, and an even bigger challenge for macromolec-
ular drugs such as protein. Despite decades of effort, there
is no product for oral insulin. This book devotes itself to
the study of various biological and physicochemical prin-
ciples and methodologies that can be used to understand
the oral bioavailability problems and to devise strategies
that can be used to overcome these problems. Although
we still cannot predict bioavailability as a priori at this
time, it is getting closer to the moment when we would be
able to do so for the small molecular drugs. Efforts under-
taken by various drug delivery companies are on the brink
of achieving oral delivery of active insulin. Therefore, the
science of oral bioavailability is closer than ever in the his-
tory of drug development to become an enabler of drug
development, instead of an obstacle to drug development.
Together with the advent of individualized genomic infor-
mation, we are heading to a day when each of the patients
could receive drug according to his/her conditions. We are
all very hopeful that this day is within our grasp in the near
future.
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