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Abstract

The oral bioavailability of many lipophilic bioactive agents (pharmaceuticals and
nutraceuticals) is limited due to various physicochemical and physiological processes:
poor release from food or drug matrices; low solubility in gastrointestinal fluids;
metabolism or chemical transformation within the gastrointestinal tract; low epithelium
cell permeability. The bioavailability of these agents can be improved by specifically
designing food matrices that control their release, solubilization, transport, metabolism,
and absorption within the gastrointestinal tract. This article discusses the impact of food
composition and structure on oral bioavailability, and how this knowledge can be used to
design excipient foods for improving the oral bioavailability of lipophilic bioactives.
Excipient foods contain ingredients or structures that may have no bioactivity themselves,
but that are able to promote the bioactivity of co-ingested bioactives. These bioactives
may be lipophilic drugs in pharmaceutical preparations (such as capsules, pills, or syrups)
or nutraceuticals present within food matrices (such as natural or processed foods and

beverages).

Keywords: bioactives; lipophilic; nutraceuticals; pharmaceuticals; drugs; excipient

foods; medical foods; functional foods; food effects; delivery systems.
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1. Introduction

Many bioactive agents present in foods (nutraceuticals) or drugs (pharmaceuticals)
intended for oral ingestion are highly lipophilic molecules with low and/or variable

bioavailability '°.

The poor bioavailability characteristics of these bioactive agents may
be the result of a number of physicochemical or physiological processes: restricted
release from the product matrix ’; low solubility in gastrointestinal fluids > *; low
permeability across intestinal epithelial cells ®°; and/or, enzymatic or chemical

3,10, 11

transformations within the gastrointestinal tract (GIT) Research in the food,

nutrition, and pharmaceutical disciplines has established that the bioavailability of many

bioactive agents depends strongly on the nature of the foods ingested with them 3> %

1216 Both the composition and the structural organization of the food matrix may
influence the bioavailability of co-ingested bioactive agents '’.  The dependence of the
oral bioavailability of lipophilic bioactive agents on food matrix characteristics means

there is considerable opportunity for designing food-based delivery systems to improve

the efficacy of lipophilic pharmaceuticals and nutraceuticals.
2. Medical, Functional and Excipient Foods

There is increasing convergence in the interests of the pharmaceutical and food
industries in the development of products to prevent or treat human diseases (Figure 1).
The pharmaceutical industry is developing drug preparations to combat chronic or acute
diseases, whereas the food industry is developing food and beverage products whose
purpose is to promote human health and wellbeing through diet. In particular, there is a
considerable overlap in the development of food-based approaches to improve the
bioavailability of lipophilic bioactive agents, such as nutraceuticals and pharmaceuticals.
These approaches are based on the design of the composition or structure of food

matrices to increase bioavailability and have led to new classes of foods: functional foods;
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medical foods; and, excipient foods (Figure 2).

2.1. Functional foods

A functional food is fabricated from generally recognized as safe (GRAS) food
ingredients, and typically contains one or more food-grade bioactive agent
(“nutraceuticals”) dispersed within a food matrix. There are already many examples of
functional food products that are commercially available, including milks fortified with
vitamin D, yogurts fortified with probiotics, spreads fortified with phytosterols, and
breakfast cereals fortified with -3 fatty acids, vitamins, and minerals. A great deal of
research is currently being carried out on identifying other kinds of nutraceuticals, and it
will be important for the food industry to clearly demonstrate their health benefits before
they can be successfully incorporated into functional food products and obtain regulatory

and consumer acceptance.

2.2. Medical foods

A medical food contains one or more pharmaceutical-grade bioactive agents (drugs)
dispersed within a food matrix. This food matrix may be a traditional food type (such as a
beverage, yogurt, or confectionary) or it may be a nutritional fluid that is fed to a patient
through a tube. A medical food is usually administered to treat a particular disease under
medical supervision. A number of medical foods are commercially available that are
specifically designed to manage or treat various diseases, such as Alzheimer’s, diarrhea,

depression, diabetes, and osteoporosis.

2.3. Excipient foods

In this article, a new class of foods designed to improve the bioavailability of orally
administered bioactive agents is introduced: excipient foods. An excipient is
conventionally defined as a component that is not bioactive itself but is included in a

2,18-20

pharmaceutical preparation to increase the efficacy of a drug Some commonly
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used excipients in the pharmaceutical industry include lipids, surfactants, synthetic
polymers, carbohydrates, proteins, cosolvents, and salts. By analogy, an excipient food
may not have any bioactivity itself, but it may increase the efficacy of any nutraceuticals
or pharmaceuticals that are co-ingested with it. Excipient foods are therefore meant to
be consumed with a conventional pharmaceutical dosage form (e.g., capsule, pill, or
syrup), a dietary supplement (e.g., capsule, pill, or syrup), or nutraceutical-rich food (e.g.,
fruits, vegetables, nuts, seeds, grains, meat, fish, and some processed foods). It is likely
that different kinds of excipient foods will have to be designed for different types of
bioactive agents or delivery matrices. Some examples of excipient foods that could be
developed to increase the bioavailability of nutraceuticals in foods are shown in Table 1.
For example, the bioaccessibility of carotenoids in a salad may be increased by
consuming it with a specifically designed salad dressing. This dressing may contain
various food components that increase the bioavailability of the nutraceuticals in the
salad: lipids that increase intestinal solubility; antioxidants that inhibit chemical
transformations; enzyme inhibitors that retard metabolism; permeation enhancers that
increase absorption; efflux inhibitors. Indeed, previous studies have shown that the
bioavailability of oil-soluble vitamins and carotenoids in salads can be increased by
consuming them with dressings containing some fat '*, which supports the concept of

excipient foods.
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Table 1: Examples of excipient foods that could be designed to improve the

bioactivity of nutraceuticals in foods.

Nutraceuticals Food Source Potential Excipient Foods
Carotenoids Salad (lettuce, kale, carrot, Salad Dressing
tomato, peppers ...)
Carotenoids Cooked vegetables (carrot, Sauce
peppers, spinach, kale...)
Carotenoids, Vitamins, Nuts and Seeds (almonds, Edible Coatings

Phytosterols/stanols

peanuts, sunflower seeds...)

Flavonoids, Vitamins

Fruits and Berries (blueberry,

Cream, Ice Cream, Yogurt

strawberry, raspberry, apple,

pear..)
Phytosterols/stanols Nuts Sauce, Edible Coatings
CLA Meat and dairy products Sauce
(beef, cheese, ...)
-3 Oils Fish Sauce

In principle, a wide variety of different food products could be used as excipients to
increase the bioactivity of lipophilic bioactives, such as beverages, yogurts, dressings,
desserts, sauces, soups, dips, spreads, candies, and baked goods. These excipient foods
need to be selected so that they are economic, convenient, desirable, and effective, and
that can be regularly incorporated into a daily diet.

In the remainder of this review, we initially consider the design of excipient foods,
then we highlight the main factors limiting the bioavailability of lipophilic bioactive

components, and then we discuss the impact of food matrix composition and structure on

bioavailability and how this leads to the concept of excipient foods and excipient food
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ingredients.

3. Design of Excipient Foods

Excipient foods may be fluids, semi-solids, or solids that may be consumed by
drinking (beverages) or eating (foods). A number of different factors must be
considered when designing excipient foods. First, the composition and structure of the
food matrix should be designed to increase the bioavailability of co-ingested bioactive
agents. This depends on knowledge of the influence of specific food components and
structures on the biological fate of the bioactives. Second, the food matrix should be
designed so that the product is desirable to consumers or patients to ensure good
compliance, e.g., the food should have a desirable appearance, texture, mouthfeel, and
flavor *'.  Third, foods or beverages should be chosen so that they can be consumed on a
regular basis with drugs or foods containing nutraceutical agents (such as fruits and
vegetables). This restricts the type of products suitable for use as excipient foods to
those that can easily be incorporated into a daily diet. Fourth, the product should have a
sufficiently long shelf life and not take up too much storage space, since it is impractical
for consumers to purchase a product too frequently. Some potential candidates for
excipient foods that meet most or all of these requirements are fruit drinks, teas, coftfees,
dairy beverages, creams, yogurts, margarine, butter, cheese spreads, desserts,
confectionary, and crackers. The nature of the excipient food might depend on the type
of drug or nutraceutical-rich food that is being consumed. For example, an excipient
food suitable for increasing the bioavailability of the nutraceuticals in fruits (such as
apples, pears, blueberries, strawberries, or raspberries) might consist of a specially
designed cream, yogurt, or ice cream. On the other hand, an excipient food suitable for
increasing the bioavailability of nutraceuticals in cooked or raw vegetables (such as
carrots, broccoli, spinach, or kale) might consist of a specially designed pouring sauce or

salad dressing.
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3.1. Potential benefits of excipient foods

There are several potential benefits of developing excipient foods to increase the
bioavailability of nutraceuticals and drugs. The long-term consumption of low levels of
nutraceuticals may improve human performance, enhance wellbeing, or inhibit the onset
of chronic diseases, such as heart disease, diabetes, hypertension, and cancer >, This
would increase the quality of life of the general population and reduce the costs of health
care associated with treatment of these chronic diseases. At present, the bioavailability
of the nutraceuticals in many natural sources, such as fruits and vegetables, is relatively
low, and therefore their potential benefits on long-term human health are not being fully
realized . In addition, it is well established that the oral bioavailability of many
lipophilic drugs is relatively low and variable, which reduces their efficacy and can lead

2,22

to undesirable side effects The development of specially designed excipient foods

that enhance bioavailability and bioactivity may be able to overcome these problems.

3.2. Limitations of excipient foods

The development of successful excipient foods faces a number of technical, legal,
and commercial challenges. In particular, there are important differences in the ability
to prove the impact of excipient foods on the bioactivity of drugs and nutraceuticals.
Drugs can be administered in well-defined doses at specified times thereby enabling
pharmaceutical researchers to carry out studies to establish their efficacy against specific
disease symptoms or biomarkers. Thus the impact of excipient foods on drug
bioactivity can be established using well-controlled experiments that involve taking the
drug in the absence or presence of the excipient food. In contrast, nutraceuticals are
typically consumed at relatively low levels as part of a complex diet over extended
periods. Hence, it is often difficult to establish a strong correlation between the type and
amount of nutraceutical consumed and a particular disease. This would make it

challenging to prove the efficacy of excipient foods at improving human health and
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wellness since long-term studies would be needed with well-controlled diets.
Consequently, it would be difficult for food manufacturers to provide the scientific
evidence required by regulators to make specific health claims about an excipient food
product in their advertising or labeling. In the absence of this kind of competitive
advantage food companies may be reluctant to spend research funds on developing and
testing the efficacy of excipient foods. Nevertheless, one might be able to make the
simpler claim that excipient foods increase the bioavailability of specific food
components, such as carotenoids or oil-soluble vitamins. Another unique challenge that
the food industry faces is in controlling the dose and timing that a nutraceutical
containing food and an excipient food are consumed. = Pharmaceuticals are usually
taken in well-defined doses at specific times, whereas nutraceutical agents may be
present in various types of foods that are consumed in different amounts by different
individuals as part of a complex diet that contains other components that could affect
bioavailability. The time that an excipient food is consumed relative to a
nutraceutical-rich food may also be important for the efficacy in enhancing bioavailability,
e.g., before, during, or after consumption.

Another potential challenge is that an individual may consume a number of different
kinds of foods containing nutraceuticals, or a patient may need to take more than one
kind of drug per day. It may be necessary to design different kinds of food matrices in
excipient foods for different kinds of nutraceutical-rich foods or drugs. In addition,
different individuals or patients have different food preferences and so a range of
different kinds of excipient product types may be required, e.g., fruit drinks, yogurts,
candies, deserts, spreads with different flavors.

Another potential issue with the development of excipient foods is their potential
adverse side effects on human health. For example, the metabolizing enzymes and

efflux transports in epithelial cells usually protect the human body from the effects of any
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harmful substances that have been ingested .  If bioactive agents are incorporated into
foods that appreciably alter these mechanisms, then they might increase the uptake of
harmful substances that could have adverse effects on health and wellness. For example,
some excipient food ingredients could increase the bioavailability of toxic substances
found in foods. In addition, certain bioactive components may be beneficial to human
health in relatively low doses, but have adverse effects at relatively high levels. In this
case, the ability of an excipient food to greatly enhance the bioavailability of a bioactive
component could be detrimental.

Finally, if excipient foods are going to be marketed to consumers, it will be
important to educate them about their potential risk and benefits, and to provide advice
about which excipient food should be consumed with which nutraceutical-rich food.

For example, a dessert cream may be marketed as an excipient food to be consumed with
berries, whereas a salad dressing may be marketed as an excipient food to be consumed

with salads and vegetables (Table 1).

4. Bioavailability of lipophilic bioactive agents

It is useful to highlight the major factors limiting the bioavailability of lipophilic
bioactive agents since this information will aid in the successful development of
efficacious excipient foods. The oral bioavailability of an ingested bioactive component
depends on the fraction that reaches the target site-of-action in a biologically active form

>, The overall bioavailability (F) of a lipophilic bioactive component depends on

numerous factors (Figure 3) **°:
F=FLXFAXFDXFMXFE (1)
Fy is the fraction of bioactive agent /iberated from its original environment, which

may be a drug preparation or a food matrix, into the GIT so that it becomes bioaccessible

i.e., in a form suitable for absorption (Fr). Fy is that fraction of the liberated bioactive

10
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agent that is absorbed by the epithelial cells within the GIT. Fp is the fraction of absorbed
bioactive agent that reaches the site of action after distribution amongst the various
tissues of the body e.g., blood, liver, kidney, heart, brain, muscles, adipose tissue etc.

Fyu is the fraction of bioactive component that reaches the site of action in a metabolically
active form, which depends on any chemical or enzymatic transformations that take place
after ingestion e.g., hydrolysis, oxidation, and conjugation. Fg is the fraction of
metabolically active bioactive component that remains at the site of action, i.e., has not
been excreted. In reality, each of these parameters varies over time after a bioactive
agent has been ingested to give a profile of bioavailability (F) versus time (¢) at a
specified site of action. Typically, the overall bioavailability increases sometime after
ingestion, and then decreases as the bioactive agent is metabolized, stored, utilized,
distributed, or excreted. Ultimately, the bioactivity of an ingested bioactive component
depends on how its bioavailability changes over time in the target tissue. A number of
physiological and physicochemical factors that influence the bioavailability of lipophilic

26-28
d

bioactive components have been establishe , and are summarized in the following

sections.

4.1 Liberation

A lipophilic bioactive agent must be liberated from a food matrix (e.g., fruit,
vegetable, fish, meat, processed food) or drug preparation (e.g., pill or capsule) and then
solubilized within mixed micelles in the small intestinal fluids before it becomes
accessible for absorption (Figure 3). Mixed micelles are assembled from bile salts and
phospholipids secreted by the body, as well as any lipid digestion products such as
monoacylglycerols and free fatty acids. It should be stressed that the expression “mixed
micelles” actually refers to a compositionally, structurally, and dynamically complex
mixture within the GIT that may contain various colloidal structures, such as micelles,

vesicles, and liquid crystals that changes over time during the digestion and absorption

11
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processes 2. The fraction of an ingested lipophilic bioactive agent that is solubilized
within the mixed micelle phase of the small intestine is usually taken to be a measure of

the fraction that is liberated (F1) in a form suitable for absorption.

4.2. Absorption

Mixed micelles are able to transport solubilized lipophilic bioactive agents through
the mucus layer and to the apical side of the intestinal epithelial cells (Figure 3). The
bioactives may then be incorporated into the epithelial cells through various passive or
active transfer mechanisms *°. At present, it is not clear whether the bioactive agents
are first released from the mixed micelles into the surrounding aqueous phase and then
absorbed, or whether they are absorbed as part of the mixed micelles e.g., by fusion with
the cell membranes. In addition, it is also possible for bioactive molecules trapped
within other types of colloidal particles (such as engineered nanoparticles) to be directly
absorbed by intestinal epithelial cells. Overall, the fraction of the bioactive agent that is
transported into the epithelial cells is usually taken as a measure of the fraction absorbed

(F,) by the body.

4.3. Metabolism

After ingestion, lipophilic bioactive agents may be transformed as they pass through
the GIT or after they have been absorbed due to various chemical processes (such as acid
hydrolysis or lipid oxidation) *' or biochemical processes (such as digestive or metabolic

232332 The presence of digestive enzymes (such as lipases and

enzyme activity)
phospholipases) may catalyze the breakdown of some lipophilic bioactive agents (such as
triacylglycerols, phospholipids or Vitamin E acetate) *>.  The presence of metabolic
enzymes changes the chemical structures of some ingested lipophilic bioactive agents,

thereby altering their physicochemical and physiological characteristics. The extent of

metabolism often depends on the route that the bioactive agents are transported into the

12
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systemic circulation %3,

Strongly hydrophobic agents tend to be transported via the
lymphatic route, whereas less hydrophobic agents tend to be transported via the portal
vein and liver **. Lipophilic bioactives may be highly metabolized when they pass
through the liver before reaching the systemic circulation, thereby altering their
biological activity. In some cases, molecular transformations increase bioactivity,
whereas in other cases they decrease it. The transformation of a lipophilic bioactive as it
travels through the GIT and human body determine the fraction that arrives at the site of
action in a metabolically active state (Fv). The ability to alter the absorption pathway

of bioactive agents by manipulating dietary composition or structure provides an

important way of increasing the bioavailability of certain bioactives.

4.4. Distribution

After a lipophilic bioactive agent has been absorbed it is usually distributed amongst
various tissues within the human body (Figure 3), such as the systemic circulation, liver,
kidney, muscles, adipose tissue, heart, lungs, brain, etc. 35 The distribution of the
bioactive agent depends on the molecular characteristics of the bioactive, as well as those
of any co-ingested food components. The target tissue(s) for a bioactive agent depends
on the nature of the biological response required, such as enhanced performance,
maintenance of general wellbeing, prevention of chronic disease, or treatment of specific

acute diseases.

4.5. Excretion

Lipophilic bioactives and there metabolites are eventually removed from the human
body through a variety of mechanisms, and often end up within the feces, urine, sweat, or
breath *°. It may therefore be possible to increase the bioavailability of an ingested
bioactive by increasing its persistence within the human body. The rate of excretion

determines the fraction of bioactive agent that remains at the site of action (Fg) at a

13
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particular time.

4.6. Improving oral bioavailability

The oral bioavailability of ingested lipophilic agents can be improved by designing
excipient foods that increase the fraction liberated (£7), absorbed (F»), and reaching the
site of action (Fp) in a metabolically active form (). This goal can be achieved by
manipulating the composition and structure of food matrices based on knowledge of the
impact of specific food matrix properties on the biological fate of ingested lipophilic

bioactives (see Section 5).

5. Impact of food matrix on bioavailability

The oral bioavailability of lipophilic bioactives in drugs or foods may be increased
by ingesting them with excipient foods with specifically designed compositions and
structures. In this section, some of the major ways in which food components may alter
the oral bioavailability of lipophilic bioactive agents is highlighted. It is assumed that
an excipient food should be fabricated entirely from food-grade ingredients that are
generally recognized as safe (GRAS). An excipient food could then be marketed and

distributed as a conventional food product with additional health benefits.

5.1. Potential mechanisms of action
The components within an excipient food may alter the oral bioavailability of
co-ingested lipophilic bioactives through various physicochemical or biochemical

mechanisms, which are highlighted in this section.

5.1.1. Bioactive liberation

Prior to ingestion, lipophilic bioactive agents are typically trapped within some kind
of fluid, semi-solid, or solid matrix in pharmaceutical or drug products. For example, a
lipophilic drug may be present within a pill or capsule, whereas a lipophilic nutraceutical

may be trapped inside the cells of a fruit or vegetable or within the fat droplets in a

14
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processed food. The bioactive agents must therefore be liberated from their original
location before they can be solubilized within intestinal fluids and absorbed by the body
(Figure 3). An excipient food may therefore be designed so that it contains specific
ingredients that facilitate the release and solubilization of bioactive agents. The design
of this type of food requires knowledge of the physicochemical and physiological

processes that occur within the human gastrointestinal tract after ingestion (Figure 4).

5.1.1.1. Release from Food or Drug Matrix
The breakdown of the matrix surrounding a bioactive agent within the human GIT is

37-39
739 Foods are

usually carried out by mechanical, chemical, and enzymatic means
usually masticated within the mouth to break them down into smaller fragments prior to
swallowing, whereas pharmaceutical preparations (such as capsules and pills) are usually
swallowed directly. After swallowing, pharmaceutical or drug matrices may be broken
down in the stomach and small intestine due to the mechanical motions of the GIT, e.g.,

38,40, 41

peristalsis or grinding The high acidity and ionic strength of the stomach also

facilitates the dissociation of certain structures, particularly those held together by

electrostatic interactions > *2.

Some matrix dissociation may also occur due to the
simple fact that the material is dissolved within an aqueous environment, e.g., pills,
capsules, or powders formed from water-soluble substances such as carbohydrates or
proteins. The activity of digestive enzymes (such as amylases, proteases, and lipases)
stimulates the breakdown of major food components (such as starches, proteins, and
lipids), which often play an important role in maintaining the matrix structure in foods
and drug preparations. Secreted biological surfactants in the GIT, such as bile salts and
phospholipids, may also facilitate the breakdown of matrix structures held together by
hydrophobic interactions in foods and drug preparations, particularly those containing

lipids or surface active agents.

Excipient foods may enhance one or more of these processes by numerous

15
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mechanisms. Ingestion of an excipient food may stimulate the release of hormones that
promote the release of acids, enzymes, or bile salts within the GIT *****, thereby
promoting the liberation of bioactive agents by facilitating the breakdown of matrix
structures in foods or drug preparations. The co-ingestion of bioactive lipophilic agents
with an excipient food may change their bioavailability by altering their transit time
within the GIT. Food components that delay transit may lead to higher absorption of
bioactive agents since then there is more time for them to be liberated and absorbed.

The presence of fats within an excipient food may facilitate the release of lipophilic
bioactive agents from co-ingested foods or pharmaceuticals by acting as an organic
solvent. Salts, acids, bases, or chelating agents in an excipient food may contribute to
the breakdown of matrix structures in foods or drug preparations by altering the
molecular interactions between structural components. A number of food components
may alter the intestinal pH due to their acidity, alkalinity or buffering capacity **. For
example, ingestion of high amounts of protein may lead to a higher gastric pH due to the
strong buffering capacity of some protein molecules. Changes in pH may alter the rate
and extent of breakdown of food or pharmaceutical matrix structures and therefore the

liberation of bioactive components.

5.1.1.2. Solubilization in Mixed Micelles

After a lipophilic bioactive agent is liberated from the original food or
pharmaceutical matrix it needs to be solubilized within the mixed micelle phase so that it
can be transported to the intestinal epithelial cells. It is well established that
co-ingestion of lipophilic drugs or nutraceuticals with lipids can greatly increase their

213,22 First,

oral bioavailability, which can be attributed to a number of factors
ingestion of lipids stimulates the release of digestive enzymes and bile salts, as well as
increasing GIT transit time. An increase in the bile salt levels increases the

solubilization capacity of the intestinal fluids, whereas as an increase in GIT transit time

16
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increases the time available for any ingested bioactive agents to be liberated, solubilized,
and absorbed. Second, the digestion of co-ingested lipids (triglycerides) within the GIT
leads to the formation of free fatty acids (FFA) and monoacylglycerols (MAG) that are
incorporated into the mixed micelles in the small intestine thereby increasing their
solubilization capacity for lipophilic bioactives (see later section). Third, ingestion of
any surface active substances (such as phospholipids or surfactants) may also increase the
solubilization capacity of the intestinal fluids due to their ability to be incorporated into

mixed micelles .

5.1.1.3. Alteration of Mass Transport Processes

The liberation of lipophilic bioactive agents within the GIT often depends on the
mass transport of reactants, catalysts, and products from one location to another.
Digestive enzymes must come into close proximity to their substrates before they can
carry out their catalytic actions. Bioactive agents solubilized within mixed micelles
must be transported through the lumen and across the mucous layer before they can be
absorbed by epithelial cells (Figure 5). The rate and extent of liberation of bioactive
agents from food or drug matrices may therefore be controlled by incorporating food
ingredients within excipient foods that alter mass transport processes within the lumen of
the GIT. In general, mass transport may occur by convective or diffusive processes,
depending on the structural and physicochemical properties of the intestinal fluids and the
flow profile within the region of the GIT involved **. The mechanical forces generated
by the GIT mix components together and help move them from one location to another **
% Nevertheless, there are regions within the GIT where mass transport is primarily
diffusion-limited, e.g., the movement of small molecules through gelled phases.
Excipient food components may be able to alter diffusion-limited or convection-limited
processes by various mechanisms: binding to bioactive agents; altering the microscopic

or macroscopic rheology of the intestinal fluids; altering GIT motility. For example,

17
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some biopolymers are able to form viscous solutions or gels under simulated
gastrointestinal conditions, and may therefore be able to alter mass transport and transit
times, which in turn alter important events affecting the release and processing of

51,52

bioactive agents Cationic biopolymers, such as chitosan, are able to bind anionic

bile salts and free fatty acids, and therefore alter their mass transport >* %,

5.1.1.4. Alterations in Gut Motility

Certain kinds of food components have been shown to alter the motility of the GIT,
e.g., gastric emptying time or the mechanical actions of the stomach and small intestine '®
3238 " The co-ingestion of a bioactive agent with a meal often increases the length of
time it spends within the stomach '°.  Specific phytochemicals, such as piperine, have
also been shown to inhibit gastric emptying >>. The longer a food spends within the
stomach the greater time there is for the breakdown of any matrices that normally inhibit
the liberation of the bioactive agents into the intestinal fluids (e.g., cell walls in plant
tissues or solid drug forms). In addition, an increase in gastric emptying time may
increase the amount of digestion, metabolism, or chemical transformation of a substance
that occurs within the stomach. In some cases, this may increase the bioavailability of
an ingested nutraceutical or pharmaceutical, e.g., if the transformed form has a higher
bioavailability than the original form, or if some of the components released from the
food matrix increase the subsequent solubilization or absorption of the bioactive agents.
In other cases, an increase in gastric retention may decrease bioavailability, e.g., if the
transformed form has a lower bioavailability than the original form, or if some of
components released from the food matrix inhibit the subsequent solubilization or
absorption of the bioactive agents. Furthermore, an increase in the gastric emptying time
also slows down the rate at which bioactive agents are transported to small intestine,
which may have a significant impact on their absorption and metabolism in the small

intestine.
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5.1.2. Bioactive absorption

There are numerous physicochemical and physiological mechanisms by which food
matrix components could alter the absorption of co-ingested lipophilic bioactive agents.
A number of the most important mechanisms that might be used in the development of

excipient foods are highlighted in this section.

5.1.2.1. Increase in membrane permeability

The bioavailability of some lipophilic bioactive agents is limited by their transport
across the layer of epithelial cells surrounding the GIT °*>’. When bioactive agents reach
the apical side of the intestinal epithelial cells they may be transported into the systemic
circulation by a number of passive or active transport processes (Figure ). The precise
mechanism(s) involved depend on the molecular characteristics of the bioactive, the
nature of any particles that the bioactive might be trapped within or bound with, the
composition and structure of the surrounding intestinal fluids, and the region of the GIT
where absorption occurs.

The two major types of epithelial cells that line the gastrointestinal tract in regions

s8-6l, Enterocytes

where the majority of absorption occurs are enterocytes and M-cells
are the most numerous type of cell lining the GIT, and they are where most of the
absorption of molecular forms of drugs and nutraceuticals occur. Enterocytes also have
ability to absorb certain types of particulate matter. Conversely, M-cells are much less
numerous than enterocytes, typically occupying less than 1% of the epithelium surface,
but they are much more efficient than enterocytes at absorbing particulate matter.
M-cells are mainly found in specialized regions on the epithelium surface referred to as
“Peyers patches”, which are primarily responsible for absorbing ingested antigens, such
as macromolecules, microorganisms, and certain types of particles. The absorbed
particles are then transported to the underlying lymphoid system where they promote

: 58, 62
Immune responses = .
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Molecules and particles reaching the epithelial cells may be absorbed through a
number of mechanisms depending on their characteristics °'**:

Paracellular: Small molecules and particles are able to pass through the narrow gaps
(“tight junctions”) that separate neighboring epithelial cells (Figure 5). Typically, only
substances that are smaller than a few nanometers are able to pass through the tight

junctions. However, some substances found in foods have been shown to be capable of

increasing the dimensions of the tight junctions and may therefore be able to enhance

65, 66 67,68

transport by this mechanism *, e.g., some surfactants , polymers , minerals *,
and chelating agents "°.  Specific examples of food-grade substances that might be used
to increase the permeability of epithelial cells by increasing the dimensions of the tight

771 the mineral zinc

junctions include the surfactant Tween 80 ®°, the polymer chitosan
% and the chelating agent EDTA ™.

Transcellular —Molecules and particles may also be transported through epithelial
cell membranes by passive or active transport mechanisms (Figure §). Many fairly
lipophilic molecules are transferred across cell membranes by a passive mechanism.
After encountering the epithelial cells, they are solubilized within the non-polar
phospholipid tails that make up the phospholipid bilayer of the cell membrane. After
moving across the cell membrane, they are incorporated into various vesicle-like
structures on the other side, which then move them into the cell interior. ~Other types of
molecules (particularly more hydrophilic ones) are transferred across the cell membrane
by membrane protein-transporter systems. The absorption of particles that are small
enough to travel through the mucus layer and reach the surface of the epithelial cells
typically occurs by an “endocytosis” mechanism ®'.  In this case, particles come into
contact with the outer wall of the cell membrane, the membrane then wraps itself around

the particle, and then part of the membrane buds-off to form a vesicle-like structure with

a particle trapped inside that moves into the interior of the cell. This process may occur
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in enterocyte cells, but is typically much more active in M-cells. The critical cut-off
particle size for endocytosis has been estimated to be from less than 50 to around 100 nm
for enterocyte cells, and to be from 20 to 500 nm for M-cells.

Certain types of molecules present in foods may be able to increase the transcellular
uptake of lipophilic bioactive agents by epithelial cells by altering cell membrane
permeability. Piperine (a compound found in black pepper) has been shown to be
capable of increasing cell membrane permeability *>.  Food grade surfactants (sucrose
monoesters) have also been shown to increase membrane permeability to model drugs 2.
Rhamnolipids have been shown to increase both transcellular and paracelluar transport of
model drugs ”°.

Persorption: Molecules or particles may also be absorbed through temporary pores
formed in the layer of epithelial cells lining the GIT due to gaps formed when some of the

cells are shed and replaced .

5.1.2.2. Inhibition of efflux mechanisms

The bioavailability of certain types of lipophilic bioactive agents is limited due to the
presence of efflux mechanisms in the membranes of the intestinal epithelial cells >"7* 7.
After absorption by epithelial cells, some bioactives are transported back into the
intestinal lumen by specific transports at the apical side of the cell membrane. For
example, both P-glycoprotein (P-gp) and multidrug resistant protein (MRP) have been
shown to pump out a wide range of lipophilic bioactives from epithelial cells lining the
GIT ™. This efflux process can reduce the bioavailability of bioactive agents by two
mechanisms: (1) decreasing the total amount absorbed; and, (i1) increasing the extent of
metabolism within the GIT if the bioactive is pumped out and then reabsorbed, which
increase exposure of the bioactive to metabolizing enzymes inside of the epithelial cells.

Certain types of food-grade components have been shown to be able to block efflux

mechanisms, and thereby increase the net absorption of lipophilic bioactive agents by

21



Page 23 of 43

509
510
511
512
513
514
515
516

517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533

Food & Function

epithelial cells, e.g., some surfactants, chelating agents, biopolymers, and phytochemicals

3717677 For example, resveratrol, quercetin and piperine have been shown to act as

76- 7881 1n general, three different

efflux inhibitors for certain kinds of drugs
mechanisms have been proposed for the ability of these components to inhibit efflux
processes: (i) blocking binding sites on the efflux protein surfaces; (ii) interference with
ATP hydrolysis (which provides the energy needed for efflux protein action); (iii)

alteration of cell membrane structure (which leads to alterations in efflux protein

conformation and activity) >’

5.1.3. Bioactive metabolism or chemical transformation

Numerous molecules isolated from plant and animal sources have been shown to
enhance the bioavailability of nutraceuticals or pharmaceuticals due to their ability to
interfere with chemical transformations that normally occur within the GIT or after
absorption *%.  Some of these bioactivity enhancers act as antioxidants that retard the
oxidation of nutraceuticals or pharmaceuticals, such as ®-3 fatty acids, carotenoids, or
conjugated linoleic acid .  For example, there are many natural and synthetic
food-grade antioxidants that are effective at inhibiting oxidation reactions by mechanisms
such as free radical scavenging, singlet oxygen quenchers, and chelating agents, e.g.,
BHT, BHA, carotenoids, tocopherols, flavonoids, and grade seed extract 8 Other
bioactivity enhancers may inhibit the normal functioning of metabolic or digestive

2332 For example, piperine has been shown to retard

enzymes within the GIT or body
the metabolism of certain drugs and nutraceuticals, such as ibuprofen, curcumin,
resveratrol, EGCG, carotenoids, vitamins, and amino acids **. These affects have been

partly attributed to its ability to inhibit metabolizing enzymes such as glucose

dehydrogenase, cytochrome P450, and others 2.
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Table 2. Examples of phytochemicals from natural sources that may increase the

bioavailability of co-ingested lipophilic nutraceuticals and pharmaceuticals. Examples

taken from various sources: Dudharta 32, Shimizu 23, Choi 84, Jia 7.

Bioavailability Nutraceuticals Mechanism

Enhancer Enhanced

Piperine Vitamins A, D, E, K Metabolizing Enzyme Inhibition
Carotenoids, Modulation of Gut Motility
Curcuminoids
Coenzyme Q10
Hydrophobic drugs

Gingerols Vitamins A and E Modulation of Gut Motility
Carotenoids, Curcumin

Curcumin Hydrophobic drugs Metabolizing Enzyme Inhibition

Efflux Transporter Inhibition
Quercetin Hydrophobic drugs Efflux Transporter Inhibition

5.2. Excipient food ingredients

In this section, the potential influence of common food components that may be
incorporated into excipient foods on the oral bioavailability of lipophilic bioactive agents
is discussed. Those ingredients that appreciably increase the bioavailability of
nutraceuticals can be referred to as “excipient food ingredients”. An excipient food may
contain one or more of these ingredients so as to increase the bioavailability of one or

more nutraceuticals.

5.2.1. Lipids

Studies by pharmaceutical researchers have shown that co-ingestion of lipophilic

23
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drugs with lipids improves theirs oral bioavailability by an amount that depends on the
amount, type, and structure of the ingested lipids >.  Food and nutrition research has also
shown that the bioavailability of lipophilic nutraceuticals can be increased by

85-87

co-ingestion with lipids In vitro studies have reported that the bioaccessibility

(micelle solubilization) and absorption (cell culture uptake) of lipophilic bioactive agents

85, 86

from fruits and vegetables is greatly increased in the presence of lipids The extent

of the increase in bioaccessibility and absorption depends on the amount and composition

of the lipids used ***%%.

Bioaccessibility was higher for lipids containing long chain
triglycerides (LCT) than those containing short or medium chain triglycerides (SCT or
MCT), presumably because of differences in the solubilization capacity of the mixed

. 2,90
micelles formed = 7.

Lipophilic bioactives encapsulated within indigestible oils (flavor
oils) have been shown to have low bioaccessibility using in vitro studies, which was
attributed to the fact that some of them remained in the undigested oil droplets and there

90,91

were fewer mixed micelles available to solubilize them In addition to their

composition, the liberation of bioactives from emulsified lipids also depends on their

particle size, physical state, and interfacial characteristics *> *>.

Typically, the release
rate is faster for smaller particles, for liquid oils rather than solid fats, and for interfaces
where bile salts and lipases can easily absorb.

Co-ingested lipids may also alter the bioavailability of lipophilic drugs or
nutraceuticals through other mechanisms. When lipophilic bioactives are ingested with
LCT they are packed into lipoprotein particles (chylomicrons) in the intestinal epithelial
cells and then transported by the lymphatic route (thereby avoiding first pass metabolism
in the liver), but when they are ingested with SCT or MCT they tend to be transported via
the portal vein (where they must pass through the liver before entering the systemic blood

circulation) ****. Bioactives packaged in different vehicles (e.g, chylomicron vs.

non-chylomicron) in the epithelial cells may have different metabolic fates due to
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differences in their exposure to metabolizing enzymes present in different body tissues.

5.2.2. Carbohydrates

In general, food carbohydrates are classified as monosaccharides (n = 1),
oligosaccharides (n = 2 to 20), or polysaccharides (n > 20) depending on the number of
monomers present *°.  Carbohydrates may also be classified as digestible or indigestible

%.97 " Starch

depending on their susceptibility to enzymatic hydrolysis in the upper GIT
is the most abundant digestible polysaccharide in foods, whereas there are many types of
indigestible polysaccharides, such as cellulose, hemicellulose, pectin, alginate,
carrageenan, xanthan gum, locust bean gum, and agar. Indigestible polysaccharides are
part of a class of polymers known as dietary fibers, which vary according to their
monomer type, distribution, and bonding, as well as their electrical charge,
hydrophobicity, molecular weight, degree of branching, and conformation "
Co-ingested carbohydrates may influence the bioavailability of lipophilic bioactive drugs
and nutraceuticals through various mechanisms. As mentioned earlier, many
polysaccharides are able to increase the viscosity or form a gel within the GIT, thereby
altering mass transport processes, e.g., diffusion of enzymes to substrates in food
matrices, or digestion products/bioactives to epithelial cells. Some dietary fibers may be
able to form impermeable coatings around food matrix components that inhibit their
digestion and therefore the release of bioactive agents 2 Electrically charged
polysaccharides are capable of binding oppositely charged molecular species in the GIT
that may influence food matrix digestion and bioactive release. For example, cationic
dietary fibers (such as chitosan) can bind anionic bile salts, fatty acids, or phospholipids,
whereas anionic dietary fibers (such as alginate) can bind cationic calcium ions 2" %1%
Cationic dietary fibers have also been shown to inhibit lipase activity, and therefore
reduce the rate of lipid digestion '*'.  Some dietary fibers have been shown to alter cell

membrane permeability through their effect on tight junction dimensions, e.g., chitosan "
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%8 Dietary fibers may also change the nature of the microbial population within the

colon, which can alter the metabolism, activity, and absorption of lipophilic bioactives in

the large intestine '*°.

5.2.3. Proteins

Food proteins exhibit a wide range of different molecular structures,

103, 104

physicochemical properties, and physiological effects Co-ingested proteins can

potentially alter the bioavailability of lipophilic bioactive agents through a number of
mechanisms. Many food proteins and peptides have strong antioxidant activity and may

therefore be able to inhibit the chemical degradation of nutraceuticals or drugs that are

105

susceptible to oxidation within the GIT, such as ®-3 fatty acids or carotenoids Some

106

nutraceuticals may bind to proteins within the GIT ", which alters the location of their

absorption within the GIT, e.g., anthocyanins bound to proteins have been shown to

107

travel further down the gastrointestinal tract Protein digestion within the

gastrointestinal tract may generate hormonal responses that regulate food intake and

processing '

, thereby altering the way that a food or pharmaceutical matrix is broken
down in the GIT and therefore the release of any trapped bioactive agents. Proteins and
their digestion products may interact with various molecular species involved in the
digestion of food matrices and the release and transport of bioactive agents, such as

bioactives, mixed micelles, phospholipids, and enzymes '*"''2.

For example, a recent
study suggests that lactoferrin may reduce the bioavailability of B-carotene, which was
attributed to the fact that it was positively charged and bound to negatively charged

digestive components, such as bile salts or free fatty acids '°.

Some protein digestion
products, for example those from casein and whey proteins, have been shown to alter
(close) tight junction permeability, and may therefore alter the uptake of any

nutraceuticals absorbed by this mechanism .
5.2.4. Surfactants
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Surfactants are commonly used in the food and pharmaceutical industries to form
and stabilize colloidal delivery systems, such as microemulsions, nanoemulsions,

emulsions, and solid lipid nanoparticles ''*''°,

Surfactants vary in the nature of their
polar head groups and non-polar tail groups, which alters their behavior within foods and
the GIT. The head group may be non-ionic, cationic, anionic, or zwitterionic, while the
tail group may vary in the number, length and unsaturation of the non-polar chains.
Synthetic or natural surfactants may be present within an ingested food e.g., non-ionic
surfactants (e.g., Tweens, Spans, and sucrose esters), ionic surfactants (e.g., DATEM and
CITREM), phospholipids (e.g., egg, soy, or sunflower lecithin), or monoacylglycerols '°.
Alternatively, they may be generated from ingested food components as a result of the
digestion process, e.g., monoacylglycerols from triacylglycerols or lysolecithin from
phospholipids '’ Surfactants can alter the bioavailability of lipophilic bioactives
through a number of mechanisms: some surfactants bind to digestive enzymes (such as
lipase or protease) and alter their activity ''*; surfactants may be incorporated into mixed
micelles thereby increasing their solubilization capacity ''°; surfactants may inhibit lipase
absorption to lipid surfaces through competitive absorption > '?; surfactants may alter
the permeability of enterocytes by interacting with transporters on cell membranes '*';
surfactants may increase cell permeability by increasing the dimensions of the tight

. . 23,65, 122
junctions ~7 7 7T,

5.2.5. Minerals

Certain types of mineral ions also impact the liberation and absorption of lipophilic
bioactives. For example, calcium ions may impact the rate and extent of lipid hydrolysis,
which influences the release of bioactives from the lipid phase and their subsequent

123.124 " In the absence of calcium, the

solubilization in the mixed micelle phase
digestion of triacylglycerols in the small intestine is inhibited by accumulation of

long-chain fatty acids (LCFA) at the oil-water interface, since this restricts the access of
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lipase to the lipid substrate ”.  Calcium ions precipitate accumulated LCFAs through
complexation, thereby removing them from the interface and allowing the lipase to

123,125, 126

access the lipid substrate Calcium ions are therefore able to increase the rate

127-130

and extent of lipid digestion through this mechanism Conversely, the formation

of calcium-LCFA precipitates may reduce the solubilization capacity of the mixed micelle
phase, thereby reducing the bioavailability of LCFAs and lipophilic bioactives ' 1%,
Calcium has also been shown to play an important role in the activity of pancreatic lipase,

134-137

acting as a co-factor required for activity Multivalent mineral ions may promote

114 thereby altering the surface area

the aggregation of oppositely charged lipid droplets
of lipid exposed to digestive enzymes. Mineral ions may also promote gelation of
oppositely charged biopolymers (e.g., calcium ions promote alginate gelation), which will

also influence the accessibility of lipid phases to enzyme digestion '*.

Some minerals
have been shown to influence the absorption of bioactive agents by altering cell

membrane permeability, e.g., zinc 6,

5.2.6. Chelating agents

Metal ion chelators (such as EDTA) have been shown to inhibit efflux transporters in
the GIT, and may therefore increase the bioavailability of bioactive molecules that are
susceptible to removal from enterocytes by this mechanism °’.  Metal ion chelators
(such as EDTA and phosphates) may interfere with the various roles that calcium ions

play in the digestion and release of lipids by complexing them — see section 5.2.5 '**.

5.2.7. Phytochemicals

A number of phytochemicals derived from edible plant materials have been shown to
be able to promote the bioavailability of certain bioactive food agents. For example,
some polyphenols affect absorption and efflux transporters in enterocyte membranes thus
altering the accumulation of bioactive agents within the body e.g., quercetin, curcumin,

piperine, and some catechins *°"'**. Specific phytochemicals may also be able to inhibit
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chemical reactions (such as lipid oxidation) or biochemical reactions (such as digestion or
metabolism) in the gastrointestinal tract > *2. For example, it has been reported that
piperine reduced the metabolism of curcumin in the GIT by inhibiting metabolizing

enzymes, thereby increasing bioavailability **. (See sections 5.1.2.2 and 5.1.3)

5.2.8. Excipient food ingredients

Many of the food ingredients discussed in the previous sections have the ability to
increase the oral bioavailability of co-ingested bioactive agents. These ingredients can
therefore be used to construct excipient foods that are specifically designed to increase
the overall oral bioavailability of one or more type of co-ingested bioactive agents. For
example, an excipient food may contain lipids to increase the solubilization capacity of
the intestinal fluids, a phytochemical to inhibit efflux mechanisms, and a surfactant to

increase epithelium cell membrane permeability.

6. Conclusions

This article has introduced the concept of excipient foods that are specifically
designed to enhance the oral bioavailability of lipophilic bioactive agents such as
nutraceuticals in foods or drugs in pharmaceuticals. Knowledge of the influence of
specific food components and structures on the bioavailability of specific lipophilic
bioactive agents is increasing, which will facilitate the rational design of food matrices
that can enhance the biological activity of nutraceuticals and drugs. A number of
different approaches can be used, including increasing the release, solubilization,
transport, and uptake of bioactive agents, while decreasing their metabolism or efflux.

There is a growing convergence in the interests of pharmaceutical and food
companies. The food industry is increasingly focusing on the development of functional
food and beverage products designed to improve performance, maintain wellbeing, and

inhibit the onset of chronic diseases, such as osteoporosis, heart disease, cancer,
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hypertension, and obesity. The pharmaceutical industry continues to develop products
to prevent, manage, and cure chronic and acute diseases. Many of the biologically
active substances present in foods and drugs are highly lipophilic agents that normally
have poor oral bioavailability. The availability of a range of excipient foods specifically
designed to increase the oral bioavailability of lipophilic bioactive molecules would
therefore be beneficial to both the pharmaceutical and food industries. Nevertheless,
further research is required to better understand the role of specific excipient food
ingredients on the bioavailability of specific lipophilic bioactive agents, and to establish
the influence of ingredient interactions on bioavailability when excipient foods are

consumed as part of a complex diet that contains many other components.
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Figure 1: There is increasing convergence between the interests of the food and pharmaceutical industries in the
development of products to prevent or treat diseases, particularly in the area of functional, medical, and excipient
foods.
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Figure 2: Schematic diagram of the difference between functional, medical, and excipient foods. The lipophilic
bioactive component (pharmaceutical or nutraceutical) is usually encapsulated within the food matrix in medical and
functional foods, but it is co-ingested with a different food matrix for excipient foods.
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Figure 3: The oral bioavailability of a lipophilic bioactive agent depends on various liberation, absorption,
distribution, metabolism, and excretion processes. Some of the key processes involved are shown schematically.
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Figure 4: Schematic diagram of the physicochemical and physiological conditions in different regions of the human
gastrointestinal tract that determine the liberation, absorption, metabolism and distribution of bioactives.
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Figure 5: Bioactives in molecular form or trapped within small particles may penetrate through the mucus layer and be
absorbed by epithelium cells by various mechanisms.
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