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Abstract

Given the numerous benefits of oral administration, this thesis investigates two key
phenomena influencing the pharmacokinetics and pharmacodynamics of orally administered
active pharmaceutical ingredients (APIs): lysosomal trapping and intestinal lymphatic uptake via

chylomicrons, with a particular emphasis on the latter.

The absence of a standardized lysosomal fluid composition in pharmaceutical compendia
represents a current gap. To address it, a simulated lysosomal fluid was developed by
incorporating essential components necessary for lysosomal homeostasis. This new fluid
demonstrated superiority over existing commercial fluids, and that was further evidenced by its
performance in a basic model for capturing lysosomal trapping. Consequently, this simulated
lysosomal fluid could fill the gap for a standardized lysosomal fluid, making it applicable to

various pharmaceutical and biomedical uses.

Certain drugs can be packaged within enterocyte-formed lipoproteins known as
chylomicrons, which naturally facilitate the absorption of dietary lipids and their transport
through intestinal lymphatic uptake rather than the portal circulation. This pathway is
particularly important in the context of current drug delivery efforts, which focus on lipid-based
formulations for both traditional and novel applications in medication and vaccination delivery.
However, it is generally overlooked and there is a need for a standardized lymphatic fluid and

representative in-vitro models to investigate and quantify intestinal lymphatic uptake in-vitro.

This work advocates for considering the intestinal lymphatic uptake and emphasizes the
need for further research to optimize lymphatic drug delivery, particularly via chylomicrons. The
development of simulated lymphatic fluids, both general and intestinal, marks an advancement



towards creating a standardized fluid for pharmaceutical research. Moreover, the established in-
vitro model offers a promising platform for evaluating drug lymphatic uptake. This model
successfully differentiated between drugs with varying lymphotropic affinities. Various
enhancers and inhibitors were investigated, revealing that lymphatic uptake could be increased or
decreased accordingly. Pluronic® L-81, a known inhibitor of chylomicron uptake, exhibited an
inhibitory effect, likely through a novel biophysical mechanism. Furthermore, the in-vitro data
suggested that zeta potential influences intestinal lymphatic uptake, leading to corresponding
increases or decreases based on the agent used. These novel finding necessitates further in-vivo
investigation. The model also examined the effects of food that may stimulate lymphatic uptake,
distinguishing between oils containing long-chain fatty acids. However, it did not differentiate
between long-chain-rich oils and medium-chain-rich oils in terms of lymphatic uptake.
Additionally, in a real-world scenario assessing the impact of excipients through the developed
model, the lipid-based excipient Labrafil® 2125 CS exhibited a statistically significant increase

in the in-vitro uptake of cannflavin A in a novel formulation.

First-generation dissolution models with a focus on lymphatic uptake were also created to
evaluate pharmaceutical formulations and identify factors affecting intestinal lymphatic uptake
through this pathway. These new models incorporated the lymphatic absorption pathway,
previously neglected in all existing dissolution tests. They showed their capacity to distinguish
between different lymphotropics. In addition, they proved to be superior to the biphasic
dissolution test in assessing lipid solubility related to lymphatic uptake via chylomicrons. This
represented an important step towards more accurate performance testing for assessing lymph-

targeted formulations and delivery systems.



As regulatory submissions increasingly incorporate  physiologically  based
pharmacokinetic (PBPK) modeling, one was developed to simulate intestinal lymphatic uptake
after a fatty meal. In the absence of direct simulation algorithms for lymphatic uptake, the model
was built by adjusting the metabolic profile of the drug to account for its ability to circumvent
first-pass liver metabolism. This occurs when the drug is incorporated into postprandially formed
chylomicrons, allowing it to be absorbed through the lymphatic system rather than portal blood

passing through the liver.

The developed in-vitro models for studying the intestinal lymphatic uptake via
chylomicrons would reduce reliance on animal studies, addressing ethical concerns and save
time and resources for development of lymph targeted drug delivery. Moving forward,
establishing a mathematical framework to correlate these in-vitro models with in-vivo lymphatic
uptake would further enhance their reliability. This could streamline regulatory submissions,
potentially accelerating the approval process for new therapies and fostering innovation in drug
development. Also, incorporating intestinal lymphatic uptake into existing in-silico softwares
would enable more accurate predictions of drug behavior and provide a deeper mechanistic
understanding of lymphotropic drugs and formulations, ultimately aiding in improved

formulation development and facilitating regulatory submissions.
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Figure 10.5. Illustration showing the side chain folding, drawing the tertiary amine nearer to the
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SECTION ONE: GENERAL INTRODUCTION AND OVERVIEW

CHAPTER ONE

Journey of Oral Drugs from Administration to Absorption



1.1 Importance of Oral Drug Administration:

Approximately 84% of the leading pharmaceutical products are delivered via oral
administration. They represent a market value of trillions of dollars and exhibit a growth
rate of 10% per year (1). This preference for oral drug delivery stems from its numerous
advantages over other routes of administration. It provides convenience and ease of
administration for patients, promoting better compliance with prescribed treatment
regimens. Moreover, being non-invasive, oral drug administration minimizes the risk of
complications associated with invasive procedures of parenteral administration such as
infections and pain. The cost-effectiveness of oral medications further enhances their
appeal. Additionally, the wide range of oral formulations available allows for flexibility in
dosing schedules and suitability for different patient populations. Advances in drug
formulation technology have also enhanced the bioavailability of oral medications,
ensuring optimal therapeutic effects. Additionally, certain oral delivery systems enable
targeted delivery to specific sites within the gastrointestinal tract, thereby reducing

systemic side-effects (2-4).

1.2 Overview of the Absorption Process of Orally Administered Drugs:

Extensive research over the past couple hundreds of years has been conducted to
elucidate the mechanisms underlying drug absorption and transport, and contemporary
studies continue to explore these processes to enhance drug delivery and therapeutic
efficacy (5-7). Oral absorption refers to the movement of chemical substances from the
gastrointestinal (GI) tract, across and through its walls, and into the bloodstream and

lymphatic system (8). The absorption of oral medications is influenced by various factors



related to which can be broadly categorized into drug-related (physicochemical properties),
formulation-related (dosage form), and biological factors (physiology and pathophysiology
of the GI tract) (4, 8).

As drugs move through the GI tract, they have the potential to cross the mucous
membranes of various organs (Figure 1.1). The stomach, with its smaller surface area and
thicker mucus layer, presents a more challenging environment for drug absorption (9).
Consequently, most orally administered medications are predominantly absorbed in the
small intestine due to enhanced contact time its extensive surface area (250 m?) and
epithelium, which allows for efficient fluid filtration driven by osmotic differences caused
by the presence of food (10). In contrast, absorption in the colon is generally limited and
highly variable due to the presence of undigested materials, bacteria, and varying water

content (8).

To be absorbed, drugs must generally be in aqueous solution and traverse the
intestinal epithelium, necessitating passage through cell membranes. Typically, drugs can
permeate membranes via passive mechanisms such as diffusion across the lipid bilayer or
facilitated diffusion (11, 12), or through active mechanisms like active transport uptake or
endocytosis (13). Figure 1.2 illustrates the different mechanisms of passage across cellular

membranes.

Passive diffusion is the predominant mechanism for drug translocation across cell
membranes. This process involves the movement of drug molecules from regions of high
concentration to regions of lower concentration without requiring energy expenditure (14).

Key factors influencing passive diffusion include molecular size, concentration gradient,



lipid solubility, and the degree of ionization of the drug (10). Only unionized free drug
molecules are available for diffusion (15). Facilitated diffusion is another form of passive
transport where drugs rely on carrier proteins to move along their concentration gradient

(16). Yet, this process has a comparatively minor role to play in drug absorption (8).
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Figure 1.1. Illustration of the gastrointestinal tract and its various organs.
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Conversely, active transport requires energy, typically in the form of Adenosine
Triphosphate (ATP). Carrier-mediated active transport is crucial for the movement of drugs

some of which are structurally similar to endogenous substances. This process involves



specific carrier proteins or pumps within the cell membrane that facilitate the translocation

of drugs across the membrane, often against a concentration gradient (8, 17).

There are two primary types of active transport: primary and secondary. Primary
active transport uses ATP directly to move ions or molecules. A well-known example is the
sodium-potassium pump (Na+/K+ ATPase), which pumps sodium ions out of the cell and
potassium ions into the cell, both against their concentration gradients, maintaining
essential cellular functions such as membrane potential and volume regulation. In contrast,
secondary active transport does not use ATP directly but relies on the energy generated by
the electrochemical gradients established by primary active transport. For instance, sodium-
glucose co-transporters (SGLTs) in the intestines and kidneys utilize the sodium gradient
created by the sodium-potassium pump to bring glucose into cells against its gradient.

Similarly, peptide transporters (e.g., PEPT1) use proton gradients to import small peptides

(12).
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Figure 1.2. Various mechanisms of drugs traversing through cells.



Endocytosis involves the invagination of the cell membrane around a drug
molecule, incorporating it into the cell within a vacuole. This can be classified broadly into
two forms: pinocytosis, where the cell engulfs extracellular fluid and its contents into large
vesicles, and receptor-mediated endocytosis, where specific receptors on the cell surface
bind to target molecules, triggering the formation of vesicles that internalize the bound
substances (16). Cells can also engulf particles > 500 nm through phagocytosis, although

this mechanism is more relevant in histopathology than pharmacology (12).

The aforementioned mechanisms of drug transport can collectively be classified as
transcellular, as they involve passing across the cell or enterocyte. However, there is also
the paracellular transport pathway to consider. This pathway includes filtration, a form of
passive transfer where drugs pass through aqueous channels in the tight junctions between
adjacent intestinal epithelial cells. Typically, small, hydrophilic, and ionized drugs utilize

this route (10, 12).

1.3 Sub and Post Cellular Uptake of Drugs Following Oral Adminstration:

Whether transcellular or paracellular, the various transport routes mentioned in the
previous sections deliver drugs from the apical side to the basal side of the intestinal

epithelial layer (18).

The intestinal epithelium is composed of a single columnar layer of cells that
separates the lumen from the underlying connective tissue (Figure 1.3). This layer includes
various specialized cell types: 1) absorptive epithelial cells, also known as enterocytes; 2)
paneth cells which protect against microbial infections with their granules containing
antimicrobial peptides; 3) mucus-secreting goblet cells; 4) hormone-secreting
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enteroendocrine cells; 5) chemosensory tuft cells that play a role in detecting helminth
parasites; and 6) M cells (or microfold cells) which mainly uptake and transport luminal

antigens to the underlying lymphatics (19-21).

Enterocytes on the apical surface form villi and microvilli (3,000—7,000 microvilli
per cell) which provide a large surface area for drug interaction and absorption (1). Direct
drug recovery after translocation from the apical to the basal side of the epithelial layer
through enterocytes generally occurs for most drugs. However, poor recovery can happen
due to various factors, such as metabolism and transporter-mediated efflux back to the
lumen (22, 23). One frequent cause of poor recovery is lysosomal trapping (24), which is
often attributed to the lipophilicity and basicity of drugs (25). A general overview of this

process is provided next:
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Figure 1.3. Intestinal epithelium and its specialized cells.



1.3.1 Lysosomal Trapping:

Lysosomes are essential for autophagy, degrading damaged organelles and
maintaining cellular health (25, 26). They are formed in the rough endoplasmic reticulum
(ER), where digestive enzymes are produced. These enzymes are then modified in the
Golgi apparatus and tagged for lysosomal transport. Vesicles from the Golgi either fuse

with existing lysosomes or mature into new lysosomes (26).

Primary lysosomes are inactive organelles that contain digestive enzymes. They
become active when they fuse with vesicles containing material to be degraded, such as
endosomes or autophagosomes, forming secondary lysosomes. In this stage, digestion
occurs, where lysosomes break down macromolecules and recycle useful components back
into the cytoplasm, while waste materials are expelled through exocytosis. Occasionally,
undigested material accumulates in lysosomes, forming residual bodies, which may either
persist within the cell or be expelled. As lysosomes age, they contribute to cellular aging or

are eventually degraded. In some cases, lysosomal rupture can lead to cell death (26).

Lysosomal trapping occurs when a basic compound (lysosomotropic agents, log P ~
2 — 6, and pKa > 6) (25) enters the enterocyte and subsequently accumulates within the
lysosome. Within the acidic environment of the lysosome (pH 4 — 5.5), which is generated
by V-type H'- H+-adenosine triphosphatase (ATPase) pump- the drug molecule undergoes
protonation (27). This protonation leads to its entrapment because the ionized form has low
permeability across the lysosomal membrane (25, 28, 29). Consequently, drug
concentrations in lysosomes can exceed those in the surrounding medium by more than

1000 times (30).



Lysosomal trapping within the enterocytes can considerably impact drug absorption
and pharmacokinetics. Oral drugs with ionizable basic centers can become sequestered in
the lysosomes of intestinal cells, thereby delaying and/or reducing their availability for
reaching the bloodstream. This phenomenon can cause in-vitro studies to underestimate the
permeability of these drugs, leading to the premature rejection of potentially valuable
compounds during the drug discovery process (24). The misestimating of drug permeability
due to lysosomal trapping can create discrepancies between in-vitro and in-vivo data,
resulting in poor recovery in permeability assays and incorrect classification of the
absorption and clearance characteristics of drugs (24, 31, 32). Consequently, highly
permeable drugs might be mistakenly categorized as having low permeability, leading to
misguided decisions in drug development and the potential early dismissal of promising

compounds (24).

Furthermore,  enterocyte  lysosomal trapping complicates establishing
bioequivalence for immediate-release formulations, as the dissolution rate may not
accurately reflect in-vivo performance. A study highlighted that traditional in-vitro
dissolution tests do not correlate well with the pharmacokinetics of dextromethorphan due
to lysosomal trapping, which causes a delay in the appearance of the drug in the systemic
circulation. Using physiologically based pharmacokinetic modeling (PBPK), it was
demonstrated that dextromethorphan is rapidly absorbed into the enterocytes but appears
slowly in the plasma because of lysosomal sequestration. The findings suggested that for
lysosomotropics like dextromethorphan, dissolution rates are not critical for determining
bioequivalence and that a thorough understanding of the mechanistic processes involved in

drug disposition is essential for defining clinically relevant product specifications (33).



After being released from the enterocytes, drugs travel through the body to
eventually reach the general circulation, where they gain access to cells throughout the
body. It is important to note that lysosomotropics may also become sequestered within cells

other than enterocytes, which can have several implications.

One major implication is the altered apparent volume of distribution of drugs within
the body (34). This is particularly relevant in organs and tissues with a high lysosomal
content, such as the liver, kidneys, and lungs, where lysosomally-trapped drugs may
accumulate, leading to a higher overall tissue distribution (35, 36). Another implication is
the extended half-life of drugs due to lysosomal trapping. Drugs trapped in lysosomes are
released slowly as they are gradually transported back to the cytoplasm or excreted through

lysosomal turnover, resulting in an extended half-life in the body (37). .

Lysosomal trapping also impacts the pharmacodynamics of drugs, potentially
increasing their effectiveness if their target is located within lysosomes (38). Conversely, it
can reduce their interaction with their intended target if they are sequestered inside the
lysosomes (39). Sequestration inside lysosomes can also lead to drug-drug interactions, as
drugs that inhibit lysosomal function or affect pH can alter the trapping of other drugs (34,
40, 41). Additionally, it can potentially delay the onset of action, as a significant proportion
of the drug is entrapped within the lysosomes and not available for immediate therapeutic
activity (33, 42). Consequently, this can result in variable patient responses, as individuals
with differences in lysosomal function or pH may exhibit different reactions to drugs
affected by lysosomal trapping (42).

The potential toxicity associated with lysosomal trapping is another critical

consideration. Excessive accumulation of drugs within lysosomes can disrupt lysosomal
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function, leading to cellular toxicity (43). This is particularly relevant for drugs
administered at high doses or for prolonged periods. Tissues with high lysosomal content

may be more susceptible to drug-induced toxicity due to lysosomal trapping (44, 45).

In addition to lysosomes, there are other organelles within cells that can also play
roles in drug accumulation and require further study. These include mitochondria (46),
Golgi apparatus (47) and endosomes (48). They contribute to the processes of cellular
uptake, trafficking, and drug accumulation. The roles of these organelles can vary
depending on the physicochemical properties of the drug, the type of cell, and the specific

mechanisms of drug action and transport.

1.3.2 Intestinal Lymphatic Uptake of Drugs via Chylomicrons:

Basic drugs can be trapped within the lysosomes of enterocytes (33). Other drugs
may be packaged with triglycerides from ingested long-chain fatty acids, making
enterocyte-formed lipoproteins termed chylomicrons through a process involving the

endoplasmic reticulum and Golgi apparatus (49, 50).

Chylomicrons are naturally formed to facilitate the absorption of dietary lipids and
certain drug entities, typically those that are lipophilic (log P > 5) and have a solubility in
long-chain fatty acids of > 50 mg/g (51). Studies have demonstrated that additional
molecular descriptors, such as the number of hydrogen bond donors and acceptors, polar
surface area, melting point, among others also influence the drug-chylomicron association

process (52). These drugs might be referred to as lymphotropics throughout this thesis.

After being exocytosized from the basolateral membrane of the enterocytes, the

formed drug-packaged chylomicrons are taken up by the intestinal lymph capillaries
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(lacteals) rather than entering the portal circulation through blood capillaries (53, 54). This
enhances the amount reaching the systemic circulation and improves the bioavailability of
highly hepatic extracted drugs susceptible to significant pre-systemic clearance by the liver
(55, 56). It will also increase exposure in targets within the lymphatics, leading to
favorable therapeutic outcomes for ailments originating or spreading through the lymphatic
system, such as cancer, viral infections, metabolic and inflammatory conditions (55, 57-

59).

Given the numerous advantages of lymphatic uptake via chylomicrons, several
strategies have been employed to enhance drug transport through the lymphatic system
using chylomicrons. The administration of drugs in a post-prandial state, particularly with a
fatty meal, can facilitate drug transport via chylomicrons, as ingested lipids stimulate their
production (60-62). Lipidic pro-drugs have (63) also shown promise in enhancing
lymphatic uptake by leveraging chylomicrons for drug delivery (64, 65). Additionally,
lipid-based systems especially the nanostructured ones have emerged as promising

candidates for drug delivery through the intestinal lymphatics (55, 57, 66, 67).

While food, lipidic prodrugs, and nano-systems can all facilitate drug uptake into
lacteals through packing into chylomicrons, nanosystems also enhance drug delivery
through the intestinal lymphatic route via alternative entry points. Nano-systems can
traverse paracellularly between intestinal epithelial cells, reaching the underlying lamina
propria. From there, they can be drained along with excess extracellular fluid as lymph into
lacteals (54). Additionally, these nano-systems may be recognized as foreign and taken up

by M cells in the gut-associated lymphoid tissue (GALT) within Peyer's patches, ultimately
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reaching the mesenteric lymph (68). From there, lymph from all pathways converges and

continues its journey until it joins the venous circulation (53).

Drugs delivered through intestinal lymphatics can fulfill the three primary functions
of the lymphatic system: maintaining fluid balance by draining excess fluid from the
extracellular matrix, defending the body against invading pathogens and foreign bodies,
and absorbing ingested dietary lipids (53, 69). However, this thesis will primarily focus on
the lipid absorption aspect and the uptake of drugs and xenobiotics through intestinal

lymphatics via chylomicrons which will be further detailed in coming chapters.

1.4 Research Questions, Objectives, and Hypothesis:

1.4.1 Research Questions (Identifying Gaps and Exploring Potential Fill-ins):

Due to the considerable advantages of oral administration, this thesis examines two
principal phenomena affecting the pharmacokinetics and pharmacodynamics of orally
administered active pharmaceutical ingredients (APIs): lysosomal trapping and intestinal
lymphatic uptake via chylomicrons. The research primarily emphasizes intestinal lymphatic
uptake via chylomicrons, as this critical process is often underappreciated and contains

numerous scientific gaps and unanswered questions that warrant further investigation.

Several models have been created to assess and quantify the proportion of potential
drug candidates that may be sequestered inside lysosomes. However, the absence of a
standardized lysosomal fluid composition in pharmaceutical compendia poses a challenge.
Standardization is crucial for achieving consistent and reliable results, enhancing the

comparability of studies, and improving the drug development process. Addressing this gap
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could be helpful in ensuring that lysosomotropic drugs are evaluated under uniform
conditions, thereby providing clearer insights into their potential disposition, efficacy, and

safety.

Intestinal lymphatic uptake holds significant importance, particularly with current
efforts in drug delivery focusing on lipid-based formulations for both traditional and novel
applications in drug and vaccine delivery. Lipids are naturally associated with the
chylomicron route of intestinal lymphatic uptake. However, there remains a lack of
awareness about this pathway and numerous gaps to be addressed, including the need for a
standardized lymphatic fluid and methods for investigating and quantifying intestinal

lymphatic uptake.

Reports and studies have often overlooked the absorption route through intestinal
lymphatic uptake. This oversight has meant that potential benefits, such as targeted drug
delivery, improved bioavailability, and enhanced therapeutic strategies for diseases within

or through the lymphatic system, have not been fully explored.

Standardizing lymphatic fluid would serve similar objectives as standardizing
lysosomal fluid. Additionally, investigating and measuring drug uptake into the lymphatic
system is important for several reasons: it provides a direct assessment of lymphatic drug
transport, avoids underestimating total drug absorption, and -elucidates absorption
mechanisms, thereby clarifying discrepancies in oral bioavailability. Moreover, it evaluates
the impact of different formulations and potentially assists in establishing and fulfilling

regulatory requirements for the increasing number of lymph-targeted formulations.
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1.4.2 Research Objectives:

With the general objective of investigating the subcellular and post-cellular uptake
of drugs following oral administration, specifically examining lysosomal trapping and
intestinal lymphatic uptake via chylomicrons, the following specific objectives were

established:

1. To develop a simulated lysosomal fluid.

2. To increase the scientific community awareness of intestinal lymphatic uptake by

providing literature reviews and identifying gaps in existing research.

3. To develop a simulated lymphatic fluid.

4. To create an in-vitro model to investigate the oral lymphatic uptake of drugs via

chylomicrons and their enhancement or inhibition.

5. To develop first-generation dissolution models to study the release and uptake of oral

lymphotropic drugs and address relevant formulation issues.

6. To examine the potential of using in-silico models to predict intestinal lymphatic uptake

through chylomicrons using a physiologically based pharmacokinetic model (PBPK).

1.4.3 Research Hypothesis:

The central hypothesis of this thesis is that replicating the relevant physiological
conditions—specifically within lysosomes and the drug-chylomicron association within

enterocytes—will enable the quantification of lysosomal trapping and intestinal lymphatic
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uptake, respectively, thereby facilitating the achievement of the stated research objectives.

The working hypotheses for these objectives are outlined next.

Hypothesis for Simulated Lysosomal Fluid:

A simulated lysosomal fluid that includes key ions critical for lysosomal function
will provide a physiologically relevant medium, supporting studies on drug interactions and

potential applications in pharmaceutical and biomedical research.

Hypothesis for Lysosomal Trapping Modeling:

An in-vitro two-compartment model mimicking lysosomal and cytosolic
environments can effectively replicate the process of lysosomal trapping, allowing for the
accurate measurement of the transfer of drugs from the cytosol to lysosomes and

determining the proportion that becomes trapped.

Hypothesis for Simulated Lymphatic Fluids:

Simulating lymphatic fluid by reproducing the composition of extracellular fluid
and incorporating artificial chylomicrons will accurately mimic both general and intestinal
lymphatic environments, respectively, enabling various in-vitro pharmaceutical and

biomedical applications.

Hypothesis for In-Vitro Lymphatic Uptake Model:

A two-compartment in-vitro model representing the intestinal lumen and the
intraenterocyte environment, along with artificial chylomicrons, will replicate drug
movement across the intestinal cell membrane and capture the association of drugs with

chylomicrons, reflecting in-vivo lymphatic drug uptake through chylomicrons.
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Hypothesis for Lymphatic-Focused Dissolution Model:

Adding a lymphatic compartment containing artificial chylomicrons to a dissolution
appartus will differentiate and quantify drug distribution through the portal and lymphatic

routes, allowing for a detailed understanding of drug transport in the body.

Hypothesis for PBPK Modeling of Intestinal Lymphatic Uptake via Chylomicrons:

Modulating the metabolic kinetics of high extraction lymphotropic (halofantrine)
after a fatty meal to account for the portion of the drug incorporated into post-prandial
chylomicrons and entering the intestinal lymphatic system will provide an accurate model
for predicting the enhanced drug bioavailability and evasion of first-pass metabolism as a

result of the lymphatic voyage.

1.5 Thesis Roadmap:

To achieve the stated objectives, the work pursued in this thesis is systematically
presented, beginning with the lysosomal trapping component of development of simulated
lysosomal fluid. Subsequently, the intestinal lymphatic component was initiated with the
literature reviews to establish foundational awareness. This is followed by detailed work
related to the simulated fluid, the developed in-vitro model, the novel dissolution model,

and the in-silico modeling, discussed in subsequent chapters.

The appendix sections provide additional insights into the research. Appendix 1
details an initiated in-silico project that has the potential to evolve into a comprehensive
endeavor, advancing the prediction of chylomicron-mediated intestinal lymphatic transport.

Appendix 2 presents an attempt to design a lymphotropic formulation. Appendix 3 explores
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a pharmacokinetic principle, specifically superposition, which could be impacted by the
intestinal lymphatic uptake and lysosomal trapping. Appendix 4, derived from the insights
gained through this project, underscores the need to revisit the Biopharmaceutics
Classification System (BCS) to incorporate lipid dissolution alongside aqueous dissolution

and permeability.
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SECTION TWO: SUB CELLULAR UPTAKE OF ORALLY
ADMINISTERED DRUGS THROUGH LYSOSOMAL TRAPPING

CHAPTER TWO

Sub-cellular Sequestration of Alkaline Drugs in Lysosomes: New Insights for

Pharmaceutical Development of Lysosomal Fluid

A version of this chapter is published in:
Res Pharm Sci. 2022;18(1):1-15. DOI: 10.4103/1735-5362.363591

Reprinted from Reference (29).
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2.1 Introduction:

Inracellular sequestration of drug molecules by various organelles has differential
effects on the disposition of xenobiotics which can impart significant alterations to their
distribution, efficacy, and safety (28, 70). Moreover, this phenomenon can also yield
unintentional targets for molecules which may help in repurposing them for indications that
involve initially an off-target site of action (71-73). Previous studies listed lysosomes,
mitochondria, and Golgi apparatus as intracellular sites for various drug entities (28, 47,
74). In these investigations we highlight lysosomal trapping, focusing on the structure and
function of the lysosomes and the mechanism of “trapping” potential drugs in addition to
the therapeutic implications of this phenomenon. We will also detail the various
physicochemical and structural properties that candidate molecules possess to be subjected

to sub-cellular sequestration in lysosomes and the models used to predict this occurrence.

2.1.1 Lysosomes Structure and Function:

Lysosomes are acidic membrane-enclosed organelles (pH 4 - 5.5) (26, 27). They are
ubiquitous in cells, yet predominant in the liver, kidney, spleen, and lung (75). Their size

can differ in the various tissues, ranging from 0.1 to 1.2 um (76).

Lysosomes are essential in certain metabolic processes including the digestion of
macromolecules and cell fragments, phospholipid turnover, and destroying invading
bacteria and viruses (25, 28, 77). Lysosomes play this key role through their array of
hydrolytic enzymes (> 60) that function within the acidic environment of the lysosomes,
which protects other cell molecules and organelles from being destroyed if these enzymes

were able to leak into the cytosol (75, 78).
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To maintain their acidic pH, lysosomes depend on proton-pumping V-type ATPase
complexes that utilize the energy of ATP hydrolysis in transporting the protons from
cytosol into lysosomes (79). As the parallel influx of anions is essential for electro-
neutrality, chloride proton anti-porter, known as chloride channel-7 or CIC-7, moves
chloride ions into lysosomes to dissipate the trans-membrane voltage (79, 80). Cation
efflux into the cytosol has also been reported to play a role in preserving a steady-state pH

inside the lysosomes (80).

2.1.2 Mechanism of Lysosomal Trapping:

In 1974 Duve et al. first described drug sequestration in the acidic lysosomal
vicinity via a process known as lysosomal trapping, lysosomal sequestration,
lysosomotropism, acid trapping, or proton pump effect (25, 81, 82). Lipophilic basic drugs
were suggested to be the targets for this process (82, 83). However, not all basic drugs have
the requisite characteristics to be possible candidates for lysosomal trapping. It is the
physicochemical properties of the drugs that determine the accumulation propensity in the
lysosomal organelles. Lysosomotropic drugs are termed cationic amphiphilic drugs,
referring to their nature being relatively lipophilic (log P ~ 2 - 6) and can bear a positive

charge (pKa > 6) (25).

The pH gradient between cytosol (pH 7 - 7.2) and lysosomes represents the driving
force for the candidate drugs’ deposition into lysosomes (28). Uncharged basic molecules
can passively diffuse into lysosomes and their basic group(s) are protonated in the acidic
lysosomal vicinity. lonized charged molecules cannot easily permeate biological

membranes, thus the acquired charges reduce the permeability of the molecules across the
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lipid bilayer lysosomal membrane back to the cytosol. The equilibrium between the
protonated and the neutral forms favors the former and consequently leads to a high
fraction of the drug being “trapped” as depicted in Figure 2.1 (28, 70, 75). The percentage
of drugs in the lysosomes can reach up to 70% of the total amount of the drug in the

intracellular vicinity (71).

Lysosome
(pH=4-5.5)

B BH*
\

Plasma (pH=7.4)

BH*

Cytosol (pH=7.2)

Figure 2.1. [llustration showing the lysosomal trapping of basic drug molecules.

2.1.3 Effects of Lysosomal Trapping:

Drug action and disposition implications of lysosomal trapping mark both the
pharmacodynamics and pharmacokinetic properties of drugs (70, 84). For certain
molecules, it can be beneficial if the drug target is sequestered inside the lysosomes.
Trapping of the antimalarial drug, chloroquine, inside the parasites’ lysosome (food
vacuole) is fortuitous as this drug binds the heme part of the hemoglobin which is usually
metabolized by the parasite to the non-toxic form, hemozoin. Prevention of this process by
chloroquine would lead to the death of the parasite in its own waste from the hemoglobin

metabolism (38, 85, 86).
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Additionally, inhibition of the intra-lysosomal enzyme acid sphingomyelinase is
one way through which certain antidepressants elicit their pharmacological action. Thus,
lysosomal trapping of fluoxetine and amitriptyline which happens because of their
physicochemical properties aids in their pharmacological action as well (87, 88).
Lysosomal trapping can also prolong the availability of the drug and in doing so potentiate
its activity as seen with the anticancer drug palbociclib and others (73, 89). Palbociclib is
an anticancer drug with a mechanism of action that relies primarily on inducing cell-cycle
arrest and senescence (90). The process of lysosomal sequestration and release of
palbociclib facilitates an increase in the exposure time of the drug and extends the duration
of the effect. In addition, the lysosomal trapping of palbociclib can occur in both
responsive and resistant cancer cells, the latter effect, however, was found to accumulate
and release the drug inducing its paracrine senescence effect (a stable arrest mediated by
secreted factors). Moreover, the displacement of palbociclib by other lysosomotropic drugs

into the cytosol potentiates its action on cytosolic and nuclear targets (89).

Together with the endosomes (membrane formed-vacuoles), lysosomes play a
major role in viral replication (71). Therefore, lysosomotropic drugs have also been
investigated to be potentially repurposed and therapeutically utilized for their antiviral
properties (91). Several research investigations support the use of lysosomotropic drugs as
antiviral agents as demonstrated through in-vitro, in-vivo, and clinical data. Ebola, Zika,
influenza, and even coronavirus are examples of the targets for which lysosomotropic drugs
are being investigated (71, 72, 91-93). Table 2.1 lists examples of different lysosomotropic

drugs which have been reported to have antiviral activity.
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Nevertheless, lysosomal trapping can also have negative effects on the efficacy of

drugs by impeding and decreasing their therapeutic concentration in their intended sites of

action. Such effects have been linked to cross resistance of lysosomotropic drugs and might

even result in drug resistance as in the case of some anticancer drugs (37, 94, 95). An

example of lysosomotropic drug-induced resistance has been reported with sunitinib (25).

This cytotoxic agent can trigger lysosomal biogenesis which can result in increased

lysosomal sequestration and inadequate target exposure following treatment with

lysosomotropic anticancer agents including sunitinib (96). Excessive accumulation of

phospholipids as a a result of drug hindrance of their degradation is known as drug-induced

Table 2.1. Examples of some antiviral lysosomotropic agents from various drug classes.

Therapeutic categories

Compounds References
repurposing

antiviral repurposing

for

of
lysosomotropic drug to an

Anti-malarial

Psychoactive

Cardiovascular

Antibiotic

Estrogen receptor modulator

(+/-) Chloroquine

(+/-) Hydroxychloroquine
(+/-) Mefloquine

(+/-) Amodiaquine

(+/-) Quinacrine
Chlorpromazine

Clomipramine
(+/-) Fluoxetine

Amiodarone
(+/-) Verapamil

Azithromycin

Tamoxifen
Toremifene

Raloxifene

92)
92)
7
(98)
(72)
(99)
(100)
(101)

(102)
(102)

(103)
(104)

(105)
(106)
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phospholipidosis (45). Most of the drugs that have been reported to cause this pathological
implication (> 50) are lysosomotropic drugs (cationic amphiphilic drugs) (44). Examples of

which are collated in Table 2.2.

These molecules can be protonated to yield cationic species that when bonded with
the phospholipid bilayer of the lysosomal membrane alter its surface charge and
subsequently lead to the slowing of phospholipid degradation, which results in their

lysosomal accumulation (44, 113).

Table 2.2. Examples of phospholipidosis-inducing lysosomotropic drugs.

Therapeutic categories Compounds References
Anti-malarial (+/-) Chloroquine (107)
Chlorpromazine (108)
Psychoactive Clomipramine (109)
(+/-) Fluoxetine (108)
Amitriptyline (110)
Cardiovascular Amiodarone (111)
(+/-) Propranolol (112)
Antibiotic Erythromycin (108)
Gentamycin (107)
Antifungal (+/-) Ketoconazole (108)
Perhexiline (108)
Estrogen receptor modulator Tamoxifen (109)

2.1.4 Models for Lysosomal Trapping:

Models describing the intracellular localization of drugs are not only helpful when
it comes to interpreting experiments; they are also useful in rational drug design.

Approaches that consider quantitative structure-activity relationships (QSAR) have been
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widely used to forecast the movement of molecules within the different intracellular
compartments including lysosomes (28). Due to increased interest in lysosomal trapping,

several in-silico and in-vitro models have been proposed.

Fluorescent lipophilic amines such as LysoTracker Red were used to evaluate the
lysosomal sequestration in in-vitro cell lines including rat and human hepatocytes (25, 70).
The compounds that inhibit the fluorescence of these marker compounds in a concentration
dependent manner are considered lysosomotropics (70, 114). This method succeeded in
predicting many possible lysosomotropic agents yet failed at determining known

lysosomotropic drugs like dextromethorphan and labetalol (25).

Nigericin, monensin, and ammonium chloride are known as inhibitors of lysosomal
trapping (114). The first two inhibitors interfere with the proton pump presenting in the
lysosomes, thus disrupting the pH of lysosomal fluid and ammonium chloride achieves a
similar effect by increasing the pH via buffering (25). If the cellular portioning of the tested
compounds decreases with the addition of inhibitors, this indirectly confirms categorizing
the investigated drugs under lysosomotropic as reported in some papers (25, 84, 115).

Effects of drug trapping on the intralysosomal processes have also been used to
predict possible lysosomotropic drugs. The degree of phospholipidosis induction was
strongly correlated with lysosomal trapping through a study that involved 47 potential
compounds. A similar correlation was undertaken for the phenomenon of lysosomal
swelling (116). Inhibition of autophagy can similarly result from lysosomal trapping as
previously mentioned and was reported to correlate with the concentrations of drugs

accumulating in the lysosomes. However, the study was conducted on a smaller group of
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drugs including lysosomotropic drugs such as astemizole, chlorpromazine, and (+/-)

chloroquine among others (71, 116-118).

Trapp et al. designed an in-silico cell model to predict the distribution of weakly
basic drug moieties inside the cell. The model is composed of a cell comprising cytosol,
lysosome, and mitochondria; each is contained by a membrane and has both an aqueous
and a lipid portion. The Fick-Nernst-Planck equation was utilized to calculate the chemical
potential-driven flux of the molecules across the electrically charged membranes. It
evaluated the ionization status of the different molecules tested via this model. Neutral and
ionic molecules across the membrane model were examined for ten model antimalarial
drugs whose simulation results anticipated that six of them are optimum for the lysosomal
trapping and three were close to the optimum. The results suggested specific
physicochemical criteria for potential excellent candidates for lysosomal trapping. These
properties included a pKa range of (6 - 10), with a logP of (0 - 3) for monovalent bases,
whereas for the bivalent bases, pKa values of below 10 for the higher pKa (pKa 1) and
above 4 for the lower pKa (pKa 2) and a LogP of 3 - 6 are optimum for lysosomotropism

(28).

Another in-silico tool that could potentially predict lysosomal trapping is
Membrane Plus™ which is a software developed by Simulations Plus, Inc. (California,
USA) for modeling in-vitro drugs permeability using different cell types (e.g. human
colorectal adenocarcinoma cells (CaCo-2), Madin-Darby canine kidney cells (MDCK)) and
parallel artificial membrane permeability assay (PAMPA). As there is no reported data on
lysosomal trapping using Membrane Plus™, it was used to estimate the lysosomal trapping

of the lysosomotropic drugs listed in Tables 2.1 and 2.2 in addition to other molecules
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mentioned throughout the paper (the method is detailed in the Materials and Methods
section). The obtained data is depicted in Figure 2.2. Some drugs, namely, the four
quinolines; (+/-) chloroquine, (+/-) hydroxychloroquine, (+/-) amodiaquine (+/-), and
quinacrine had high lysosomal trapping percentages predicted (88.6, 85.4, 74.7, and 88.6,
respectively) while the highest percentage for other drugs was 7% for astemizole. Some
other well-known lysosomtropics like (+/-) fluoxetine and (+/-) propranolol were not
predicted to be trapped in lysosomes to a significant extent and had only 1.7% and 1.9%
trapped predicted within lysosomes, respectively. In our attempts to modify the main input
parameters (pKa and log P) for the lysosomotropic drug, dextromethorphan, that has been
used in some of the reported experiments in this work we could only obtain the percentage

of 4.9% predicted by this modeling methodology.

Generally, lysosomes are fragile organelles, which can make it challenging to
quantify the compounds trapped inside them (75). The in-vitro cellular models avoid the

poor recovery challenge and the drug diffusion during sample preparation (119).

They are also superior to the in-silico models based on their better resemblance to
the in-vivo conditions. However, all models have so far been unable to accurately predict
every lysosomotropic drug as they depend on indirect methods to quantify the

lysosomotropic agents.

The in-silico models are at times limited by being incapable of fully replicating
what is occurring biologically in the living cells, which is sometimes due to the uncertainty
related to the accuracy of the underlying model parameter inputs. Additionally, such

models might not consider non-linear processes such as transporter saturation. The effects
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of the trapped drugs on the lysosome’s membranes, intracellular, and intra-organelle
environment properties need to be more holistically integrated into the algorithms or the
differential equations that underlie the in-silico models. The ionic strength effect on pKa
has not been considered in some in-silico models and this may affect the accuracy of an

important molecular descriptor that determines the lysosomal trapping tendency.
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Figure 2.2. Percentage of lysosomal trapping of different lysosomtropic drugs (100 uM) predicted
by Membrane Plus™ 2.0 (Simulations Plus, Inc., California, USA) in Caco-2 cells. Default values
for the cell model were used with a cytosol pH of 7.22 and lysosomes pH of 4. All properties were
calculated by ADMET Predictor 8.1 (Simulations Plus, Inc., California, USA).

2.1.5 Lysosomal Fluid:

In the field of pharmaceutical sciences, lysosomal targeted drug delivery could be
designed ab initio for drug therapy and this approach has potential pharmacokinetic and

therapeutic benefits. However, there currently is no universally accepted simulated or
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artificial lysosomal fluid utilized in the pharmaceutical industry or published by the United
States Pharmacopeia. There is at least one commercially available artificial lysosomal fluid
sold by Biochemazone (www.biochemazone.com). Biochemazone produces commercially
available artificial lysosomal fluid BZ257. This formulation is proprietary although it has

been communicated that the use of HCl/acetic acid is employed to maintain acidic pH.

The importance of standardized and physiologically relevant simulated fluids for
use in biopharmaceutics and dissolution has been highlighted in many excellent articles and
reviews (120, 121). However, there is no mention of a general or optimal lysosomal fluid in
these publications for pharmaceutical investigations. The reported lysosomal fluids
(artificial lysosomal fluid and phagolysosomal fluid) are categorized under simulated lung
fluids (122-126). The former simulated conditions occurring in conjunction with
phagocytosis by cells (122), while the latter is a potassium hydrogen phthalate buffered
solution that represents the medium inside the phagolysosomes (compartments form after
fusion of alveolar macrophages and lysosomes when encountering a foreign particle) (123).

Table 2.3 details the composition of each fluid.

Apart from inhalable formulations investigated with the reported lysosomal fluids,
the bioaccessibility of lysosomotropic drugs in preparations intended for other routes of
administration must also be considered. Lysosomal sequestration, in general, can
demonstrate various therapeutic advantages as illustrated in the earlier section-- “2.1.3
Effects of lysosomal trapping”. Additionally, enterocyte and hepatocyte lysosomal trapping
can have a profound impact on the pharmacokinetics of a lysosomotropic compound,
resulting in a delay in drug input into the systemic vasculature and thus retarded

appearance in the plasma (33).
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Table 2.3. The concentration of various constituents in artificial lysosomal fluid reported in the

biomedical literature.

Compounds Arfiﬁcial lyscfs.omal Phagol)is?somal fluid
fluid composition (g/L.) composition (g/L)
(122, 124-126) (123, 126)
Sodium chloride 3.21 6.65
Sodium hydroxide 6.0
Sodium hydrogen phosphate dibasic 0.071 0.142
Calcium chloride dihydrate 0.128 0.029
Citric acid 20.8
Trisodium citrate dihydrate 0.077 0.45
Glycine 0.059 0.071
Sodium sulfate 0.039 -
Magnesium chloride 0.05 -
Disodium tartrate sodium tartrate 0.09 -
Sodium lactate 0.085 -
Sodium pyruvate 0.086* -
Potassium hydrogen phthalate - 4.085
pH 4.5-5 4.55

*The sodium pyruvate composition is 0.086 g/L according to references No. 64-66 but 0.172 g/L according to

reference No. 62. All other ingredients have similar composition across the different references.

Furthermore, ophthalmological lysosomal trapping within the retinal blood barrier
has been suggested to be a part of novel transport systems that could safely and effectively
deliver candidate drugs to treat retinal dysfunction (127). Development and standardization
of a simulated lysosomal fluid (SLYF) would be an essential contribution to
pharmaceutical drug and formulation development and aid standardization of in-vitro

studies for lysosomotropic drugs and their formulations. Based on literature reports on the
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principal ions responsible for lysosomal hemostasis and their concentrations (128), a facile
SLYF was developed for routine pharmaceutical use. Selected representative drugs that
trap within lysosomes were identified using in-silico modeling and a review of the

literature and solubility and dissolution were examined.

2.2 Materials and Methods:

2.2.1 Materials:

Sodium Chloride (NaCl, CAS: 7647-15-5), potassium chloride (KCI, CAS: 7447-40-7) and
sodium acetate (CH;COONa, CAS: 127-09-3) were obtained from Caledon Laboratories
(Ontario, Canada) while the calcium chloride dihydrate (CaCl>.2H,0O, CAS: 10035-04-8)
was from Sigma (Steinheim, Germany) and the acetic acid (CH3COOH, CAS: 64-19-7)
was purchased from Fischer Scientific, USA. Distilled water was used for dissolving the
reagents. Dextromethorphan hydrobromide (CAS: 6700-34-1) and chloroquine diphosphate
(CAS: 50-63-5) were obtained from SigmaAldrich Co. (Missouri, USA) whereas the
dextromethorphan soft gel capsules (Robitussin®) were a product of Pfizer (Ontario,

Canada) from the lot: DP5155 (Expiration Date: 02/2023).

2.2.2 Using Membrane Plus for Lysosomal Trapping via Caco-2 Permeability Model:

Membrane Plus™ 2.0 from Simulations Plus, Inc. (California, USA) was used to
estimate the lysosomal trapping of the potential lysosomotropic. The molecular structure of
these drugs was imported into the Caco-2 12-well model. Properties of drugs were
predicted by absorption, distribution, metabolism, excretion, and toxicity (ADMET)

Predictor 8.1 (Table 2.4).
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Table 2.4. List of the tested drugs via Membrane Plus™ with their log P and PKa values as
predicted by ADMET Predictor 8.1 and used by Membrane Plus™ 2.0 (Simulations Plus, Inc.,

California, USA).

Drugs % Of lysosomal trapping Log P PKa
Amiodarone 2 6.83 8.96
Amitriptyline 2.1 4.97 8.93
Amodiaquine 74.7 4.95 6.25,7.95, 10.29
Astemizole 7 5.54 7.97
Azithromycin 0.1 3.39 7.63,8.72

(+/-) Chloroquine 88.6 5.11 7.25,9.86
Chlorpromazine 2.1 5.31 8.87
Clomipramine 2.1 5.7 8.87
Dextromethorphan 2.2 3.81 8.91
Erythromycin 0.1 2.3 8.63

(+/-) Fluoxetine 1.7 4.39 9.82
Gentamycin 0 -1.79 7.29, 8.08, 8.9, 9.96
(+/-) 85.4 3.94 7.19,9.17

(+/-) Ketoconazole 0.4 3.74 6.15

(+/-) Labetalol 3.6 2.54 8.44,9.66, 11.72
(+/-) Mefloquine 2.1 3.81 8.52
Palbociclib 5.8 1.87 8.96

(+/-) Perhexiline 1.8 6.69 10.1

(+/-) Propranolol 1.9 2.89 9.48

(+/-) Quinacrine 88.6 6.16 7.88,9.8
Raloxifene 2.2 5.39 8.14,9.4,10.08
Tamoxifen 1.8 6.64 8.48
Toremifene 1.8 6.73 8.42

(+/-) Verapamil 2.6 4.45 8.46
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The apical compartment of the model was chosen to be filled with 0.5 mL of the
drug solution (100 uM, pH = 7.4) while the basolateral one was filled with 1.5 mL of
buffer solution (pH = 7.4). The default data for the membrane thickness and pore size were
used at a shaking rate of 100. Sampling was done at 0.25, 0.5, 1, 1.5, and 2 h. Default
values for the cell model were considered with a cytosol pH of 7.22 and lysosomal pH of 4.

The obtained values for the lysosomal trapping percentages for the tested drugs were noted.

2.2.3 Preparation of the SLYF:

The fluid was prepared with the components listed in Table 2.5. Components were
added successively and dissolved in 70 mL water, and then HCI] was used to adjust the pH

before completing the volume to 100 mL.

Table 2.5. Simulated lysosomal fluid composition for pharmaceutical investigations.

Reagents Amount per 100 mL (% 0.1%)
NaCl 0.321¢g

KCl 0.0224 g

CaCl..2H,0O 0.0119¢g

Na acetate 0.4046 g

Acetic acid* 0.5mL

HCI g.s to adjust the pH (4-5.5)

*Acetic acid volume can be adjusted to be only part of the buffering system and to use the HCI to adjust the
pH to the required values.

2.2.4 Analysis of the Developed Lysosomal Fluid and a Commercial Artificial Fluid:

The laboratory-prepared lysosomal fluid (SLYF) and the commercial artificial fluid
(BZ257, Biochemazone, Alberta, Canada) were examined for their composition and pH as

follows.
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2.2.4.1 pH determination:

The pH of the fluids was determined via Fischer Scientific XL.20 pH/conductivity

meter (Massachusetts, USA).

2.2.4.2 Chemical Analysis:

The lysosomal fluids were chemically investigated using Medica’s EasyRA®
analyzer (Massachusetts, USA). They were analyzed for their content of potassium (K¥),
sodium (Na®), calcium (Ca®*"), and chloride (CI') ions, in addition to lithium (Li"),
magnesium (Mg""), and total protein. After checking and calibrating the system, the probe
and the ion-selective electrode were cleaned and the latter was calibrated. A properly
calibrated reagent for each component was put with a blank (high performance liquid
chromatography (HPLC)- grade water) in the sample holder with 2000 uL samples of the
SLYF and the commercial artificial fluids. The required components were selected and the

analysis was run for their concentration in blank and fluids samples.

2.2.5 Measuring the Solubility of Dextromethorphan in SLYF and the Commercial

Artificial Fluid:

The solubility of the model lysosomotropic dextromethorphan was tested in both
fluids using the shake-flask method (129). In brief, the excess drug was weighed into 2 mL
samples of SLYF and the commercial lysosomal fluid, then they were shaken at room
temperature for 24 h. Subsequently, samples from the supernatant were filtered through
0.45 um nylon filters before being analyzed at 230 and 280 nm using HPLC C18 (4.6 x 250
mm X 5 um) column that utilized 60:40 methanol and phosphate buffer (pH = 5.5) as a

mobile phase at a rate of 0.8 mL/min for a run time of 10 min.
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2.2.6 Measuring the Dissolution and Release Profile of Dextromethorphan from the

Commercial Product Robitussin®:

Table 2.6 lists the main components in the liquid-filled dextromethorphan capsules
(Robitussin DM Coughgels). In-vitro dissolution profiles for this were conducted via VK
7000, USP 711 apparatus by VanKel® (Varian Inc, USA) in 900 mL of 0.1 N HCI, SLYF
fluid and 0.05 M phosphate buffer (pH = 7.4), using a USP type 1 basket method
dissolution apparatus. A temperature of 37 £ 0.5 °C and a rotation speed of 100 rpm were
maintained according to USP dissolution methods (USP34NF29). Three mL samples were
withdrawn over a period of 60 min at predetermined time intervals (15, 30, 45, and 60
min). The filtered samples were suitably analyzed using the HPLC procedure described in
the previous section.

Table 2.6. Summary of Robitussin® drug product information obtained from: https: / www.

medsafe.govt.nz/Profs/Datasheet/r/robitussinDryCoughcap.pdf.

Drug Inactive ingredients

Allura red AC, brilliant blue FCF, gelatin, macrogol

Dextromethorphan HBr-15 mg 400, opacode white NSP-78-18022, povidone, propyl
gallate, purified water, sorbitol special glycerin blend
A810.

2.2.7 Using the Developed Fluid (SLYF) in Predicting Lysosomal Trapping:

Hydrophilic synthetic 0.22 pm polyvinylidene fluoride membranes were first
immersed in the developed lysosomal fluid (SLYF) for 10 min and the excess media was
removed using absorbent tissues. The membrane was then placed between the two

compartments of a horizontal Franz-cell (Figure 2.3). The receptor compartment was filled
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with 20 mL of the SLYF (pH = 4.21), whereas the donor compartment was filled with 20
mL of the drug solution (1 mg/mL) in phosphate buffer (pH = 7.2). Both compartments
were magnetically stirred at 600 rpm throughout the experiment. At time points (1, 2, 3, 4,
and 24 h), 400 pL aliquots were withdrawn from the receiver compartment and replaced
immediately with an equal volume of fresh receptor medium to maintain a constant volume
of the receiving solution. Analysis of both drugs was done using the same HPLC system.
For chloroquine, the detection was done at 342 nm using a mobile phase of 60% methanol

and 40% acetate buffer (pH = 5.8) that was run at the rate of 1 mL/min for 10 min.

Clamp

t

Donor Cell (Drug Receiver Cell
Solution in Phosphate — s o eceiver Cel

= €=t (Laboratory —prepared
Buffer, pH =7.2) Lysosomal Fluid, pH ~4.2)

= | =

PVDF*
Hydrophilic Membrane
(0.22 um)

*PVDF, Polyvinylidene fluorid

Figure 2.3. Schematic representation of the developed lysosomal trapping apparatus.
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2.3 Results:

The pH of the commercial artificial lysosomal fluid was determined to be 7.51,
while that of SLYF fluid was 4.2. The chemical analysis of the constituents of both SLYF
and the commercial lysosomal fluid for the essential ions for lysosomal function are
depicted in Table 2.7 along with the reported reference values of the tested components.
The commercial artificial lysosomal fluid contained only the potassium concentration
within the optimum range, while the sodium, calcium, and chloride were all out of range.
Moreover, similar to the SLYF fluid, the commercially purchased fluid had no lithium yet

contained 1.09 mg/dL of magnesium and a total protein of 2 g/L.

The solubility testing of dextromethorphan in both fluids yielded a clear solution
with the SLYF, while the artificial commercial fluid produced a turbid sample with a
precipitate (Figure 2.4). The average solubility values of the dextromethorphan in the
commercial artificial fluid and the SLYF were 1.3 mg/mL and 4.9 mg/mL, respectively
(Figure 2.5).
Table 2.7. Results of analysis of the simulated lysosomal fluid and a commercial artificial

lysosomal fluid using Medica’s EasyRA® analyzer (Massachusetts, USA) with the reference values

of each component as adopted from literature.

Amount in the Amount in the Optimum concentration
Ions prepared lysosomal commercial lysosomal  for lysosomal

fluid (mM) fluid (mM = 5%) homeostasis (mM) (69)
Na+ 59.08+2.0 <10 X 20-140
K+ 3.09+0.06 v 424 N 2-50
Ca2+ 0.46+0.02 1.65 X ~0.5
Cl- 59.1+5.0 v 90.8 X <80
pH 421 7.51 X 4-5.5 (130)
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Figure 2.4. Images of samples of the solubility test of the model drug dextromethorphan in the
laboratory prepared lysosomal fluid (SLYF) where it fully dissolved (right) and in the commercial

artificial counterpart where the fluid was turbid with a precipitate formed (left).
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Figure 2.5. Solubility of dextromethorphan in SLYF and in the commercial artificial fluid. Data are
presented as mean + SEM, n = 3. SLYF, laboratory-prepared simulated lysosomal fluid.

Figure 2.6 depicts the drug’s rate and extent of release different in the three
dissolution media; 0.1 N HCI, SLYF, and phosphate buffer (pH = 7.4). The highest release
values were in 0.1 N HCI (> 97%) followed by SLYF (72.6%) and then the phosphate

buffer in which only about 32% of the drug was released into. Using SLYF in the
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developed model

dextromethorphan revealed

to assess

the lysosomal trapping of both chloroquine and

that throughout the experiment the rate and extent of

chloroquine release into the lysosomal compartment were higher than the other one as seen

in Figure 2.7.
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Figure 2.6. Dissolution profile of dextromethorphan performed on the commercial product

Robitussin in 0.1 N HCI, developed simulated lysosomal fluid (SLYF), and phosphate buffer (pH =

7.4). Data are presented as mean = SEM, n = 3.
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Figure 2.7. Cumulative percentage of tested lysosomtropics ((+/-) chloroquine and

dextromethorphan) in the receiver compartment of the model using the developed simulated

lysosomal fluid (SLYF). Data are presented as mean = SEM, n = 3.
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2.4 Discussion:

Lysosomal ionic hemostasis is crucial for its function. Sodium (Na") and potassium
(K™) ions are essential for determining lysosomal membrane potential that in turn affect the
movement of the different ions across the lysosomal membrane and regulate lysosomal
acidification. Calcium ions (Ca®") efflux also contributes to lysosomal acidification and is
linked to the fusion of lysosomes with other cellular parts. Chloride ions (CI") are critical
counter ions for the chloride proton antiporter which is the main mean that maintains the
acidic environment inside lysosomes. The optimal range of these ions inside lysosomes is
listed in Table 2.7. In addition to the mentioned ions, micromolar deposits of other ions
including iron (Fe** and Fe*"), zinc (Zn*"), and copper (Cu**) are also found in lysosomes

to be provided to the cell when required (128).

For SLYF preparation, only ions that are essential for the lysosomal internal
hemostasis were selected. Sodium, potassium, and calcium chlorides were used to provide
their corresponding chosen ions (Na*, K*, Ca**, and CI"). The equipped buffering system
contained acetate and acetic acid (buffering range = 3.5-5.5) (131). In addition to the acetic
acid playing a part in decreasing the pH, HCl was used to adjust the pH to the required

value.

The pH of the commercial fluid does not reflect the pH inside the lysosomes that
should be maintained within 4 - 5.5 (28). Yet, the pH of SLYF does reside within the range.
Additionally, the results showed that concentrations of all SLYF components complied
with reported data in the literature, unlike the commercial fluid in which only potassium

values were optimized.
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The improved solubility of the selected model drug in the SLYF could be attributed
to the pH of the fluid (4.21) and the pKa of the drug (9.8) (132). However, the discrepancy
in the solubility data poses a challenge when considering pharmaceutical or biochemical
tests using simulated or artificial biological fluids such as the lysosomal fluid. It is also of
special importance for the optimal dissolution conditions of lysosomotropic drug entities

and their formulations.

Dextromethorphan’s rate and extent of release were different in the three
dissolution media examined. The pH can be one factor to the faster release of the basic
drug (pKa 9.85) in the 0.1 N HCI (pH = 1) than the SLYF fluid (pH = 4.2) and the
phosphate buffer (pH = 7.4). Fluid composition could also be another factor affecting
dissolution. However, even after 45 min, it was only the 0.1 N HCI medium that passed the
acceptance criteria for the dextromethorphan dissolution testing of not less than 75% in 45
min in the specified dissolution medium. Other reports indicated the success of the
different dextromethorphan dosage forms including capsules to pass the dissolution test in
various media e.g. 0.1 N HCI, acetate buffer (pH= 4.5), and simulated intestinal fluid (SIF,

pH = 6.8) (133, 134).

The developed lysosomal fluid also showed its usefulness in the model used to
predict the lysosomal trapping of the two lysosomotropic; (+/-) chloroquine and
dextromethorphan. The model was designed in a way to replicate the movement of drugs
from the cytosol to lysosomes by having two compartments filled with representative
media; a donor compartment in which the drug was dissolved in a phosphate buffer with a
pH of 7.2 and a receiver one containing the simulated lysosomal fluid (pH = 4.21). The

release profile into the receiver compartment which is an indicator for the lysosomal
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trapping demonstrated that chloroquine appeared in the SLYF at e.g. a greater rate and
extent than dextromethorphan. That observation is reflected by physicochemical molecular
descriptors of both drugs, namely the pKa and the log P which would favor chloroquine
(pKa = 7.29 and 10.32 and LogP = 3.93) lysosomal trapping over that of the
dextromethorphan (pKa = 9.85 and Log P = 3.49) (81). Using this developed SLYF fluid as
an in-vitro model to evaluate additional lysosomotropic or potentially lysosomotropic

drugs.

2.5 Conclusion:

The importance of lysosomes to drug action and disposition is well known. Several
in-vitro models have been developed to assess lysosomal trapping and quantify the
proportion of potential candidates that will be sequestered inside lysosomes. However,
there is no standardized composition for lysosomal fluid. Therefore, we developed a
lysosomal fluid with the basic components required for lysosomal hemostasis (SLYF fluid)
and compared it to a commercial artificial lysosomal fluid. The laboratory-prepared fluid
(SLYF fluid) complied with the reported data on the pH and the concentration of the
lysosomal components. The obtained result helps fill the void with a lysosomal fluid that
can be used to examine various factors related to pharmaceutical product performance
including dissolution, solubility, and disposition which are relevant and necessary parts of
drug and product development. Preliminary data from the developed fluid and model with
dextromethorphan and (+/-) chloroquine suggest the pharmaceutical utility of this
developed methodology. The obtained results and model system could be adapted to enable
investigating the sequestration of drugs in other cellular organelles using a similarly

developed experimental design approach.
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SECTION THREE: POST CELLULAR UPTAKE OF ORALLY
ADMINISTERED DRUGS THROUGH LYMPHATIC UPTAKE VIA
CHYLOMICRONS

CHAPTER THREE

The Lymphatic System: A Sometimes-Forgotten Compartment in Pharmaceutical Sciences

A version of this chapter is published in:
J Pharm Pharm Sci. 2021;24:533-547. DOI: 10.18433/jpps32222

Reprinted from Reference (56).
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3.1 Overview and Major Milestones:

About 20-30 litres of plasma are propelled daily out the arterioles into the
interstitial spaces of the body tissues. Of this volume, about 90% is reabsorbed back
through the venules (135). The remaining fluid is drained back to the circulation via the
lymphatic vessels. These vessels, in addition to other tissues and organs, form the

lymphatic system (135-137).

The lymphatic system primarily maintains fluid homeostasis but also plays a pivotal
role in transporting dietary fat and lipophilic molecules and entities from the intestine to the
bloodstream. Moreover, it is involved in all immunological processes and numerous

diseases and metabolic disorders which will be discussed later in this review (51, 138, 139).

It was Thomas Bartholin who first gave the term lymphatics to this system in 1652
(140). Nevertheless, the earliest recognition of the lymphatic system dates to the 4™ century
B.C.E. by Hippocrates and Aristotle (141). Throughout the following centuries, the
importance of the lymphatic system with respect to health was largely overlooked. It was
not until 1622 when this system regained recognition and was described by the Italian
physician Gasaro Aselli who found the intestinal lymphatic vessels, that he called
“lacteals” while dissecting a dog’s abdomen (142). Aselli’s work was published in 1627
after his death, and that was one of the many landmark discoveries in the 17" century; the

golden era for lymphatic system research (142, 143).

Again, key gaps in knowledge about various aspects of the lymphatic system
remained understudied for a long time afterwards (143). Yet, three decades ago, the

lymphatic system started gaining more scrutiny and interest. Advances in science have led
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to the salient understanding of the role of lymphatics and its link to numerous diseases

(143, 144). Major milestones in lymphatic system research spanning centuries are

summarized in Table 3.1.

Table 3.1. Milestones in lymphatic system discovery and research throughout different eras.

Year

Marks related to lymphatic system

460-377 B.C

300 B.C **

1622

1651

1652-1653

1744

1784-1787

1869

1992

2015

Hippocrates recognized some lymph nodes in various body areas containing a
“fluid absorbed from the tissues” (141).

Aristotle’s detection of a lymphatic vessel. He described them as “fibres” between
nerves and veins (141).

Discovery of gut lymphatics by the Italian Physician Gaspare Aselli. He called
them ‘’venae albae aut lacteae’” or (lacteals) (142).

The French Physician Jean Pecquet described the thoracic duct and its valves. He
also recognized that gut lymphatics empty into the cisterna chyle and not the liver
as previous anatomists claimed (145).

Thomas Bartholin, a Danish anatomist, coined the term lymphatic for the first
time which appeared in his book ‘“vasa lymphatica.” He also confirmed the
findings of Pecquet and illustrated that lymph from the intestine flows till it
reaches the thoracic duct and that from the liver also do so separately (140).

Description of the morphology and function of the lymphatic valves by the Dutch
botanist and anatomist Frederik Ruysch (145).

Paolo Mascagni demonstrated the lymphatic network of the entire body (146).

Arnold Heller noted the first description of lymph propulsion, observed in
collecting lymphatic vessels in the guinea pig mesentery (147).

Discovery of the growth factor/receptor system and related findings by Kari
Alitalo, his team, and other international teams (143).

Discovery of the brain lymphatic system by a team led by Drs. Antoine Louveau
and Jonathan Kipnis from the University of Virginia School of Medicine (148).
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3.2 Structural Organization of the Lymphatic System:

The fluid surrounding body’s cells is termed the interstitial fluid. When this fluid
enters the lymphatic system, it is referred to as “lymph.” It does so through the blind-ended
lymphatic capillaries, which are sometimes termed, the initial lymphatics. From there,
lymph drains into the collecting vessels, which passes through at least one, but usually
several lymph nodes distributed throughout the body. Collecting vessels merge into grander
trunks which empty into the ducts. Finally, the ducts return the lymph into the venous

circulation, completing the circuit of fluid transport (51, 135, 137).

3.2.1 Lymphatic Vessels:

3.2.1.1 Lymphatic Capillaries:

Lymphatic capillaries, initial or terminal lymphatics are commonly interlaced with
the capillaries in the connective tissues of various parts of the body except for bones and
teeth (149, 150). These are blind-ended structures that are a one cell-thick layer of thin-
walled endothelial cells (151). These cells are 10-60 um in diameter and possess a unique
oak leaf shape (150, 152). They have a discontinuous or absent basement membrane acting

as primary valves and overlapping button-like junctions (Figure 3.1) (153).

Anchoring fibres tie the initial lymphatics to the extracellular tissue matrices (154,
155). These elastic filaments protect the initial lymphatic from collapsing under high tissue
pressure. They also sense the pressure in the intercellular space and signal the opening of

the flap-like junctions for drainage of the lymph (152, 156).

47



3.2.1.2 Lymphatic Precollectors:

They are lymphatic vessels built of an endothelial layer of cells (152, 157). In
regions close to the initial lymphatics, the endothelial cells of the precollectors still retain
the oak leaf shape. The closer proximity to the collecting lymphatic vessels, the

endothelial cells acquire a rhombic form like that of the veins (139, 158).

o~

/' Flap-like junctions of LEC _

Lymphatic endothelial cells
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Collagen fiber (LEC) i
| i
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Arteriole

v & Flow of lymph
. - Flow of blood

Figure 3.1. Illustration showing the lymphatic capillaries interlaced with the blood capillaries.
Network (bottom). The lymphatic capillaries or the initial lymphatics (top) are closed-ended
vessels, composed of a single layer of epithelial cells having flap-like junctions in between that
serves as valves allowing the interstitial fluid to be drained into the lymphatics. These capillaries
are anchored through filaments to the surrounding tissue which help them withstand the high

pressure without experiencing a collapse.
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These vessels resemble the initial lymphatics in having no smooth muscle layer.
Yet, they differ from them in having structured valves within, which are termed secondary
valves. The valves here serve in preventing backflow into initial lymphatics (139). Having
no smooth muscle layer, lymphatic precollectors rely on the inflow and outflow pressures

of individual segments in pushing the lymph forward (137).

3.2.1.3 Collectors:

The next structural vessel organizations in the lymphatic system are the collecting
lymphatics. The walls of which are composed of an endothelium layer encircled by a

smooth muscle cell layer and a layer of collagen fibres; the adventitia (159).

These lymphatic vessels get thicker as they merge. A new feature of these
lymphatic vessels is the microcirculation or the “’vasa vasorum’’ that delivers oxygen and
nutrients to larger collectors (160). Moreover, the secondary valves here play structural and
functional roles. They prevent lymph retrograde movement and also divide the collecting
vessels into chambers (137, 159). Each chamber forms a contractile unit called the
lymphangion, meaning “lymph heart”. Contraction of lymphangions together with the
proper functioning of the valves ensures the smooth unidirectional flow of lymph even

against gravity in a standing posture (161).

Usually, many collectors drain into a lymph node, and typically but not always one
collecting vessel exits the node. The former is the pre-nodal or the afferent lymphatics and

the latter is one of the post-nodal or the efferent lymphatic vessels (162).
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3.2.1.4 Trunks:

Structurally, they are the larger counterparts of the lymphatic collectors (162). But
functionally, there are some differences; in humans they funnel into two major ducts that
return lymph back into the venous circulation. Two major trunks; the intestinal and the
lower lumber, drain into a sac-like structure called the cisterna chyli, located at the base of
one of the ducts; the thoracic duct (53, 137). Other major trunks (jugular, subclavian and

broncho mediastinal) drain directly into ducts (163) as shown in Figure 3.2.

Right jugular trunk )
Entrance of right lymphatic duct Jugular veins

into vein
Right subclavian trunk

a
Entrance of left lymphatic duct
into vein
Left subclavian trunk
Right bronchomediastinal trunk Left subclavian vein

Brachiocephalic veins

Superior vena cava Left bronchomediastinal trunk

Azygos vein

Cisterna chyli

Right lumbar trunk

Left lumbar trunk

Inferior vena cava

Figure 3.2. Major lymphatic trunks and ducts in the human body. The intestinal and the lower
lumber trunks empty into the cisterna chyli, before draining into the thoracic duct. Whereas the
jugular, subclavian and broncho mediastinal trunks funnel directly into the duct located on their
side. The right lymphatic duct drains lymph into the junction between the right jugular and
subclavian veins, whereas the thoracic duct empty into the junction of the same veins on the left

side. Modified from (162) with permission.
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3.2.1.5 Ducts:

The last part of the lymphatic network is the ducts. Eventually, the larger vessels
merge into the lymphatic trunks, that empty into the venous circulation via the right

lymphatic duct and the thoracic ducts (136) as depicted in Figure 3.2.

The right lymphatic duct is formed from the merger of the right jugular, the right
subclavian, and the right bronchomediastinal trunks (162). It receives lymph from the right
sides of the head, thorax, and right upper limb and drains into the junction of the right
subclavian and right internal jugular veins (164). Lymph from the remaining parts of the
body get through the thoracic duct into the junction of the left subclavian and left internal
jugular veins (165). It is built of smooth muscle fibres and has a valvar system to prevent
lymph backflow and blood reflux at the point where it meets the venous system (165, 166).
Summary of the order of lymph flow through the lymphatic network and the structure of

each vessel is illustrated in Figure 3.3.

\ A

e
Ducts
e (Larger vessels that empty into the venous circulation)
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Trunks
L (Greater counterparts of the lymphatic collectors) )
‘ . . )
Collectors

(Composed of endothelium layer, smooth muscle cells

\_ layer and collagen fibers and possess secondary valves)
\ A

( Precollectors
(Made up of endothelial layer of cells with no smooth
N muscle layer, yet has secondary valves) )
4 : . ‘ J N
Capillaries
L (Blind-ended, unicellular layer of endothelial cells)

Y

Figure 3.3. Lymphatic network of vessels starting from capillaries and ending with ducts.
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3.2.2 Lymphatic Tissues and Organs:

The lymphatic tissues and organs are grouped as primary and secondary based on
their functional roles (162). The primary lymphatic organs are the sites of lymphocyte
formation and acquisition of immunocompetency and include the red bone marrow and the

thymus (162, 167).

The secondary lymphatic organs are where immune responses occur. Lymphatic
nodes, spleen and lymphatic follicles are members of this group (167). The first two (the
lymphatic nodes and the spleen) are classified as organs because they possess an outer
capsule of connective tissue, unlike the lymphatic nodules which lack it and as a result are
considered tissues (162). There are numerous lymphatic nodules found within the mucous
membranes lining the respiratory, gastrointestinal, and urinary tracts, termed mucosa-
associated lymphatic tissues (MALTSs) (168). Clusters of these nodules can be found in the
tonsils and in the ileum of the small intestine these are referred to as Peyer’s patches (169).
Out of these different lymphatic organs and tissues, lymph passes only through the lymph

nodes which will be detailed next.

3.2.2.1 Lymphatic Nodes:

Lymphatic nodes resemble immunosurveillance units, which functionally serve in
filtering the lymph and mounting immune responses against detected antigens (139). These
nodes are bean-shaped lymphoid organs placed throughout the body, most prominently
near the mammary glands and in the axillae and groin. Lymph nodes range between 1 to 25
mm in length and are divided structurally into two major parts, capsule, and parenchyma

(Figure 3.4). The capsule is a dense fibrous tissue that runs towards the interior of the node

52



forming partitions called the trabeculae. The parenchyma has two distinct sections: the

cortex and the medulla (167, 170).

Afferent vessel\/’
Cortical sinus

Outer cortex

/Capsule
N/ \ 7

r 6
l % ) Trabeculae
Hilus *

/7 l Lymph node artery (red)

Afferent vessel and vein (blue)

Medulla

......
4

Inner cortex

Figure 3.4. Structure of the lymph node. It is composed of the capsule and the parenchyma. The
parenchymaencompasses the cortex and the medulla. The cortex is divided into outer and inner
parts. The former contains the primary and the secondary follicles. The secondary follicles differ
from the primary ones in having a germinal centre (activated B cells with dendritic cells and
macrophages) surrounded by a condensation of B cells. Moving inwards there will be T cells and
macrophages in the inner cortex, and antibody-secreting plasma cells with the macrophages in the

medulla.

The outer cortex houses lymphatic follicles or nodules. There are two types of
lymphatic nodules: primary and secondary nodules (171, 172). The former consists of B
cells surrounded by a loose network of dendritic cells. Upon encountering an antigen, the
macrophages or the dendritic cells stimulates the development of the secondary nodules by

the activation of the B cells which are bounded by cortical dendritic cells and macrophages
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form what is termed a germinal centre. Surrounding this centre there is a condensation of B

cells, forming the outer part of the secondary nodule (172).

There are no lymphatic nodules in the inner cortex; instead, there are T cells and
macrophages that migrate from other parts of the body. The macrophages cause the
proliferation of T cells to combat antigens. The activated T cells do not reside in the lymph

node but rather travel where there is antigenic activity (173).

Cells in the medulla are the antibody-secreting plasma cells that proliferate from the

activated B cells in the outer cortex, in addition to the macrophages (162, 174).

Lymph drains into the nodes via the afferent vessels entering the nodes through its
convex side. It follows a certain path crossing the sinuses within the node then exits
through the efferent vessels emerging from the hilum (a depression on the concave part of
the lymph node) (175). Cells might get into nodes with the lymph or through special blood

vessels termed high endothelial venules (HEVs) (51).

3.3 Intestinal Lymphatic System:

The intestines are a part of the gastrointestinal organ system and a region in the
body that exhibits unique morphology and function of the lymphatics that is not
encountered anywhere else. Here the lymphatic system besides drawing out excessive
fluids and mounting immunological responses, which are the roles of the lymphatics
throughout the body, also facilitates the absorption of dietary lipids through its special
lymphatic capillaries; the lacteals (65, 69). In addition, there are several vitamins and food

nutrients that use this system to access and enter the systemic circulation.
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Structurally, the intestinal lymphatics start with the lacteals, found in the intestinal
villi. The lacteals funnel into pre-collecting and collecting vessels located in the mesentery,

which in turn drain into the cisterna chyli at the posterior end of the thoracic duct (69).

As illustrated in Figure 3.5, lacteals range between 60 and 70% of villi length and
are encircled by a mesh of blood capillaries and smooth muscle fibres. A cytoplasmic
extension or filopodia is usually attached to the lacteal tip demonstrating the state of

regeneration that the lacteals can undergo (53).

Smooth
muscle
fibers

Intestinal
villus

Submucosa

Mesenteric lymph node

|

Thoracic duct

|

Blood circulation

Figure 3.5. Structure of the intestinal lymphatic capillary (the lacteal). It constitutes nearly two
thirds of the villi length and is surrounded by network of blood capillaries and smooth muscle
fibres. It might have a cytoplasmic extension called filopodia, which indicates the state of active
regeneration of the lacteals on which it appears. Lacteals play a vital role in up-taking absorbed
lipids and draining them through the mesenteric lymph node into the thoracic duct before they enter

into the systemic blood vasculature. Adopted from (53) available under CC BY-NC-ND license.
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The discontinuous button-like junctions between lymphatic endothelial cells of the
lacteals indicates their functioning in lymph uptake. However, the transition to zipper-like
cellular junction in the collecting lymphatic vessels reflects less permeability and the better
containment that these vessels must prevent the leakage while transporting lymph (151).
Cellular junctions of lacteals were also linked functionally to the chylomicron’s entry into

the lacteal (176).

Chylomicrons are the form into which lipids and lipophilic components are
assembled to be up taken by the lacteals (177). Following their absorption, dietary lipids
are hydrolysed into fatty acids and monoglycerides, then re-esterified to triglycerides in the
endoplasmic reticulum of the enterocyte’s apical membrane (53, 69). The triglycerides,
cholesterol, cholesteryl esters, phospholipids, and the apolipoprotein (178) are packaged
into chylomicrons and set out from the basolateral membrane of the enterocyte (53). In
order to access into lacteals, chylomicrons do not diffuse passively as claimed earlier, but
rather are taken up actively through a mechanism involving molecular signalling that is yet
to be fully understood (179). However, the vascular endothelial growth factor-A (VEGF-A)
has been shown to modulate the cell-cell junctions in lacteals and blood capillaries (180),
regulating the lipid uptake process via signalling pathways starting with the binding to the
vascular endothelial growth factor receptor-1 (VEGFR-1) and its co-receptor, the

semaphorin receptor (NRP1) as depicted in Figure 3.6 (53).

Lacteals are not the only lymphatic feature present within the intestine. There is
another key component there, which is the Peyer’s patch. These lymphoid tissues are

located within the mucosal lining in the intestine. They compose a gateway for lymphatic
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voyage similar to lacteals and are also an immune surveillance site that encounters various

ingested immune elicitors like bacteria, viruses and other factors (51, 181).

VEGF-A% VEGF-A
NRP1/FLT1 VEGFR-2 NRP1/FLT1 VEGFR-2

v J’

Low activity of VEGFR-2 High activity of VEGFR-2
A 4 l

Button junctions Zipper junctions

v l

Chylomicron uptake NO chylomicron uptake

Figure 3.6. Schematic model of cell-cell junctions in lymphatic endothelial cells (LECs) regulating
chylomicrons uptake through lacteals. The availability of the vascular endothelial growth factor-A
(VEGF-A) for binding the NRP1/Fms-related tyrosine kinase 1 (FLT1) on blood endothelial cells
(ECs) results in having the button like junctions between the LECs that enables the chylomicrons
uptake into the lacteals. When the opposite is encountered and the VEGF-A binds the vascular
endothelial growth factor receptor-2 (VEGF-2) on the LECs, that imparts the tight zipper junctions

on the LECs and facilitates the transport rather than the uptake of the chylomicrons into the lacteals.

3.4 Lymphatic System Adding Therapeutic Benefits:

The overall lymphatic function is now thought to be associated with the
pathophysiology of various diseases more than initially considered. Thus, lymphatics are
an important target site for drugs and their delivery systems used in these conditions,
especially lymph resident diseases such as cancer and some viral infections. Moreover, the

lymphatic nodes play a central role in generating an immune response, thus they are
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considered a crucial target for vaccines (51, 174, 182, 183). For these indications, a new
chapter in drug delivery has opened and various formulations have been developed while
others are being investigated to target lymphatics through different routes of
administration.

Next, the areas of intimacy between the lymphatic system and the pathophysiology
of some disorders and diseases are summarized, with the various studies to exploit the

lymph targeted delivery to add therapeutic benefits.

3.4.1 Cancer:

Being routes of trafficking through the body, lymphatic vessels are used by the
malignant cells to spread. They are preferred over the blood vessels for this mission
because of the lymphatic’s broader vasculature, lower pressure gradient and higher
permeability (184). Usually, the metastases occur in steps, the first of which is the
colonization of the sentinel lymph node (51). This can occur through the pre-existing
lymphatic vessels or newly formed ones resulting from the induction of tumour secreting
growth factors (e.g VEGF-A, VEGF-C and VEGF-D) that stimulate the lymphangiogenesis
(formation of new lymphatic vessels) to that node and beyond. Once in the first targeted
node (a regional node), disseminating cancerous cells continue to do the same to promote
more drainage of the growth factors to the node to aid in invading a distant node using the
same strategy (51, 184-187). Other lymphatic markers have also been linked to cancer
metastasis such as Prospero Homebox 1 (Prox-1) and Lymphatic Homing Peptide (Lyp-1)
(187). Therefore, developing lymphotropic formulations for chemotherapeutic agents and
lymphatic biomarkers could enhance their therapeutic outcomes, in terms of target

specificity, drug resistance and toxicity.
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It has also been delineated that, Lyp-1 is a nano-peptide that binds a specific
receptor (p32) which is highly expressed on tumor-related lymphatics, macrophages, and
cancer cells (188). The lymphatic targeting of the Lyp-1 achieved via a self-micro
emulsifying delivery system (SMEDDS) resulted in decreasing the tumor size in 4T1
Tumor-bearing mice. Concomitant administration of the same peptide with the cytotoxic
drug doxorubicin (Dox HCI) exhibited a reduction of the cell viability from 74.3% to
49.6% after 48 hours of incubation in the MDA-MB-231cell line. Thus, lymphotropic

delivery of the Lyp-1 can be an effective way to combat tumors (189).

Another example is the cytotoxic anti-cancer agent doxorubicin that has achieved
greater antitumor efficacy through a lymphotropic formulation. The subcutaneous
administration of liposomal doxorubicin decreased the volume of auxiliary lymph nodes by
56.77% in comparison with the intravenous formulation that caused a 27.08% decrease in
auxiliary lymph nodes size using rabbits inoculated with VX2 cells to develop breast
cancer. Additionally, this resulted in an increase of the apoptotic cell count by 3.21 and
1.97-fold for the liposomal and the free drug preparations of doxorubicin, respectively. The
inhibition of growth and the induction of apoptosis of tumor cells that the liposomal
doxorubicin imparted was postulated to lead to higher lymphatic uptake of the developed
subcutaneous formulation and the greater drug reaching the regional lymph nodes where

metastasis occurs (190).

Moreover, the intravenous and oral administrations of a doxorubicin-quercetin
conjugate (DoxQ) demonstrated 5 and~1.5-fold increase in the area under the curve (AUC)
compared with the unconjugated standard drug treatment (Dox), respectively. The volume

of distribution at steady state (Vss) imparted with the intravenous DoxQ was 0.138 + 0.015
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where that of the doxorubicin was 6.35 + 1.06 L/kg in male Sprague—Dawley rats. The oral
Dox Q delivery system resulted in double the amount of Dox in the mesenteric lymph fluid
than the Dox. The transformed pharmacokinetics and improved oral bioavailability of the
DoxQ were attributed to the lymphatic transport of the drug conjugate with the

lymphotropic antioxidant flavonoid quercetin (191).

Paclitaxel is used for treating many cancer types, such as breast cancer, lung cancer,
ovarian cancer among others (192). Reports on targeted paclitaxel nano-formulations
supported its superior chemotherapeutic activity when administered through
lymphatics. When incorporated in inhalable solid lipid nanocarriers (SLNSs), paclitaxel
resulted in tumour cells survival rate of (19.34%) compared with 87% cell viability when
free paclitaxel was administered intravenously in a mice lung cancer model. Moreover, the
inhalable SLN-paclitaxel showed no toxicity upon prolonged treatment and about 20 times
less concentration to inhibit 50% of cell growth (ICs¢) than intravenously administered

paclitaxel (193).

SLNs were also used for the cytotoxic agent etoposide. The study used mice with
Dalton’s lymphoma to compare the biodistribution of radiolabeled free and nanoparticle-
based etoposide through three routes of administration, i.e., subcutaneous, intravenous, and
intraperitoneal. Following 24 hour after administration, the subcutaneous route exhibited
greater drug uptake by 8-fold and 59-fold than the intraperitoneal and the intravenous ones,
respectively. Likewise, subcutaneous administration also showed a relatively low tissue
distribution, suggesting lesser systematic side effects of the drug. Therefore, the
subcutaneous injection was suggested to be a better route for administering

chemotherapeutic drugs targeting lymphatic-related malignancies (194).
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Intraduodenal administration of methotrexate solution and SLNs formulations came
in favour for the nanoformulations regarding the chemotherapeutic effect as a 10-fold
increase in lymphatic drug uptake was reported with drug-loaded SLNs as opposed to the
free dug solution using dialysis membrane and rat models (195). Thus, the oral
bioavailability of methotrexate can be improved via lipid-based formulations favouring

lymphatic transport.

Zara et al. also studied oral lymphotropic delivery for cancer drugs using SLNs
taking idarubicin as a model drug. The intraduodenally administered formulations of
idarubicin showed a 21-fold increase in the area under the plasma concentration time curve
compared with the drug solution. Again, the greater biodistribution in the lymphatic system
appeared to serve in decreasing the idarubicin concentration in the heart and thus reducing
its cardiotoxicity. The 30-fold increase in the elimination half-life of the idarubicin loaded

SLNs suggested its potential use as a sustained release delivery system (196).

9-Nitrocamptothecin (9NC) is a potent antitumor agent that is used to treat
hepatocellular carcinoma. The liposomal formulation of this drug (9NC-LP) has been
shown to demonstrate a greater antiproliferative effect and fewer side effects in a nude
mice xenograft model of HepG2 cell line in comparison with the free drug. The higher dose
of the 9NC-LP (2.5 mg/kg/d) repressed cancer growth by nearly 87.02% and the lower
dose scored 41.66% tumour growth inhibition after three weeks, without any drug-related
death. Nevertheless, over half of the animals died on day 14 after administering 2.5
mg/kg/day doses of the free drug. The observed effects with the 9NC-LP systems were

attributed to their lymphotropic delivery (197).
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Hyaluronic acid (HA) is a natural polymer transported via the lymphatics and when
coupled with the chemotherapeutic agent cisplatinum (Pt), it made a successful local
pulmonary delivery system with greater platinum concentration in the lung and draining
lymph nodes as reported by Xie ef al. (198). A similar approach was considered with
hyaluronan—cisplatin (HA—Pt) nanoconjugate to treat head and neck squamous cell
carcinoma (HNSCC). In a developed orthotopic metastatic xenograft model of HNSCC,
HA-Pt nanoconjugate achieved complete treatment success for 57% of the female mice
whose group also showed significant hindrance of the HNSCC progression in contrast to

the standard therapy group (p < 0.05) (199).

All previous examples reinforce the importance of lymph-targeted delivery for
cancer treatment. However, the lymphatic system is also related to other diseases, as

discussed next.

3.4.2 Inflammatory Conditions:

Inflammation is a mechanism of protection against various pathogens and irritants
(200). It is characterized by the expansion of both blood and lymphatic networks
(angiogenesis and lymphangiogenesis, respectively). Whereas the proliferation of blood
vessels exacerbates the inflammation, lymphatics were found to aid in containing the
aggravation of this condition (201, 202). The reported mechanistic reasons underlying this
was based on the formed lymphatic vasculature acting as clearance conduits, alleviating
oedema, and decreasing the levels of pro-inflammatory mediators and immune cells (200).

The molecular mechanisms involved in some inflammatory diseases like skin inflammation
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(203, 204), inflammatory bowel disease (IBD) (205) and rheumatoid arthritis (RA) (206)
and others have been connected to lymphatic biology(200).

Developing delivery systems of lymphangiogenic factors would increase the
potential of effective alleviation of inflammatory pathologies. Yet, limited studies are
available on this targeted approach. A recent report showed that the antibody-mediated
delivery of the vascular growth factor-C (VEGF-C) reduced skin inflammation in two mice
models due to its accumulation in the affected tissues and stimulation of the expansion of

the lymphatic vascular network (200).

Another study on the lymphatic related effects on inflammation involved the use of
the tissue necrosis factor (TNF). It is a pro-inflammatory mediator that was linked to
rheumatoid arthritis through its induction of neutrophils which when elevated and impairs
the lymphatic pumping and aggravates the inflammation associated with rheumatoid
arthritis. A study by Aldrich et al. revealed that the intradermal administration of the anti-
TNF drug, etanercept, improved lymphatic functioning and reduced the swelling in a rat

model of collagen-induced arthritis (CIA) (207).

Intriguingly, many current treatments for inflammatory diseases, such as
tocilizumab and infliximab affect lymphangiogenesis (208, 209). These proteins are
administered through subcutaneous and intravenous routes and their relatively large size
makes at least part of the administered dose to be taken up by the lymphatics (51). Thus,
they would exhibit lymph related changes that account for their anti-inflammatory action.
Yet, the door is still open for research in treatment options using the lymphatic system-

inflammation overlap.
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3.4.3 Metabolic Diseases:

Accumulating evidence supports the crosstalk between lymphatics and adipose
tissue. The link between lacteal permeability and transport has been already established
with adult obesity (176, 210). The disturbance in the signalling pathways modulating the
cell-cell junctions of lacteals would result in leakage of fat-rich lymph and its
accumulation, leading to diet-induced obesity (176). Insulin sensitivity has also been found
to tie with the proper intestinal lymphatics functioning (211). Hyperinsulinemia and
inflammation arising from obesity can also affect the lacteals integrity, progressing to
deadly complications (53). Nevertheless, there is still an open area of research to dig in
here and in other metabolic diseases which were connected to the lymphatic system such as

hypertension (212), atherosclerosis (213, 214) and others (51).

In this disease group, there hasn’t been translational development of drugs targeting
lymphatics for the various indications that have been associated with the lymphatic system
yet. Nonetheless, there are drugs that are being used to treat some of these metabolic
diseases which have been found to have higher therapeutic efficacy when administrated
through delivery systems that favour lymphatic transport. In the aforementioned studies,
the reasons behind the better outcome were solely related to the pharmaceutical rather than
the pharmacological reasons; with the lymphotropic formulations offering higher
bioavailability and preventing the first-pass metabolism. A list of these drugs is in Table

3.2,
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3.4.4 Infections:

As a system hosting immune surveillance centres and paving immune trafficking
pathways throughout the body, the lymphatic system plays a vital role when antigenic
invaders enter the body (137). Of special importance are the ones which take advantage of
their accessibility to the lymphatics and utilize it to disseminate. Persistent HIV replication
was connected to low lymphatic concentrations of the antivirals (215, 216). The list of
other infections includes hepatitis (217), Ebola virus and recently the novel human
coronavirus, SARS-CoV-2 was added to it (218). This data suggested lymphatics as a

therapeutic target that would aid in eradicating certain challenging infections.

One example involves the link of the efficacy of the antivirals in downregulating
the replication of the human immunodeficiency virus (HIV) in lymphatic tissue which was
revealed to be associated with the lymph node concentration of antiretroviral drugs (219,
220). In support of this contention, the administration of subcutaneous nanoparticles in
macaque monkeys indinavir extended the plasma residence times and increased the
concentrations of indinavir in the lymph nodes of HIV-2 positive animals. This in turn

caused a considerable reduction in the viral RNA load and an incremental increase in the

CD4" T cell count (220).

3.5 Lymphatic System Adding Pharmacokinetic Benefits:

In addition to improving the therapeutic outcomes, lymphotropic delivery can add
new possibilities for drugs of low solubility and those that are subjected to the hepatic first-
pass effect. Such formulations can increase drug bioavailability, impart higher drug

exposure, and lower toxicity by providing a by-pass route of the hepatic circulation to
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enable greater systemic access (51, 182). Table 3.2 summarizes various studies that

reported lymphotropic formulations used to improve the therapeutic effects for different

indications by enhancing the pharmacokinetics profile of drugs.

Table 3.2. Lymphotropic formulations of drugs targeting various ailments.

Formulation Drug

Main Indication

Remark

Reference

SMEDDS Halofantrine

Valsartan

Microemulsion/  Raloxifene

SMEDDS

Liposomes Cefotaxime

Tobramycin

Antimalarial

Antihypertensive

Osteoporosis Agent

Antibiotic

Antibiotic

Lymphatic the
SMEDDS formulation reached
27.4%

uptake  of

The AUC for the SMEDDS was
607 ng h/mL/hr in comparison to
44536 and 1.36 h for market

formulation

In vitro intestinal permeability
demonstrated that the

exhibited

studies
microemulsion
significantly higher permeation
(90%) compared to the plain drug
suspension (41.06%)

Bioavailability = of  liposomal

cefotaxime was approximately
2.7 times higher than that of the

aqueous solution

The AUC of tobramycin in SLN

~120-fold greater than that
following IV administration of

tobramycin solution

(221)

(222)

(223)

(224)

(225)
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SLNs

Niosomes

NLCs

Clozapine Antipsychotic
Carvedilol Antihypertensive
Nimodipine  Prophylaxis of
stroke and
hypertension
Silymarin For liver disorders
Rifampicin  Antibiotic

Vinpocetine For cerebrovascular

disorders

Higher SLN bioavailability than

that of the suspension

SLNs had higher uptake to the
CaCo-2 cells than the drug
solution

owing to  higher

lymphatic transport

SLNs conducted in male Albino
Wistar rats showed 2.08-fold
increase in relative bioavailability
than that of drug solution, when

administered orally

Greater bioavailability and lower
hepatotoxicity noted with the
SLNs of silymarin compared with

commercial product

46.2% of the drug was taken into
the lymphatic when the noisomes
were administered intraperitoneal
route in comparison with 13.1%
for the drug solution through the

same route

The Cmax for vinpocetine-loaded
NLCs was also significantly
higher than for the vinpocetine
suspension. The area under the
curve for the vinpocetine-loaded
NLCs was 3.2-fold greater than

that of the vinpocetine suspension

(226)

(227)

(228)

(229)

(230)

(231)
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Testosterone Hormone The lymphatically transported (64)
replacement testosterone undecanoate
accounted for between 91.5 and
99.7% of the systemically

available ester

* SMEDDS = Self micro emulsifying drug delivery system, SLNs = Solid lipid nano-particles, NLCs =
Nano-structured lipid carriers, AUC= Area under the curve, Cnax = Maximum plasma concentration.

3.6 Requirements for Lymphotropic Formulations:

Formulations for lymphatic drug delivery, whether for targeting a lymph related
disease condition or getting through the lymph to the general circulation- all have certain
general requirements that affect their performance. These formulations include
lymphophilic emulsions, microemulsions, self-emulsifying and self-micro emulsifying drug
delivery systems. Additionally, numerous nanoformulations (e.g., polymeric nanoparticles,
nanostructured lipid carriers, solid lipid nanoparticles and others) have also been considered

(144, 184, 187).

Nano-sized formulations are found to be superior to actively target lymphatics,
especially those which are lipid-based (184). Such formulations are better candidates for
lymphatic drug delivery. However, the uptake of these formulations into the lymphatic
conduits depends on some factors, such as the route of administration (51). The intravenous
administration of cytotoxic agents is reported to result in limited tumour uptake of the drug
due to a faster clearance by the phagocytic system (232). An example of such effect has
been encountered with the etoposide (Section 3.4.1). In addition, the intradermal route may
enhance the lymphatic uptake in comparison with the intramuscular and the subcutaneous

routes because of the elevated interstitial pressure and faster flow of lymph within the skin
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than in other interstitial sites (233). Likewise, other features such as the particle size,

surface charge, hydrophobicity and types of lipids used also affect the lymphatic voyage

(184, 187).

The molecular weight, partition coefficient, triglycerides solubility are the main

criteria considered for drugs incorporated in lymphotropic formulations (184, 187). Other

factors like surface area polarity and pka. have also been reported to play a role in drug-

chylomicron association and thus the intestinal lymphatic uptake (54).

Requirements for both drugs and formulations targeting lymphatics are summarized

in Table 3.3.

Table 3.3. Criteria for drugs and formulations designed for lymphotropic delivery.

Factor Criteria Favouring Notes/Comments Reference
Lymphatic Transport
- Medium chain
Formulation Type of lipid triglycerides (e.g.. The long  chain (234)
Caprylic triglycerides) triglycerides - support
- Long chain triglycerides the lymphatic uptake
. more than the
(such as the ones in corn
o . . medium chain ones
oil, olive oil, peanut oil
and soybean oil)
Carrier’s Negative Negatively charged (235-237)
Charge particles shows

(Zeta potential <-30 mV)

higher uptake into the
lymphatics than
neutral (zeta potential
between +10 to -10
mV)

(zeta potential >+30

and positive
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Nano-particle’s 10-100 nm

size

Hydrophobicity High

Emulsifier <1.5%v/v
concentration

Molecular > 16,000 Daltons
weight

mV) counterparts.
However, highly
negatively  carriers
can  extend the
retention period of in

the lymph nodes

This is the optimal
range for the
lymphatic transport,
however sizes greater
than 100 nm can still
provide  lymphatic
voyage, however at a

slower rate

The  higher  the
hydrophobicity of the
formulation, the
higher the lymphatic
uptake

Concentrations
higher than 1.5% v/v
tend to decrease the

lymphatic uptake

Molecules of sizes <
10,000 Daltons are
readily taken by

blood capillaries
rather than
lymphatics

(238)

(51

(227)

(239)
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Drug Triglyceride > 50 mg/mL - (240)
solubility

Log P >5 - (240)

3.7 Conclusion:

Over the last two decades, the functional importance of the lymphatic system in a
wide range of diseases has become more evident. Thus, the lymphatic system itself is
arising as a potential drug targeting avenue that could enhance the therapeutic outcome of
such conditions. There are many studies that have focused on cancer and metastasis and
the lymphatic system, however, translational studies on the lymphotropic formulations for
therapeutic purposes is still in their infancy for many other disorders including
inflammatory and metabolic ones in addition to various infections. @ Moreover,
lymphotropic formulations have been linked to improved bioavailability and
pharmacokinetic profiles especially for drug species liable to the first-pass metabolism.
Optimized lymphatic targeted drug delivery requires a thorough understanding of the
physiology of this system. Therefore, future studies would focus on understanding the
detailed mechanisms of the entry and voyage of the lymph and mimicking the endogenous

behaviour of lymph transported materials.
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CHAPTER FOUR

Lipoproteins within the Lymphatic System: Insights into Health, Disease, and Therapeutic

Implications

A version of this chapter is published in:
Appl Chem Eng. 2023;6(2):2202. DOI: 10.24294/ace.v612.2202

Reprinted from Reference (178).
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4.1 Introduction:

Lipoproteins are complex particles that consist of a hydrophobic core of non-polar
lipids surrounded by a hydrophilic membrane made up of phospholipids, free cholesterol,
and apolipoproteins (241). These lipoproteins are responsible for various functions such as
the absorption and transport of dietary lipids, the transport of lipids from the liver to
peripheral tissues, and the reverse transport of lipids from peripheral tissues to the liver and
intestine. They also play a role in removing toxic compounds such as bacterial endotoxin
from areas of infection (241-245). The lymphatic system works in conjunction with
lipoproteins to absorb and transport dietary lipids. Additionally, it plays a vital role in
regulating body fluid levels, maintaining the balance of fluids throughout the body.
Furthermore, the lymphatic system contributes to the body’s defense against infections
(56). The relationship between lipoproteins and the lymphatic system have significant

implications for the pathophysiology of various diseases.

4.2 Lipoprotein Classes:

Plasma lipoproteins are classified into seven classes based on size, lipid
composition, and apolipoproteins. These include chylomicrons, chylomicron remnants,
very low-density lipoproteins (VLDL), VLDL remnants which are termed intermediate
density lipoproteins (IDL), low-density lipoproteins (LDL), high-density lipoproteins
(HDL), and lipoprotein (a) (Lp (a)) (244). Some recognize only four to five main
categories, including chylomicrons, LDL, VLDL, HDL, or chylomicrons, VLDL, IDL,
LDL, and HDL, respectively, with the rest being grouped under these categories

(chylomicron remnants with chylomicrons, and Lp (a) with LDL) (246-248) (Figure 4.1)
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and Table 4.1). NMR continues to be commonly employed for structure elucidation and

quantification of chemical mixtures. However, its exceptional sensitivity to the size and

density of macromolecules made it highly valuable in the sub classification of major

lipoproteins (249).

Hydrophobic core

Free cholesterol

Phospholipid

Hydrophilic shell

IDL

Apolipoprotein

Cholesterol ester

Figure 4.1. Structure of different lipoprotein classes.

HDL: high-density lipoprotein; LDL: low-density lipoprotein; IDL: intermediate-density lipoprotein; and
VLDL: very low-density lipoprotein.

Table 1 summarizes the composition of the main lipoproteins categorized based on

their buoyant densities.

Table 4.1. Properties (density and size) and major components of main lipoprotein classes.

Lipoprotein Density (g/mL) Size (nm) Major lipids

Major apoproteins

Chylomicrons <0.930

VLDL 0.930-1.006
IDL 1.006-1.019
LDL 1.019-1.063
HDL 1.063-1.210

75-1200

30-80

25-35

Triglycerides

Triglycerides

Triglycerides
cholesterol

Cholesterol

Cholesterol
phospholipids

Apo B-48, Apo C, Apo E, Apo A-l,
A-IL A-IV

Apo B-100, Apo E, Apo C

Apo B-100, Apo E, Apo C

Apo B-100

Apo A-I, Apo A-II, Apo C, Apo E

74



4.3 Role of Various Lipoproteins in Transporting Drugs, Vitamins, and Xenobiotics:

Lipoproteins, such as low-density lipoprotein (LDL) and high-density lipoprotein
(HDL), play a role in transporting various drugs, vitamins, and xenobiotics within the
lymphatic system (250, 251). Cholesterol is a component of all lipoproteins and is
transported within the lymphatic system to and from cells and tissues by LDL and HDL,
respectively (252). Fat-soluble vitamins, including A, D, E, and K, are transported within
the lymphatic system in association with lipoproteins such as LDL and HDL (250). Some
xenobiotics, such as polychlorinated biphenyls (PCBs) and dioxins, are lipophilic and being
transported within the lymphatic system in association with lipoproteins such as LDL and
HDL (253). However, not all drugs, vitamins, and xenobiotics are transported in the same
way within the lymphatic system, and the extent to which they bind to and are transported
by lipoproteins can vary. The presence of these substances in the lymphatic system can also

impact its functioning and overall health.

Chylomicrons, also known as cyclic lipoproteins, play a pivotal role in transporting
dietary lipids, such as triglycerides and cholesterol, from the small intestine to various parts
of the body. They also facilitate the absorption of fat-soluble vitamins, including A, D, E,
and K (56). Notably, chylomicrons are crucial for drug absorption since they have the
ability to transport lipophilic drugs that would otherwise have poor absorption through the
gastrointestinal tract. Lipophilic drugs, characterized by their ability to dissolve in lipids,

can be absorbed through the same mechanisms as dietary lipids (254).

When lipophilic drugs are ingested, they become incorporated into chylomicron

particles during their formation in the intestinal cells. Subsequently, these chylomicrons

75



enter the lymphatic system and are transported to the bloodstream, facilitating the

distribution of drugs to target tissues (177, 254).

The absorption of drugs via chylomicrons can be influenced by various factors,
including the size of the chylomicron particles, the drug dosage, and the dietary lipid intake
(53, 56). The size of chylomicron particles can impact the rate and extent of drug
absorption. Larger particles are typically cleared more slowly from the lymphatic system,
leading to prolonged drug exposure and potentially higher bioavailability. Additionally, the
dosage of the drug can affect its absorption through chylomicrons. Higher doses may
saturate the transport capacity of chylomicrons, resulting in lower absorption rates and
potentially increased variability in drug exposure. Furthermore, an individual’s dietary lipid
intake can influence drug absorption via chylomicrons. Consuming a high-fat meal can
enhance chylomicron formation, thereby increasing drug absorption. Conversely, a low-fat
meal may reduce chylomicron formation and subsequently decrease drug absorption (54).
Therefore, understanding the role of chylomicrons in drug absorption is crucial for

optimizing drug delivery and improving therapeutic outcomes.

4.4 Role of Chylomicrons in Drug Absorption:

Chylomicrons are large lipoproteins that are rich in triglycerides and are formed in
the intestinal cells or enterocytes from dietary lipids. The main structural protein in
chylomicrons is apolipoprotein 48, although some enterocytes also form Apo B-100
chylomicrons. Other apolipoproteins that can associate with chylomicrons include A-I, A-

II, A-1V, C-1, C-1II, C-111, and E (177, 244, 254, 255).
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Triglycerides from food are hydrolyzed into free fatty acids (FFA), diglycerides
(DG), and 2- monoglycerides (2-MG) as they pass through the gastrointestinal tract and
reach the small intestine. In enterocytes, these hydrolysis products are re-esterified and
packaged into chylomicrons (53, 54). The formation of chylomicrons begins in the
endoplasmic reticulum (ER), where Apo B-48 is transported across the ER membrane by
the microsomal triacylglycerol transport protein (MTP). In the ER lumen, Apo B-48
associates with phospholipids, mainly phosphatidylcholine (PC), and some triacylglycerol
(TAG) to form pre-chylomicrons, which are then transported to the Golgi apparatus for
glycosylation and association with other apolipoproteins. The transport vesicles then bud
off from the Golgi apparatus and fuse with the basolateral membrane of enterocytes to
release the chylomicrons into the lamina propria (248, 255-257). The intestinal lymphatic
capillaries take up chylomicrons and deliver them to the venous circulation via the thoracic

duct (54).

Chylomicrons play a crucial role in delivering nutrients to muscles and adipose
tissues, facilitated by their interaction with lipoprotein lipase (LPL). This enzyme, found in
muscle and adipocytes is anchored to the capillary endothelium near these tissues. The

activation of LPL relies on Apo C-II, which is present on the surface of chylomicrons.

When activated, LPL hydrolyzes the triglycerides in chylomicrons, breaking them
down into free fatty acids that can be taken up by adjacent muscle cells and adipocytes for
energy or storage (258, 259). Additionally, some of the free fatty acids released from

chylomicrons bind to albumin and are transported to other tissues (259).

77



As the triglycerides in chylomicrons are hydrolyzed by LPL, the chylomicrons
reduce in size and transform into chylomicron remnants. During this process, these
remnants acquire Apo E and transfer their apolipoproteins, including Apo A and Apo C, to
other lipoproteins, mainly HDL. The transfer of Apo C-II from chylomicrons to HDL
decreases the ability of LPL to further break down triglycerides. However, it’s essential to
note that another apolipoprotein, Apo C-III, plays a significant role in regulating lipid
metabolism by inhibiting LPL’s action. Apo C-III acts as a potent inhibitor of LPL activity,
resulting in reduced hydrolysis of triglycerides in chylomicrons and other lipoprotein
particles. Consequently, this inhibition leads to impaired lipolysis and delays the clearance

of chylomicron remnants from the circulation (259-261).

Moreover, Apo C-III’s interference goes beyond LPL inhibition. It also affects
another critical process in lipoprotein clearance, which involves Apo E. Apo E is essential
for the uptake of chylomicron remnants by the liver, achieved through interactions with
specific receptors on hepatocytes. However, Apo C-III can compete with Apo E for binding
to lipoprotein particles, reducing the availability of Apo E and subsequently interfering
with efficient lipoprotein clearance (260). The chylomicron remnants, with Apo E still
present, bind to various hepatic receptors, including the LDL receptor, Low-Density
Lipoprotein Receptor-Related Protein (LRP), and the co-receptor syndecan-4, and are taken
up by hepatocytes. The cholesterol in these particles is then used by hepatocytes to produce

VLDL, bile acids, or secreted into the intestine with bile (244, 261-263).

As we have explored the essential role of lipoproteins, especially chylomicrons, in
facilitating the delivery of drugs from the small intestine through the lymphatic system to

the bloodstream, it becomes imperative to further investigate the relationship between
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lymphatic conduits and lipoproteins in the context of how these conduits influence
lipoprotein dynamics and their potential applications in therapeutics. By shedding light on
these mechanisms, we can uncover valuable insights that enable us to optimize lipoprotein-

based drug delivery systems and identify new therapeutic targets.

4.5 The Impact of Lymphatic Conduits on Lipoprotein Dynamics and Therapeutic

Potential:

The role of lymphatic conduits in maintaining fluid balance is crucial as they drain
excess interstitial fluid from the body back into the bloodstream. These conduits also serve
as the entry point for different macromolecules, including lipoproteins, on their journey to
the bloodstream. Recent studies have highlighted the significance of the lymphatic journey
of lipoproteins, which has a direct impact on various physiological processes (54, 264). For
example, acute exposure to low-density lipoprotein (LDL) has been linked to an increase in
the frequency of contraction of collecting lymphatic vessels and subsequent lymphatic flow
(265). This finding suggests that LDL may modulate lymphatic function, which could have
implications for fluid homeostasis and the transport of other macromolecules via lymph.
Moreover, the removal of cellular cholesterol through peripheral lymph high-density
lipoprotein (HDL) is believed to play a critical role in completing the journey of peripheral
tissue cholesterol to the liver (266). This function is particularly important near the heart, as
lymph mediated HDL trafficking from artery walls has been shown to decrease the size of
atherosclerotic plaques (267). In the context of atherosclerosis, the accumulation of low-
density lipoprotein (LDL) within the arterial wall leads to the formation of plaques. These
plaques consist of lipids, immune cells, smooth muscle cells, and connective tissue (268).
Further studies are needed to elucidate the underlying mechanisms and explore the
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therapeutic implications of lymph-mediated HDL trafficking in the context of

atherosclerosis and cardiovascular health.

Deficiencies in lymphatic function can have direct effects on lipoprotein profiles
and related physiological processes. For example, decreased levels of plasma HDL and its
related protein and lipid have been documented upon lymphatic diversion (269). Similarly,
increased levels of plasma very low-density lipoprotein (VLDL) and LDL have been linked
to lymphatic vessel dysfunction in mouse models of atherosclerosis (266). Elevated plasma
LDL and decreased HDL levels are major risk factors for the metabolic syndrome, which is
associated with atherosclerosis, obesity, increased blood pressure, and glucose intolerance

(270).

The intestinal lymphatic system is a promising route for delivering drugs with poor
solubility and bioavailability. Examples of drugs and formulations delivered via the
intestinal lymphatic system include lipophilic drugs such as cyclosporine, which is used to
prevent organ rejection in transplant patients. Oral administration of cyclosporine in a self-
emulsifying drug delivery system (SEDDS) improved its bioavailability by promoting
lymphatic uptake (240). Another example is the anti-cancer drug paclitaxel, which has low
solubility in water and poor oral bioavailability. Oral administration of paclitaxel in a lipid-
based formulation improved its absorption and lymphatic uptake, leading to increased
efficacy against cancer (271). Additionally, lipid-based formulations have been used to
deliver peptides and proteins via the lymphatic system. For example, insulin has been
incorporated into lipid-based formulations and shown to enhance its lymphatic transport
and reduce its degradation (272). Overall, the intestinal lymphatic system has shown

promise as a delivery route for a range of drugs and formulations.
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4.6 Conclusion:

While significant progress has been made in unraveling the intricacies of
lipoprotein trafficking and remodeling within the lymphatics, there remains a considerable
amount of unknowns regarding the detailed mechanisms and factors that regulate these
processes. The gaps in our understanding present an opportunity for further exploration and
research. By delving deeper into these processes, we have the potential to advance our
knowledge, identify novel therapeutic interventions, and pave the way for innovative
approaches to tackle a wide range of diseases associated with lipoprotein dysfunction and

lymphatic related diseases.
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CHAPTER FIVE

Understanding Lymphatic Drug Delivery through Chylomicron Blockade: A Retrospective

and Prospective Analysis

A version of this chapter is published in:
J Pharmacol Toxicol Methods. 2024;129:107548. DOI: 10.1016/j.vascn.2024.107548

Reprinted from Reference (592).
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5.1 Background:

5.1.1 Overview of the Lymphatic System:

The lymphatic system, an integral component of the circulatory system, comprises a
complex network of lymphatic vessels, tissues, and organs (56). Its organs encompass the
bone marrow, thymus, lymph nodes, and spleen (51). Within the lymphatic tissues are
lymphatic follicles situated in the mucous membranes lining the respiratory,
gastrointestinal, and urinary tracts, collectively termed mucosa-associated lymphatic tissues
(MALTSs) (168). These nodules form aggregates in structures like the tonsils and the ileum

of the small intestine, known as Peyer's patches (54).

The lymphatic system serves several key functions, including maintaining fluid
balance, transporting dietary lipids and fat-soluble vitamins, and regulating the immune
responses (51, 54). Unlike the closed cardiovascular system, where the heart pumps blood
throughout the body, the lymphatic system operates as an open-ended network without a
central pumping organ (56). Lymph, a clear to white fluid, flows through lymphatic
vessels, carrying excess fluid and other substances from tissues back to the bloodstream,

thus, serving as an intermediate between the tissues and the vasculature (264).

Each day, approximately 90% of the plasma propelled into the interstitial space by
arterioles is reabsorbed into venules (135). The remaining fluid is subsequently drained
through the lymphatic system. The entrance into the lymphatic vasculature is facilitated
through initial lymphatic capillaries featuring flap-like junctions, aiding in the removal of
excess fluid, along with macromolecules, cells and waste products, from the interstitium

(137). Subsequently, the lymph travels through various lymphatic vessels, including
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lymphatic collectors that merge into larger trunks, and ultimately emptying into lymphatic

ducts. These ducts then return lymph to the venous blood circulation (135, 137).

Within the intestinal region, the lymphatic capillaries known as lacteals exhibit
distinctive structure and function (69). These specialized vessels play a key role in
absorbing dietary lipids, fat-soluble vitamins, and other xenobiotics (177, 264). Situated in
the intestinal villi, lacteals channel into pre-collecting and collecting lymphatic vessels
found in the mesentery. These vessels, in turn, drain into the cisterna chyli located at the

posterior end of the lymphatic duct (thoracic duct) that connects to the venous blood (53).

5.1.2 Lymphatic Drug Delivery:

Before, the significance of the lymphatic system was primarily functional; and
related to its role related to immunity, maintaining fluid balance and transporting lipids.
However, recent progress in understanding the lymphatic system, along with its crucial
involvement in numerous diseases, immune regulation, and cancer spread, has led to new
insights. These advancements have prompted the exploration of novel approaches to
develop vaccines, drugs, and drug delivery systems tailored to enhance delivery into or

through the lymphatic system (51, 54, 56).

Lymphatic targeted delivery offers many advantages, such as increased drug
exposure, especially following oral administration, and an increased concentration of the
drug in the lymphatic system (51, 273). When a drug is orally administered, it has been
presumed to predominantly absorb in the small intestine and enter the venous circulation
through the hepatic portal vein, potentially leading to losses of highly metabolized drugs in

the liver. However, drugs entering intestinal lymphatics bypass the liver and its first-pass
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effect, potentially leading to increased oral bioavailability (53, 273). Moreover, targeting
lymphatics can boost therapeutic efficacy by concentrating the drug in the lymphatics,
minimizing potential non-specific tissue uptake and off-target toxicities to other tissues

(182, 184).

Drugs accessing the intestinal lymph utilize three main pathways: firstly, absorption
occurs through a transcellular route, closely associated with the triglyceride core of
chylomicrons; secondly, drugs can pass through microfold cells (M cells) located in the
lymphatic Peyer's patches; and thirdly, there's a paracellular route, potentially facilitated by
absorption enhancers (55, 234). These pathways converge, guiding drugs into the
mesenteric lymph, which then progresses to empty into the thoracic duct. From there, it
enters the junction of the left subclavian and left internal jugular veins, merging with the
venous blood supply in the superior vena cava before finally reaching the right atrium of
the heart (135, 136). In contrast, drugs entering the bloodstream from the small intestine via
the portal blood undergo hepatic first-pass metabolism in the liver before joining the
venous circulation through the inferior vena cava (274). Subsequently, all blood follows the
same route in the well-known heart-lung-heart cycle. Starting from the right atrium, the
blood is propelled to the right ventricle, then in the first pass to the lungs for pulmonary
oxygenation. From the lungs, the oxygenated blood and drug within it returns to the left
atrium and is subsequently pumped to the left ventricle. Finally, the left ventricle propels
the oxygen-rich blood and drug throughout the entire body for action, disposition and

subsequent elimination (275) as seen in Figure 5.1.

Considering all the pathways through which orally administered drugs access the

systemic circulation, the following general bioavailability (F) equation, describing the
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amount reaching the systemic circulation, falls short in clearly accounting for and

incorporating the lymphatic component (276).
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Figure 5.1. Journey of drugs from the intestinal lumen to the systemic circulation. Transcellular

drug absorption can occur through both portal and lymphatic pathways. Drugs with low
lipophilicity (log P < 5) are absorbed into enterocytes before entering the portal blood circulation.
These drugs then travel to the liver, after which they get into the right atrium through the inferior
vena cava, and complete the heart-lung-heart cycle, ultimately entering the systemic blood.
Lipophilic drugs (log P > 5) are typically packaged into chylomicrons within enterocytes. As these
chylomicrons enter the lamina propria, they are taken up by intestinal lymphatic vessels (lacteals)
that funnel into lymphatic vessels in the mesentery. This flow drains into the cisterna chyli at the
posterior end of the thoracic duct, leading to the junction of the left subclavian and left internal
jugular veins. Drugs then enter the right atrium through the anterior vena cava, undergoing the
heart-lung-heart cycle before reaching systemic blood. From the 1. vena cava, blood gets the 2.
right atrium, then it moves into the 3. right ventricle before making its initial journey to the lungs

for pulmonary oxygenation. After being oxygenated in the lungs, the blood, along with any
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accompanying medication, flows back to the 4. left atrium. It is then propelled into the 5. left
ventricle, which in turn pumps the oxygen-rich blood and medication though the 6. aorta to the
entire body for various actions, disposition, and eventual elimination. Additionally, another main
intestinal lymphatic pathway involves drugs passing through M cells of Peyer's patches in the
intestinal lumen, reaching the mesenteric lymph and joining the previously described flow until

entering the general systemic vascular circulation.

F = Fabsorbed X Fgut X Fliver

Where:

F = Fraction of the drug reaching the systemic circulation (bioavailability)

Fabsorbed = Fraction of the drug absorbed into the intestinal cells

Fgue = Fraction of the drug escaping gut decomposition, metabolism, or loss into feces

Fiiver = Fraction of the drug escaping first-pass metabolism by the liver

For a drug with multiple absorption pathways, the bioavailability equation becomes
more complex. F is the total bioavailability, which is the fraction of the administered drug
that reaches the systemic circulation from all relevant pathway inputs. It must be expressed

as the sum of the individual bioavailabilities through each pathway (Figure 5.2).

A simplified version of the equation would be:

F=F+F;

Where:

Fi and F» are the individual bioavailabilities through each pathway and each is a fraction of

the drug absorbed through a specific pathway (portal and lymph, respectively).
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The lung is a first-pass organ that may or may not extract drugs before reaching the
systemic circulation, therefore, fraction of the drug escaping the first-pass metabolism by
the lung (Fiung) should be considered and recognised as well and may not be negligible and

should not be overlooked.

[ Orally administered drug ]

|
Dissolution and/or micellization

Drug in intestinal lumen

F gut

Drug absorbed into enterocyte

Portal Blood Mesenteric Lymph
F F
absorbed,portal absorbed,lymp
Liver
F liver
Heart
Lung
F
lung
Heart
F=F XF XF. XF
Systemic Circulation absorbed,portal iljt liver lung
Fgut X Fabsorbed,lymph X Flung

Figure 5.2. lllustration of movement of orally administered drugs until reaching the systemic

circulation and the impact of that on the description and quantification of bioavailability.

88



Consequently, the bioavailability of the drug through the hepatic portal system (F1) can be

represented by the equation:

Fi= Fabsorbedportal X Fgut X Fliver X Flung

Where:

Fabsorbed,portal = Fraction of the drug absorbed from the enterocyte into the hepatic portal

blood.

Additionally, the bioavailability of drug through the lymphatic system (F2) can be

represented by the equation:

F> = Fgut X Fabsorbed,lymph X Flung

Where:

Fabsorbed,lymph = Fraction of the drug absorbed through the intestinal lymphatics. This
encompasses the various mechanisms of intestinal lymph absorption, such as chylomicron

uptake, passage through M cells, or the paracellular pathway.

When both absorption pathways (portal and lymph) are combined together, the equation

will be:

F= Fabsorbed,portal X Fgut X Fliver X Flung + Fgut X Fabsorbed,lymph X Flung

If negligible lung extraction on the first pass is assumed, then the equation reduces to:

F= Fabsorbed,portal X Fgut X Fliver + Fgut X Fabsorbed,lymph
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This equation assumes independence between the pathways meaning the absorption
through one pathway does not affect the absorption through the other. Thus, if there is

negligible lymph absorption the equation could be reduced to:

F = Fabsorbed X Fgut X Fliver

Conversely, if a drug is targeted to be absorbed solely through the lymphatic pathway and

not able to be absorbed through the hepatic portal system:

F= Fgut X Fabsorbed,lymph X Flung

In light of the above discussion and taking into consideration pre-systemic losses in the gut,

liver, and lungs, another comprehensive general equation would be as follows:

F = Drug Input x Fa X (1-E)

F =DrugIn x Fa X (1-E)

Where by:

Drug in = Sum of drug input into the body

Fa = Drug absorption into the body through all pathways

E = Extraction or loss across all first-pass organs and metabolically active tissue or fluid

including gut, liver and, lung etc.

The primary route for the absorption of lipophilic drugs (LogP > 5 and a solubility
of > 50 mg per g in long-chain triglycerides) - is through the intestinal lymphatics via the

chylomicron pathway. These drugs are likely to be preferentially absorbed into the
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intestinal lymphatics because of their ability to incorporate with chylomicrons (59, 277,
278). If the desired drug fails to meet these criteria, there are alternative strategies to get it
into the chylomicrons. This can be achieved by adjusting its lipophilicity, employing a
lipid-based drug delivery system, or creating a lipophilic prodrug (138, 278, 279). For a
lipophilic prodrug, the original drug is chemically bonded to a lipophilic component
through a linker that can be readily broken down within the body (279). Additionally
various drug delivery systems have been utilized to target the lymphatic system (Table 5.5)

including numerous nano-formulations (54, 138, 273, 278, 280, 281).

5.2 Lymph Blockage Models:

Scientists have used diverse methods to explore and quantify intestinal lymphatic
uptake. /n-vitro models, such as the CaCO> cellular model and other cellular models, along
with models involving chylomicron association, have been reported (52, 282). In-vivo
methods include the lymphatic cannulation method and the lymph blocking method (184,

283).

This review specifically delves into lymph-blocking models, where the focus is on studying
the transport of drugs through the lymphatic system by impeding the production or
secretion of chylomicrons from enterocytes. The study of the pharmacokinetics of a drug
can demonstrate reduced systemic exposure of a substrate, typically a drug, following the
administration of a chylomicron inhibitor compared to when a chylomicron inhibitor is not
administered and this provides experimental evidence that suggests absorption, may be at
least partially, through the lymphatic route. A typical pharmacokinetic profile will

demonstrate that without chylomicron blockade a drug is absorbed over time and reaches a
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maximum concentration (Cmax) and its pharmacokinetics can be followed with serial
concentration-time points (Figure 5.3, solid line). Upon the administration of a
chylomicron blocker before the drug and formulation in question a reduction in both
maximum concentration (Cmax) and the area under the concentration-time curve (AUC) and
a shorter time to maximum concentration (Tmax) Will also be apparent depending on the
extent of input through the slower lymphatic route to the systemic circulation with the
reduction between the two experimental conditions over time representing lymphatic

absorption of the drug (Figure 5.3, dashed line).
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Figure 5.3. Hypothetical graph of drug plasma concentration time profile with and without

chylomicron blocker for a drug subjected to intestinal lymphatic absorption.

As previously demonstrated in in-silico simulations the total concentrations of drug
in the circulating blood are the sum of the drug entering from each of the two pathways (i,e.

lymphatic and portal). The drug absorption constant into the intestinal lymphatics (kaiymph)
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is assumed to be slower and as there is additional processing required within the
enterocytes for drug uptake into the mesenteric blood. Contrarily, the drug absorption
constant into the portal circulation (kaporat) is of a higher value (284). For low, moderate
and high E drugs, there are increases in Tmax With increases in Fapsorbed,lymph . It should
follow that with lymphatic blocking and decreases in Fapsorbedlymph @ corresponding

reduction in Tmax should also be apparent in comparative pharmacokinetic studies.

We identified 48 studies in the literature that provide such data to determine an
effect on Tmax With a chylomicron inhibitor. In all of these studies whether the drug was
high medium or low E (extraction) in the model was never mentioned. Furthermore, the
effect on Tmax Was not reported nor discussed in 13 of these studies (285-298). Consistent
with the in-silico study, findings and pharmacokinetic theory it was reported but not clearly
discussed that a reduction in Tmax occurred with the use of chylomicron blockers was
apparent in six studies (299-304). Moreover, it was noted that the Tmax following
administration of a blocker fell within the same range as the animals that did not receive
the blockers in some of these reports. There was no apparent effect on this pharmacokinetic
index (Tmax) observed in 24 of the different drugs examined in these studies (287, 305-327).
Contrary to pharmacokinetic theory it was evident that treatment with a chylomicron
blocker led to a longer Tmax in at least four studies (328-331), however, no discussion, or
explanation was put forth for these findings. There was a discussion regarding the Tmax of
cinacalcet where an unfamiliar rise in the levels of cinacalcet in both serum and tissues was
observed in animals pre-treated with cycloheximide (chylomicron blocker), approximately
20 hours after administering the drug. The late increase in cinacalcet concentrations was

suggested to be due to either delayed absorption from the gastrointestinal lumen, because
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of significantly reduced gastrointestinal motility, or impaired elimination imparted by
cycloheximide (306). The toxicological manifestations of cycloheximide and its route of
administration and dose are likely to be factors responsible for augmented Tmax effect

findings in several studies (332).

Chylomicrons are spherical particles that consist mainly of a core comprising about
84% triglycerides and around 7% cholesterol, enveloped by a monolayer composed of
nearly 7% phospholipids, ~2% cholesterol, and 2% proteins (264). Typically, dietary lipids
undergo encapsulation into chylomicrons within the cytoplasm of enterocytes before being
absorbed by lacteals (333). The triglycerides from ingested lipids undergo hydrolysis by
lipases, breaking down into monoglycerides and fatty acids prior to reaching the
duodenum. Once inside the enterocytes, long-chain fatty acids (C > 12) and
monoglycerides are re-esterified in the rough endoplasmic reticulum forming primordial
lipoprotein particles (Figure 5.4). These particles include a protein component (apo B)
connected with a phospholipid monolayer. Simultaneously, the smooth endoplasmic
reticulum facilitates the synthesis of large triglyceride-rich droplets. The final step in
chylomicron biosynthesis is core expansion, characterized by the merging of the primal
lipoproteins with the big triglyceride-rich droplets. Subsequently, the chylomicron is
transported to the Golgi apparatus for packaging and secretion which occurs through an

exocytosis process (49, 50).

To investigate intestinal lymphatic uptake via the chylomicron flow blockade
approach, various models have been developed and implemented to target the various steps

of chylomicron formation and secretion. The data collection method is outlined below, and
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the various models are presented in Figure 5.5, with detailed explanations provided in the

subsequent sections.

Ingested lipids  p—>
containing triglycerides

Lingual and gastric
lipases start  the
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colipase completes the
lipolysis process to have
4 mainly MG + FA
Bile salts from the gall
bladder help forming mixed
micelles that will get the
lipid digestion products into
the enterocytes

5 Absorbed @
Long-chain monoglycerides / Absorbed
+FA Short and most medium
chain monoglycerides + FA

Phosphatidic aci(\ Monoacyl glycerol
pathway pathway

TG

Apoproteins D€ Phospholipids Portal | Blood
Chylomicrons
Intestinal | Lymph

Heart-lung-heart

Systemic circulation

Figure 5.4. Demonstration of the steps involved in the digestion and absorption of ingested
triglycerides.
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Figure 5.5. Structure of the different chemical substances used in chylomicron blocking models to
study intestinal lymphatic transport of drugs. Pluronic® L-81 structure shows the polyoxyethylene-
polyoxypropylene-polyoxyethylene (EO3-PO43-EQ3) triblock structure. The image is available
under Creative Commons licence through the link: https://en.m.wikipedia.org/wiki/File:Pluronic P-
123 structure.png. The link was accessed December 1, 2023. Structures of puromycin, colchicine,
vincristine and cycloheximide were obtained from Chemspider available under the IDs: 388623,
5933, 5758, and 5962, respectively. The website (https://www.chemspider.com) was accessed on
December 1, 2023.

5.2.1 Methods:

The data were gathered through a thorough literature review using the PubMed,
Web of Science, and Scopus databases. The utilized search strategy included keywords

nn non

such as "intestinal lymphatic uptake", "chylomicron blocking agents", "pharmacokinetics",
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"Pluronic® L-81", "puromycin", "vinca alkaloids", "colchicine", and "cycloheximide".
Boolean operators were employed to combine these terms for a comprehensive search.
Articles were selected based on their relevance to the topic, particularly those providing
data on the effectiveness and toxicity of blocking agents on chylomicron-mediated
lymphatic absorption. The inclusion criteria also focused on studies offering

pharmacokinetic data and discussing experimental and clinical implications.

5.2.2 Pluronic® L-81 Model:

Pluronic® L-81 (PL-81) is a liquid non-ionic surfactant with a molecular weight of
2750 g/mol, and it remains in a liquid state at room temperature. Comprising
polyoxyethylene-polyoxypropylene-polyoxyethylene block copolymers, PL-81 features
hydrophilic moieties (polyoxyethylene) at both ends of the hydrophobic chain
(polyoxypropylene). The composition includes 10% hydrophilic residues and 90%
hydrophobic ones (334, 335). Synthesized through the controlled addition of propylene
oxide to the two hydroxyl groups of propylene glycol, PL-81 finds applications as a
defoaming agent in dishwashing, metal cleansing, water treatment, and paper processing

(336).

In the late seventies of the last century, Bochenek ef al. discovered that certain non-
ionic detergents had an impact on the absorption of lipids and cholesterol. The influence of
these agents was found to be connected to their physicochemical properties. Among these
detergents, those containing 90% hydrophobic components, such as PL-81, were the most
effective in inhibiting lipid absorption. The study demonstrated that adding a hydrophobic

detergent to a high-fat, high-cholesterol diet resulted in reduced levels of cholesterol and
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triglyceride in the serum. Additionally, this effect was correlated with a decrease in body
weight. The observation that 0.5% PL-81 lowered plasma cholesterol and triglyceride
levels, liver cholesterol, and body weight in rats on a high-fat, high-cholesterol diet sparked

considerable attention to it (337).

Support for the impact of PL-81 was evident in further investigations. In a
particular study, male Sprague-Dawley rats (200-250 g) were administered lipid emulsions
containing labeled triolein [*H]-triolein and labeled ['*C]-cholesterol, with or without PL-
81 for the experimental and control groups, respectively. The observed accumulation of
absorbed lipids in the enterocytes of the experimental group suggested that PL-81 hindered
the assembly and/or secretion of lipoproteins from intestinal mucosal cells. The study also
demonstrated the reversible nature of the effect of PL-81, as the animals regained their lipid

transport ability 24 hours after discontinuation of PL-81 input (338).

In another study conducted by the same group, the rate of intestinal transport of
absorbed lipid into lymph was investigated using a lipid emulsion containing [*H]-triolein.
The study employed intraduodenal infusions of various doses of PL-81 to evaluate its
potential inhibitory effect on lipid transport, and the kinetics of this inhibition were
determined. Infusing PL-81 at 0.25 mg/h showed no effect, while infusions at 0.5 and 1
mg/h led to a decrease in intestinal lipid transport. The inhibition occurred rapidly, with a
half-life of 69 minutes for the 0.5 mg/h dosage and 35 minutes for the 1 mg/h dosage. This
hindrance of lipid transportation resulted in the accumulation of lipids in the mucosa, as

evidenced by both radiochemical and morphological observations (336).
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Consistent with earlier discoveries, the intraduodenal infusion of four categories of
intestinal lymph fistula rats with [*H]-triolein, and 1 mg/h of PL-81 resulted in a decrease
in lipid transport by the small intestine. The study also determined that the position of the
hydrophilic moiety and the hydrophilic-to-hydrophobic ratio in PL-81 play a crucial role in
its action, as evidenced by a comparison with two other pluronics (PL-25R1 and PL-84)

(339).

Other evidence regarding the impact of PL-81 was gathered through the infusion of
intestinal lymph fistula rats with a lipid emulsion containing [1-'*C]-oleic acid. In this
experiment, rats received a dose of 1 mg/h of PL-81. Both chemically and radioactively
assessed lymphatic triacylglycerol output showed suppression in the experimental rats
compared to the controls. In the following stage of the investigation, the time required for
the appearance of very low-density lipoproteins in control rats and chylomicrons in PL-81-
treated rats was determined in the central lacteal. In control rats, the average appearance
time was 10.8 minutes, whereas in PL-81-treated experimental rats, it was 16.2 minutes.
This difference in appearance time supported the theory that chylomicron and very low-
density lipoprotein are segregated during packaging in enterocytes, and PL-81 selectively

inhibits the formation of chylomicrons (340).

Based on the findings reported in the studies until the late 1980s, it was revealed
that PL-81 disrupted the secretion of chylomicrons and could potentially reduce the
formation and stability of luminal triglyceride-rich lipid droplets (339, 340). In the early
1990s, PL-81 was identified as a hydrophobic surfactant that impedes intestinal
chylomicron secretion at the pre-Golgi level, while leaving triacylglycerol uptake and re-

esterification unaffected (341, 342). To explore the impact of this inhibition, Black et al.
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conducted a study on newborn female piglets. They subjected the piglets to 24-hour
intraduodenal infusions of either low-triacylglycerol or high-triacylglycerol diets, with or
without the addition of PL-81. Subsequent evaluations included the assessment of apo-
lipoproteins (apo B-48, A-I, and A-1V) synthesis and content, along with apo B-48 and A-
IV mRNA levels in the small intestine. The introduction of PL-81 to the high-
triacylglycerol infusion led to a decrease in jejunal apo B-48 content, synthesis, and mRNA
levels below basal levels. The typical increase in apo A-I synthesis caused by
triacylglycerol absorption was negated in both the jejunum and ileum. Although dampened,
the expected elevation in jejunal apo A-IV synthesis and mRNA levels with triacylglycerol
absorption persisted with PL-81 treatment (342). Upon further investigation, it was
discovered that the stimulation of apo-lipoprotein (apo A-IV) synthesis and secretion is not
coordinated with lipid uptake into the enterocytes or cellular triglyceride content. Rather, it
is probable that the processes associated with the packaging and release of chylomicrons
are responsible for the elevation in apo A-IV synthesis and secretion. This aligns with the
results obtained with PL-81, suggesting that the inhibition of chylomicrons would not
impact apo A-IV (341). Instead, its impact seems to be selective, primarily affecting apo B-

48 (342).

In another study, the impact of PL-81 on chylomicron composition was examined.
The experiment involved intraduodenal infusion of PL-81 at a constant rate of 1.0 mg/hr, in
combination with mixed micellar solutions or saline, in mesenteric lymph fistula male
Sprague Dawley rats (250-350 g). The interference disrupted trans-epithelial lipid flux
during fat absorption, causing the entrapment of exported lipids within enterocytes and

resulting in cytosolic and endoplasmic reticulum lipid accumulation, with the Golgi region
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remaining unaffected. It reduced mesenteric triglyceride, phospholipid, and total
cholesterol secretion. Although there were only negligible changes in chylomicron
composition, a slightly higher phospholipid/triglyceride ratio was noted. The chylomicron
apo-lipoprotein pattern showed almost no alterations. As a result, the study concluded that
PL-81 led to a substantial decrease in chylomicron formation without major compositional

alterations (343).

PL-81, employed as a chylomicron blocker, has found application in numerous
studies. Some have delved into the intestinal lymphatic transport of endogenous substances
(344, 345). In the studies relevant to this work, PL-81 served as a blocking agent to
investigate in-vivo xenobiotics lymphatic transport (Table 5.1). In one study, a lipophilic
model molecule-vitamin D3- was utilized for this purpose. Using this model, male Wistar
rats (300-325 g) were given an intraduodenal infusion of Lipofundin® emulsion, consisting
of 20% w/v medium and long-chain triglycerides in a 1:1 ratio, with or without PL-81. The
PL-81 concentration in the Lipofundin® emulsion was 1 mg/mL, and the infusion rate was
set at 1 mL/h. Four hours after initiating the infusion, the animals received an oral gavage
of vitamin D3 (0.5 mg/kg). The chosen PL-81 dose demonstrated efficacy in inhibiting the
intracellular transport of chylomicrons. Nonetheless, it was noteworthy that the
intraduodenal infusion of the emulsion without PL-81 also marginally decreased the area
under the concentration-time curve of vitamin D3. This reduction was attributed to the
additional lipid load provided by the emulsion, leading to an overall decrease in vitamin
absorption. Moreover, vitamin D3 absorption in the PL-81 model showed a good

correlation with the mesenteric lymph duct cannulation model, emphasizing the crucial role
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of packaging the lipophilic molecule into the chylomicron in the cascade of lymphatic

absorption (254).

Also, in male Wistar rats weighing 200-250 g, the administration of 5 mL/kg PL-81
resulted in decreased concentrations of B-carotene and its cleavage product, vitamin A, in
both plasma and liver. The observed effect was hypothesized to occur through the
modulation of B-carotene uptake into enterocytes and/or its secretion into the lymph. That
modulation was attributed to the known inhibition of chylomicron synthesis by PL-81 and
the prevention of the conversion of 3-carotene into vitamin A within enterocytes (346).

Table 5.1. Studies of in-vivo xenobiotics lymphatic transport using Pluronic-81® (PL-81) as a

chylomicron blocking agent.

Species PL- 81 Dose and timing Xenobiotics Tested Reference
by the Model
Male Wistar rats Intraduodenal infusion of Pluronic L- Vitamin D3 (254)
(300-325 g) 81 (1 mg/h) given 4 hours before the
drug
Male Wistar rats 5 mL/kg Pluronic L-81was added to B-carotene (346)
(200-250 g) diet containing B-carotene

In 2016, a study utilizing PL-81 demonstrated that co-administering lipids can
enhance intestinal lymphatic uptake through chylomicrons. The investigation focused on
determining whether the lymphatic uptake of the triglyceride (TG) mimetic pro-drug (1,3-
dipalmitoyl-2-mycophenoloyl glycerol, 2-MPA-TG) depended on the presence of
exogenous lipids. Conducted in male Sprague-Dawley rats (280-320 g), the study revealed
an increase in the lymphatic transport of 2-MPA-TG (2 mg dispersions) when administered

with higher quantities of lipids. A comparison between groups with and without the
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chylomicron blocker (2 mg of PL-81) demonstrated a strong correlation (R? = 0.99) in the
recovery of 2-MPA-TG in the lymph. Over 97% of the pro-drug was associated with
chylomicrons, as evidenced by the inhibition of lymphatic transport when PL-81 was
present, highlighting its inhibitory effect on the transportation of 2-MPA-TG through the

lymphatic system (347).

In contrast to certain models and inhibitors that may carry the risk of systemic side
effects and irreversible tissue damage, as will be discussed in detail next, PL-81 appeared
to be devoid of visible side effects. Consequently, the PL-81 model has proven to be an
effective approach to hinder the secretion of chylomicrons from the enterocyte. This
interference is achieved by a conformational change of apo B and disrupting droplets
through the destabilization of their surface, thereby affecting the core expansion process

(339, 340, 348).

The absence of observed adverse effects aligns with the characteristics of PL-81. It
selectively disrupts the chylomicron assembly while leaving the digestion, and absorption
of triglycerides and cholesterol unaffected. This was demonstrated by the oral d-xylose
loading test (254). The absorption of d-xylose involves both active and passive processes
and has been used to evaluate the absorptive function of the intestine (349). Furthermore,
the inhibition induced by PL-81 can be promptly reversed by discontinuing its
administration (338, 341). The noted reversible inhibition of PL-81 aligns consistently with
findings observed both in the in-vivo rat model and the in-vitro CaCo2 cellular model

(347).
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Our group published a recent study that documented the use of PL-81 in an in-vitro
setting to inhibit the intestinal lymphatic uptake of drugs. The research explored this
phenomenon in an in-vitro model utilizing artificial chylomicrons. The study findings
indicated that concentrations of PL-81 at > 1% effectively inhibited the uptake. The results
showed that PL-81 exerted its effect through a mechanism involving the
surrounding/coating of artificial chylomicrons, preventing the drug from being packaged

into the Intralipid® chylomicrons (350).

5.2.3 Puromycin Model:

The antibiotic, puromycin, has also been investigated as a chylomicron-blocking
agent. In 1963, the potential of puromycin as a protein inhibitor was investigated.
Puromycin was administered intraperitoneally at a rate of 75 mg/kg per hour for 5 hours.
The findings indicated that puromycin could induce clinical and biochemical protein

alterations in rabbits, rats, and mice (351).

However, the use of puromycin as a lymph blocker can be traced back to Sabesin
and Isselbacher in 1965. In that study, female Sprague-Dawley rats weighing 180 to 200 g
experienced a 24-hour fasting period before receiving intraperitoneal injections of
puromycin. Dissolved in a buffered salt solution, puromycin was delivered via a regimen of
hourly injections, initially at a dose of 2.5 mg over 4 hours, followed by five subsequent
injections, each containing 1 mg. Following the administration of the fourth injection by
one hour, the animals were intubated with 1.5 mL of corn oil, and euthanasia occurred 2, 4,

and 6 hours later. Under these conditions, rats accumulated triglyceride within the intestinal
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cells and failed to develop normal post-prandial hyperlipemia due to impaired chylomicron

formation (352).

In 1969, Redgrave and Zilversmit investigated the impact of puromycin on fat
absorption using various approaches. Female Holtzman and Sprague-Dawley rats weighing
200-225 g were infused with a lipid mixture equivalent to 63.7 pmoles of triolein to
examine the effect of puromycin on lymph flow and fat absorption. The lipid mixture was
infused through lymph fistula and duodenal cannula preparations, while puromycin (2
mg/mL dissolved in the same buffered salt solution as used in the previous study) was
administered intraperitoneally. During puromycin administration, lymph flow remained
constant, and the hourly output of triglycerides in puromycin-treated animals was lower
than in control animals, although the concentrations in both groups were comparable. For
the assessment of oral fat absorption, female Sprague-Dawley rats (180-200 g) were
intraperitoneally injected with puromycin. Initial 6-hour infusions (2.5 mg each hour) were
followed by 1 mg each hour until the end of the experiment. After the fifth injection, rats
received 1.5 mL of corn oil containing ['*C]-linoleic acid via a stomach tube. Puromycin at
this dosage caused liver triglyceride accumulation, moderately suppressing protein
synthesis. Gastric emptying delay in the puromycin group indicated no inhibition of
chylomicron formation or transport at this dose, challenging the conclusion of Sabesin and

Isselbacher (353).

In the same year, another study investigated the metabolic comparison of short and
long-chain fatty acids, along with triglycerides, in rats. The study distinguished between
control and puromycin-treated groups. In Fisher-strain female rats weighing 150-175 g,

puromycin was administered hourly at a rate of 2.75 mg/h for four doses. Subsequently, a
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continuous puromycin infusion was maintained at a rate of 1.1 mg/h throughout the study.
The study observed the hindrance of long-chain fatty acid absorption into the thoracic duct
lymph, particularly in the form of chylomicron triglycerides, due to puromycin supporting

the findings of Sabesin and Isselbacher (354).

Linked to the previous studies, an examination of the impact of puromycin on the
apo-lipoproteins of chylomicrons revealed intriguing findings. This agent, known for
prematurely ending protein translation, led to the secretion of incompletely synthesized apo
B polypeptides as lipoprotein particles by HepG2 cells incubated with puromycin (355).
Additionally, a separate study involving similar cells treated with puromycin suggested that
the length of apo B might play a role in determining the size of lipoproteins during
biosynthesis, potentially influencing the chylomicrons produced during puromycin

treatment (356).

The impact of puromycin on cholesterol absorption in male and female Wistar
strain rats (200-300 g) with indwelling catheters in the left thoracic lymphatic duct revealed
important findings (357). Following the protocol outlined earlier (352), the administration
of puromycin led to a decrease in cholesterol absorption, accompanied by inhibition of
simultaneously administered fatty acid absorption. In male rats subjected to the same
treatment, a reduction in cholesterol absorption was observed, yet it had no impact on the
absorption of fatty acids. Despite the reduced lipid absorption observed in puromycin-
treated animals, there was no accumulation of cholesterol or fatty acids in the intestinal
mucosa, regardless of gender. The study proposed that the altered lymph production in fed

animals treated with the protein synthesis inhibitor puromycin was attributed to delayed
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gastric emptying rather than the lymph blockage effect of the substance (357) which is a

conclusion similar to that of Redgrave and Zilversmit (353).

However, Miura et al. in 1979 reported another study supporting Sabesin and
Isselbacher in which they observed a disruption in lipid transport due to impaired
chylomicron formation resulting from the effects of puromycin. In the male Wistar rats
(350-400g) used in that study, puromycin demonstrated a block in lipoprotein formation in

intestinal cells and a reduction in the lymphatic absorption of [1-'*C]-linoleic acid (358).

Literature reports provide evidence of the ability of puromycin ability to block
intestinal chylomicrons, as illustrated in various studies (352-354, 358). Additionally, some
investigations suggest that the delay in lymph uptake, previously attributed to the
chylomicron-blocking effect of puromycin, may be linked to delayed gastric emptying
(353, 357). The Miura et al. study (358) shed light on a potential explanation for these
discrepancies. Their research indicated that the impact of puromycin on the lymphatic
transport of fatty acids is influenced by the type of fatty acids being transported. Puromycin
seemed to exert more effect on the lymphatic uptake of highly unsaturated fatty acids. This
specificity was critical according to that study, as more unsaturated long-chain fatty acids
are prime candidates for chylomicron packaging. The effect of puromycin appeared to be
targeted specifically at chylomicrons, as opposed to other lipoproteins like very low-
density lipoproteins (VLDL), which transport less unsaturated fatty acids. Still, further
studies are essential to investigate the detailed effects of puromycin and the mechanism by
which it blocks chylomicrons. Currently, there are no reports on whether puromycin
inhibits chylomicron exocytosis from enterocytes or targets other phases of chylomicron

formation, such as intracellular movement or the re-esterification of fatty acids. Besides,
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conducting studies on the inhibition of intestinal lymphatic uptake of xenobiotics would
contribute valuable data for this model. It would also enable an exploration of its potential

advantages and disadvantages when compared to other chylomicron-blocking agents.

5.2.4 Colchicine Model:

Colchicine is derived from the Colchicum autumnale plant and has a history of
being used for joint pain since at least 1500 BCE (359). Despite its use for thousands of
years, clinical and experimental interest in the mechanism of action and the toxicological

data of colchicine can be traced back to 1950s.

In 1954, Sternberg and Ferguson conducted a toxicology study on colchicine using
Wistar rats and cats. Rats, evenly divided by sex and weighing 90 to 150 g, received either
a single intravenous dose or intraperitoneal doses administered five times weekly. The
intraperitoneal doses started with non-toxic amounts and doubled weekly until significant
mortality occurred. For the single intravenous dose in rats, 4 mg/kg was administered to 31
rats, with sacrifice occurring seventeen hours after administration. In ten rats, repeated
injections started at 0.1 mg/kg/day and increased to 1.6 mg/kg/day in the fifth week, with
sacrifice during the fourth and fifth weeks. Cats received a single intravenous dose varying
between 0.5 or 5 mg/kg per cat, and they were sacrificed after eight to twenty-four hours.
Repeated doses in four cats started at 0.025 mg/kg/day and increased to 0.2 mg/kg/day in

the fourth week, with sacrifice during the third and fourth weeks (360).

Upon further investigation, it was found that the LDso of colchicine in Sprague-
Dawley female rats weighing approximately 200 g was 1.6 mg/kg when administered

through intravenous injections at dosages ranging from 0.25 to 2.0 mg/kg (361). This
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closely aligned with the previously reported value by Sternberg and Ferguson (360). Death
did not occur until around 8 hours after administering the drug dose. Rats displayed
symptoms including lethargy, diarrhea, loss of appetite, and others, at doses equal to or
greater than 0.5 mg/kg. Consequently, it was decided to utilize the 0.5 mg/kg dose of

colchicine for further metabolic investigations (361).

In 2007, the oral toxicity of colchicine was assessed through a single gavage
administration (10, 20, or 30 mg/kg body weight) in young, mature male and female
Sprague-Dawley rats. Colchicine toxicity resulted in progressively more severe, dose-
related clinical signs in both male and female rats. The observed signs encompassed
mortality, decreased body weight, and reduced feed intake in the days immediately
following dosing, followed by recovery in surviving animals. Gender-related discrepancies
in the toxic reaction to colchicine were observed between male and female rats, with
female rats displaying twice the susceptibility to the lethal effects of colchicine compared
to their male counterparts. The calculated oral LDso for saline-pretreated female rats was 26

mg/kg body weight, while for saline-pretreated male rats, it was 51 mg/kg (362).

The elucidation of the effects of colchicine gained prominence in the 1970s. In
1974, Stein and colleagues investigated the regulation of secretory processes in the liver by
conducting an intraperitoneal colchicine injection study, using female and male Albino rats
weighing around 200 grams from the Hebrew University strain. Two colchicine doses, 0.5
mg/kg and 5.0 mg/kg, were administered. The study specifically investigated triglyceride
secretion into the serum, monitoring the process for 90 minutes following the injection of
Triton WR 1339 and ['*C]-palmitic acid. Triton WR 1339, also known as tyloxapol, is a

substance known to inhibit the catabolism of lipoproteins and was utilized to showcase the
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action of colchicine in non-Triton-treated rats. Triton WR 1339 interferes with the
hydrolysis of chylomicrons and VLDL, causing a linear increase in serum levels of
triglycerides and inhibiting their removal from circulation. The release of triglyceride was
reduced to approximately 20-30% of control values. The impact of colchicine on serum
triglyceride levels was observed to be independent of Triton WR 1339 presence,
demonstrating similarity in both males and females, as well as in fed and fasted rats. Since
the intestine contributes only about 10% of serum triglyceride in fasted rats, the researchers
concluded that colchicine primarily affected the liver. The dose-dependent effect of
colchicine was reversible 6-7 hours after injection of 0.05 mg/100 g body weight after 270
minutes. Non-secreted triglyceride accumulated in liver cells within secretory vesicles. The
study also observed a noticeable reduction in microtubules and a slight increase in
microfilaments. It was suggested that microtubules play a role in regulating the release of
lipoproteins into the bloodstream by preserving the structural arrangement of the cell

membrane, which is crucial for fusion with secretory vesicles (363).

More than a year later, a study delving into the influence of colchicine on intestinal
chylomicrons employed female Sprague-Dawley rats weighing between 230 and 250
grams. Intraperitoneal injections of colchicine (0.5 mg/100 g of body weight) were
administered one hour before the consumption of a margarine emulsion (1 g in 2 mL of
saline). During the following hours, this group did not display the elevation in plasma
triacylglycerol levels observed in the control group. The impact of colchicine became more
pronounced when the experiment followed the prior administration of Triton WR-1339.
Colchicine-treated rats also displayed a five-fold increase in triacylglycerol in the proximal

jejunum. These results supported the colchicine disrupts the intracellular phase of fat
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absorption, proposing the involvement of the microtubular-microfilamentous system in
releasing chylomicrons from intestinal cells into circulation. The same study investigated
the potential general toxic effects of colchicine on the intestine using a D-xylose absorption
test. The results indicated that the 3-hour urine excretion of xylose in controls (6.9 + 0.5
mg/3 h) and treated rats (7.9 £ 1.6 mg/3 h) did not exhibit statistically significant
differences. The comparable xylose absorption capacity of controls and colchicine-treated
rats suggested that the colchicine dose in this experiment did not induce a general toxic
effect on the intestinal mucosa (364). In the same year, Glickman ef al. investigated the
impact of colchicine on the lymphatic transport of oleic acid, suggesting again a potential
involvement of microtubules in the mechanism. The study, conducted in Male Holtzman
rats (250 to 300 g) with indwelling mesenteric lymph cannulas, revealed that animals
treated with colchicine (0.5 mg per 100 g) exhibited delay and reduction in the lymphatic
absorption of ['“C]-oleic acid. The findings pointed towards a potential role of

microtubules in intestinal lipid transport particularly in chylomicron secretion (365).

Additional studies in subsequent years supported the earlier findings. In one study
involving male Wistar rats weighing 300-350 g, a decrease in lymphatic transport was
observed after administering colchicine via intraperitoneal injection (5 mg/kg). This pre-
administration preceded the administration of a 5 mL mixed micellar solution containing
[1-1*C]-linoleic acid. The administered lipid showed a slower transit to the lymphatics,
mainly in the form of free fatty acids. Colchicine was reported to act by inhibiting
microtubule function through its binding with tubulin, leading to the predominant presence
of triglycerides as chylomicrons, whose release was hindered from intestinal epithelial cells

in colchicine-treated animals. Thus, this resulted in an increased abundance of free fatty
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acids rather than triglycerides as lipids were transported from epithelial cells into the

lymphatics (366).

In a different investigation using an intraduodenal pulse injection of ['*C]J-oleic
acid, the administration of colchicine at a dose of 0.5 mg/100g in female Albino rats (200-
250 g) was found to have no impact on the uptake of fatty acids by the intestinal mucosa.
However, it had contrasting effects on fatty acid esterification, promoting their integration
into triglycerides rather than phospholipids. Additionally, colchicine led to the buildup of
endogenous diglycerides, triglycerides, and cholesterol esters within the intestinal
epithelium. Ultra-structural and morphometric analyses showed a reduction in visible
microtubules and a displacement of the smooth and rough endoplasmic reticulum and
Golgi apparatus. Also, microvilli were observed at the lateral plasma membrane of

enterocytes following colchicine treatment (367).

The colchicine model was utilized to investigate the impact of chylomicrons on the
lymphatic absorption of various drugs (Table 5.2). For instance, male Wistar rats weighing
230-270 g received an intravenous dose of 5 mg/kg colchicine to study vitamin D3
absorption. In this experiment, rats were administered a soybean oil emulsion containing
vitamin D3, prepared using either milk fat globule membrane (MFGM) or Tween 80 as
emulsifiers. In colchicine-untreated rats, the cumulative percentage of vitamin D3 absorbed
in lymph at 12 h post-dose was 19.2% and 13.8% for MFGM and Tween 80 emulsions,
respectively. This absorption decreased to 2.05% and 2.23% in each case when rats were

treated with colchicine (368).
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In a succeeding study, Dahan and Hoffman extended the findings of previous
researchers by administering colchicine to rats through intraperitoneal injection (5 mg/kg).
One hour post-injection, male Wistar rats (300-325 g) received oral gavage of vitamin D3.
Colchicine substantially reduced the intestinal absorption of vitamin D3, resulting in a
relative bioavailability of 12.5% compared to the control group. Markedly, the vitamin D3
elimination rate constant increased from 0.04 + 0.005 in the control to 0.08 + 0.0009 after
colchicine treatment. The elimination half-life of vitamin D3 from the plasma in both
control and colchicine-treated animals was 15.5 (£ 0.9) h and 8.6 (= 1.7) h, respectively
(254). Eighteen hours after the colchicine dose, rats displayed lethargy and began to die, as
had been seen in earlier studies (360, 361). A lower colchicine dose (2.5 mg/kg) did not
create adequate inhibition of lipid transport and proved to be as fatal as the higher one.
Results from the d-xylose loading test indicated impaired d-xylose concentrations in
colchicine-treated animals compared to other groups, implying a degree of toxicity to the

absorptive function of the intestine after colchicine treatment (254).

Following this, Iwanaga et al. examined the intestinal absorption of Solvent Green
(SG) 3, a model poorly water-soluble compound, using colchicine. They orally
administered SG to male Wistar rats (300-350 g) with inhibited chylomicron synthesis,
achieved by pre-treatment with intravenous colchicine at 5 mg/kg one hour before the
administration of SG and its lipid-based formulations. These formulations included a
soybean oil emulsion and a self-microemulsifying drug delivery system (SMEDDS).
Colchicine effectively impeded the intestinal absorption of SG across all tested lipid-based
formulations, indicating that SG was absorbed from the intestine through a lymphatic route

(285).
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Table 5.2. List of studies investigating colchicine as a blocker of lymphatic uptake via

chylomicrons for various xenobiotics.

Species Colchicine Dose Colchicine Xenobiotics  Reference
Pre-treatment Tested with
Timing hours  the Model

Male Wistar rats IV injection (5 mg/kg) 1 Vitamin D3 (368)
(230-270 g)

Male Wistar rats IP injection (5 mg/kg) 1 Vitamin D3 (254)
(300-325 g)

Male Wistar rats IV injection (5 mg/kg) 1 Solvent (285)
(300-350 g) Green 3

Female Sprague- IP injection (5 mg/kg) 1 Docetaxel (299)
Dawley rats

(200-220 g)

Female Sprague- IP injection (5 mg/kg) B Paclitaxel (300)
Dawley rats

(220-250 g)

* Abbreviations: IV = Intravenous, [P = Intraperitoneal

Moreover, in 2016, Valicherla et al. developed self-emulsified drug delivery
systems loaded with Docetaxel (D-SEDDS) to enhance both the oral bioavailability and
antitumor properties of the drug. To assess the intestinal transport of D-SEDDS following
oral administration, they utilized the colchicine model in female Sprague Dawley rats (200-
220 g). After intraperitoneal colchicine administration (5 mg/kg), the Cmax of D-SEDDS
experienced an 8.69-fold decrease, dropping from 125.5 + 2.5 to 14.44 + 4.72 ng/mL.
Furthermore, the AUCo.» exhibited a reduction of over 10-fold, decreasing from 260.23 +

51.8 to 11.29 = 1.03 h-ng/mL (299).

Similarly, Meher et al. recently used the same approach by formulating a silica-
based solid self-emulsifying drug delivery system (Si-PTX-S-SEDDS) to encapsulate
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another anticancer agent, paclitaxel (PTX). The goal was to enhance the oral bioavailability
of PTX and address challenges associated with conventional delivery systems. Using the
colchicine model in female Sprague Dawley rats (220-250 g), the study aimed to elucidate
the transport mechanism of the developed formulation. The results revealed a 4—6-fold
decrease in oral bioavailability in colchicine-treated animals, highlighting the involvement

of chylomicrons in the oral absorption of the Si-PTX-S-SEEDS formulation in rats (300).

Research on colchicine as a lymph-blocking agent has centered on its toxicity, role
as a microtubule inhibitor, and relevance in investigating the lymphatic absorption of
formulations designed for this route. Additionally, studies have delved into the
pharmacokinetic profile of colchicine within a practical dose range (1-10 mg/kg) in rats
(369). The chylomicron-blocking effect of colchicine is primarily linked to its ability to
disrupt the secretion of chylomicrons from enterocytes, thereby impeding their uptake into
intestinal lymphatics. However, the exact extent and duration of inhibition by colchicine
remains unclear despite these efforts. In studies examining the lymphatic uptake of
xenobiotics, the reported dose of colchicine was 5 mg/kg, a dose deemed effective in
blocking lymphatic uptake when administered intravenously and intraperitoneally, but also
potentially associated with toxicity. Although the analytical feasibility for lower oral and
intravenous doses of colchicine in the rat model (0.1 mg/kg) has been documented (370),
the low doses (0.1 to 0.5 mg/kg) were not found to be effective in blocking the lymphatic
uptake (371). Even higher intraperitoneal dose of 2.5 mg/kg has been reported to be
ineffective in blocking chylomicrons (254). Further exploration of lower doses using
different routes of administration would support the reported data and assess the potential

use of lower effective doses, if feasible.
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5.2.5 Vinca Alkaloids Model:

Vinca alkaloids (VA), first extracted in the 1950s by Canadian researchers Robert
Noble and Charles Thomas Beer from the Madagascar Periwinkle plant, Catharanthus
roseus, have a rich history of use in Ayurveda and traditional Chinese medicine. Yet, the
connection between VA and cancer was established following animal studies that revealed

fatalities attributed to septicemia and leukopenia (372).

Initial investigations into VA centered on their hypolipidemic effects. Swiss/H-Riop
outbred male mice (30 to 35 g) were subjects in experiments designed to explore the serum
lipid-lowering properties of VA, both in normal mice and those with ascites tumor-induced
hyperlipidemia (Ehrlich, NK/Ly). Administered through intraperitoneal injections ranging
from 0.2 to 5 mg/kg, VA demonstrated a rapid and reversible reduction in serum lipid
levels following a single, non-toxic dose. The dose-dependent increase in the serum lipid-
lowering effect showed the same changes in serum lipid and lipoprotein composition across
all doses. Vinca alkaloids were observed to decrease levels of neutral lipids (triglycerides)
and very low-density lipoproteins (VLDL) in the serum. Simultaneously, higher doses
resulted in an elevation of total lipid and triglyceride content in the liver. These findings
suggested that VA might hinder the release of lipoproteins in the liver by either obstructing
active sites of membrane systems (cytoplasmic, Golgi) responsible for secretion or altering

the physicochemical properties of the membranes, such as membrane fluidity (373).

An additional study in rhesus monkeys with vincristine and vinblastine revealed a
decrease in plasma low-density lipoprotein cholesterol concentrations, accompanied by an

elevation in plasma triacylglycerol concentrations. Within 7-10 days post-injection, plasma
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lipid levels reverted to normal concentrations. Electron micrograph examinations of
hepatocytes in monkeys subjected to the stated VA showcased an accumulation of
glycogen particles and a proliferation of smooth endoplasmic reticulum. This coincided

with an increase in the number of vesicles containing lipoproteins (374).

Later, one study looked into the effect of intestinal lymphatic blocking in the
previously quoted study by Stein et al. using colchicine for the same purpose. In that study,
female and male Albino rats of the Hebrew University strain weighing 200 g were
administered intraperitoneal injections of vinblastine sulfate at doses of 0.1 or 1.0 mg/100 g
body weight (equivalent to 1 or 10 mg/kg). Subsequently, they were subjected to
intravenous injections of [I-'*C]-palmitic acid and Triton WR 1339 at different time
intervals. The inhibition of triglyceride secretion into the serum was observed to a reduced
extent, with reductions of 19.5% and 57.2% in female rats. The inhibition required a higher
dose of vinblastine compared to colchicine. Additionally, the effect of vinblastine lasted for
a shorter duration in comparison to that of colchicine, and the inhibition was nearly entirely

reversed within 270 minutes (363).

Similar to puromycin, VA were not found to be used in studying the intestinal
lymphatic uptake of drugs or formulations. Data regarding more detailed mechanisms of
action and related aspects is still lacking as well. However, an intriguing literature finding
suggests and involves a group of VA with lipid-lowering effects beyond the well-known
drugs vincristine and vinblastine (373). Most of these compounds are commercially
available and they can be further explored for their potential chylomicron-blocking effect.
Table 5.3 presents some of these VA, their LD50, and the doses examined for their

hypolipidemic effects.
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Table 5.3. Some of the vinca alkaloids (VA) that have shown hypolipidemic effects (373).

Vinca Alkaloid LD 50 (mg/kg) Doses Studied for the Lipid-
Lowering Effect (mg/kg)

Vincristine 4.2 0.2 and 1
Dimethylaminoacetyl-Vincristine > 200 10
Vinblastine 7.6 1
Penta-hydroxy-Vinblastine > 200 10
Dimethylaminoacetyl-Vinblastine > 200 5
Leurosine 29 3
Vinleurosine 90 6
N-Formyl-Leurosine 29 3
Vindoline base >200 200
Vindoline HCI-salt ~ 280 50 and 200
Desacetyl-Vindoline >200 10
Catharantine >200 20
Velbanamine >200 3 and 10

5.2.6 Cycloheximide Model:

Acetoxycycloheximide (ACH), derived from Streptomyces albulus cultures, has
been recognized for its inhibitory effects on transplanted tumors and demonstrated toxicity
to yeast, mammalian cells in tissue culture, and intact animals since the 1960s.
Concurrently, research has explored the impact of this antibiotic on the inhibition of ['*C]-
amino acid incorporation into tissue proteins. The blockade of protein synthesis by ACH

was found to induce a syndrome marked by various symptoms and eventual death. Toxicity
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was observed across various animals, including female Albino rabbits at a dose of 0.5
mg/kg, female mongrel dogs at doses ranging from 2 to 4 mg/kg, and mice (Carworth CF-1
strain) and rats (Wistar strain) at 5 mg/kg. Actidione-cycloheximide or cycloheximide,
though described as less toxic to intact mammals but closely related to ACH, exhibited
over 90% inhibition of ['*CJ-amino acid incorporation into rabbit liver proteins when
administered intraperitoneally at a dose of 50 mg/kg. The study concluded that
cycloheximide can induce clinical and biochemical changes in rabbits, rats, and mice

similar to those produced by ACH (351).

Similar to puromycin, the utilization of cycloheximide as a chylomicron lymph
blocker has roots in the work of Sabesin et al. in 1965. In the previously mentioned study,
female Sprague-Dawley rats (180-200 g) were subjected to ACH treatment. The
administration of ACH (0.2 mg per kg), followed by 3 hours and 1.5 mL corn oil, resulted
in lipid accumulation within the intestinal mucosa, accompanied by low concentrations of
plasma triglycerides. Interestingly, the administered corn oil failed to induce the typical
post-prandial hyperlipemia, suggesting interference in lipid transport due to impaired

chylomicron formation (352).

A few years later, an in-depth exploration of the effect of cycloheximide on protein
synthesis unfolded, using a dose of 1.5 mg/kg in male white Wistar rats (160-175 g). This
dosage exerted a reduction in hepatic protein synthesis throughout 7 hours. Despite the
pronounced decline in protein synthesis, the liver manifested only minimal ultra-structural
alterations. These alterations encompassed a partial disorganization of the customary
parallel arrays of rough endoplasmic reticulum, with closer proximity of its lamellae to

various cytoplasmic organelles, particularly mitochondria. Additionally, the Golgi cisternae
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exhibited a near absence of contents, and the vacuoles, which typically contained multiple
electron-dense particles in controls, were lacking in the cycloheximide-treated animals

(375).

A couple of years later, the same author contributed to a toxicological assessment of
cycloheximide conducted in both male and female white Wistar rats weighing 160-175 g.
Cycloheximide, prepared at a concentration of 1 mg/mL, was intraperitoneally
administered as a single dose ranging from 1.5 to 4.5 mg/kg of body weight. In preliminary
dose-response studies, it was found that, among the tested doses, only 1.5 mg/kg of the
antibiotic was non-lethal to animals of both sexes. Doses in the range of 3.0-4.5 mg/kg
approached or exceeded the LDioo, particularly in female rats. Specifically, 3.3 mg/kg was
the only dosage within this range where at least one animal of each sex survived the entire
72-hour test period. In addition, both male and female rats exhibited symptoms such as

diarrhea, lethargy, and semi-comatose states at the time of sacrifice (376).

Then, the research shifted its focus to investigating the impact of inhibiting protein
synthesis on lipid absorption, employing ACH in rats with mesenteric lymph fistulas. Male
Sprague-Dawley rats (200-250 g) equipped with indwelling mesenteric lymph cannulas
received an intraduodenal infusion of a micellar solution of oleic acid labeled with [**C]-
oleic acid. Protein synthesis inhibition was achieved through an intraperitoneal dose of 0.25
mg/kg ACH administered one hour before lipid infusion. A temporary increase in
chylomicron size occurred during maximal triglyceride absorption in control animals, while
ACH-treated animals exhibited a sustained increase in chylomicron size, lasting up to 4
hours after lipid infusion. The mean recovery of labeled lymph triglycerides was 65% in

control animals, compared to 43% in the ACH-treated group. These findings underscored
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the role of protein synthesis in the formation and transport of chylomicrons from the
mucosal cell into the lymph (377). Following studies by the authors demonstrated that
ACH-induced impairment of intestinal protein synthesis was associated with a deficiency
in a key chylomicron apo-protein, offering a potential explanation for the observed decline
in lipid absorption under conditions of impaired protein synthesis (378). Further
investigations provided direct evidence of a substantial decrease in the mucosal content of
two major chylomicron apo-proteins, namely apo B and apo A-I, during inhibition of

protein synthesis by ACH (379).

In the early studies applying the cycloheximide model to chylomicron blockade,
male Wistar rats (200-250 g) with lymphatic fistulas were subjected to protein synthesis
inhibitors: cycloheximide (administered intraperitoneally at a dose of 1.4 to 1.6 mg/kg) or
acetoxycycloheximide (0.4 mg/kg). Following this, an intraduodenal infusion of a lipid
emulsion, consisting of an equimolar blend of monopalmitin, palmitic acid, and ['*C]-oleic
acid, was conducted. In normal rats, 75% of the introduced radioactivity was recovered in
the intestinal lymph 6 hours post-infusion, contrasting with 4.5% in rats treated with
cycloheximide. Moreover, in normal rats, 65% of the radioactivity was found in the
intestinal lymph 4 hours after infusion, whereas in rats treated with acetoxycycloheximide,
only 43% of the radioactivity passed into the lymph. The findings of the study affirmed the
inhibitory impact of both cycloheximide and acetoxycycloheximide on the lymphatic

absorption of oleic acid (380).

Research using the cycloheximide model to study the lymphatic absorption of drugs
began with a study evaluating the intestinal absorption of vitamin D and 25-hydroxy

vitamin D [25(OH)D3]. In that study, male Holtzman rats (250-300 g) were treated with 3
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mg/kg intraperitoneal cycloheximide to inhibit chylomicron synthesis. Findings indicated
that 53% of vitamin D was found in the chylomicron fraction, in contrast to only 13% of
[25(OH)Ds]. Inhibiting chylomicron synthesis with cycloheximide resulted in a 46%
reduction in vitamin D absorption but only a 30% decrease in [25(OH)D3] absorption.
Several lipophilic and hydrophilic components were included for comparative analysis. The
intestinal absorption of the hydrophobic oleic acid and retinol decreased by approximately
70%, surpassing the reductions observed for vitamin D and [25(OH)D3]. Interestingly, the
absorption of the water-soluble substance phenylalanine remained unaffected by

cycloheximide in this experimental system (381).

In succeeding investigations by the same previous group on 1,25-dihydroxy vitamin
D3[1,25(0OH)2Ds3], a similar approach using cycloheximide to impede chylomicron
synthesis did not result in reduced absorption of [1,25(OH).Ds]. Almost all [1,25(OH).Ds]
was directly released from the intestine into the portal blood, evading the need for
chylomicron packaging for transport into the intestinal lymph. Inhibiting protein synthesis
did not decrease the intestinal absorption of 1,25-dihydroxyvitamin D; 80.2 + 7.6% of the
absorbed 1,25-dihydroxyvitamin D was observed in cycloheximide-treated rats, compared

to 88.6 £ 0.4% in the control animals (382).

In 2005, Dahan and Hoffman extended their exploration beyond the previously
detailed PL-81 and colchicine models to include the cycloheximide model for investigating
vitamin D absorption. The administration of cycloheximide (3 mg/kg) through
intraperitoneal injection before oral gavage of Vitamin D3 in male Wistar rats (300-325 g)
exhibited an association with the mesenteric lymph duct cannulation model. This

observation implied that the integration of this lipophilic molecule into chylomicrons
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played a vital role in its lymphatic absorption. Similar to the PL-81 model and in contrast to
the colchicine model at 4-hour time point, the oral d-xylose loading test indicated that, at
this dosage, cycloheximide did not affect intestinal absorptive functions, and no adverse

effects were recorded (254).

More than 50 distinct experimental studies employing cycloheximide as a
lymphatic blocker since 1982 have been identified (Table 5.4). Originally demonstrated as
a non-invasive chylomicron flow block approach in male Holtzman rats, this method has
been extended to include various rat strains, such as Wistar, Sprague-Dawley, Swiss Albino
and Carlie Foster rats. Moreover, ICR mice have also been subjects in this model as have
both male and female Swiss albino mice. Cycloheximide pre-treatment conducted an hour
before administering the drug under study, has been a common approach in various
investigations. Attili ef al. and Alrusahid et al. proposed enhanced blocking efficacy when
the pre-treatment occurred at 1.5 hours rather than at 1 hour after administration (191, 383).
A common dosage used in the cycloheximide model has been 3 mg/kg, although alternative
doses have also been explored (305, 332). While the intraperitoneal route is predominantly
utilized, other administration routes have also been examined (332). A detailed compilation

of reported studies can be found in Table 5.4.

Table 5.4. List of literature reports in which cycloheximide was used as a chylomicron blocker.

Species Cycloheximide Cycloheximide Xenobiotics Tested Reference
Dose Treatment Timing with the Model
Male Holtzman [P injection 3 h before Oleic Acid (381)
rats (3 mg/kg) administering the Retinol
(250-300 g) drug Vitamin D3
25-Hydroxy Vitamin
D3
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Male  Holtzman
rats
(250-300 g)

Male Wistar rats
(300-325 g)

Male Wistar rats
(275-300 g)

Male Sprague-
Dawley rats
(270-310 g)

Male Sprague-
Dawley rats
(200-250 g)

Male Sprague-
Dawley rats
(190-230 g)

Male Sprague-
Dawley rats
(220-250 g)

Male Sprague-
Dawley rats
(225-275 g)

Male
Dawley rats
(300-325 g)

Sprague-

Male and Female
Charle
strain Albino rats
(230-270 g)

Foster

Male Wistar rats
(200-250 g)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

3 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 or 1.5 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1,2- Dihydroxy

Vitamin D3

Vitamin D3

Vitamin D3

Halofantrine

Candesartan Cilextil

Sirolimus

Nimodipine

Puerarin

Docetaxel

Praziquantel

Acetylpuerarin

(382)

(254)

(286)

(307)

(301)

(308)

(328)

(287)

(383)

(309)

(288)
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Male Wistar rats
(200-250 g)

Male Wistar rats
(200-220 g)

Wister Albino rats
(180-220 g)

Male Sprague-
Dawley rats
(230-270 g)

Male Wistar rats
(180-250 g)

Male Wistar rats
(200-300 g)

Female Sprague-
Dawley rats
(200-220 g)

Male Sprague-
Dawley rats
(180-220 g)

Male Sprague-
Dawley rats
(220-250 g)

Male Sprague-
Dawley rats
(250-300 g)

Male Wistar rats
(180-220 g)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection

(3 mg/kg)

IP injection

(3 mg/kg)

IP injection
(3 mg/kg)

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1.5 h before
administering the
drug

1 h before
administering the
drug

Terbinafine

Carvedilol

Diacerin

Efavirenz

Darunavir

Lopinavir

Docetaxel

Piroxicam

Huperzine A

Doxorubicin-

Quercetin

Lopinavir

(384)

(289)

(310)

(311)

(312)

(290)

(299)

(313)

(314)

(191)

(295)
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Male Wistar rats
(200-250 g)

Male Sprague-
Dawley rats
(200-250 g)

Male Wistar rats
(180-220 g)

Male Sprague-
Dawley rats
(180-260 g)

Male Sprague-
Dawley rats
(180-220g)

Male Sprague-
Dawley rats
(250-300 g)

Rat Male
Sprague-Dawley
(230-270 g)

Wistar rats
(~250 g)

Female Sprague-
Dawley rats

(180-220 g)

Female Sprague-
Dawley rats

(180-220 g)

Female Sprague
Dawley rats

(190g-230 g)

Female Sprague-
Dawley rats

(220-250 g)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

Topotecan

Berberine

Pueraria Flavones

Canagliflozin

Bacalein

Bacalein

Baicalein

Exenatide

Asenapine Maleate

Lurasidone

Raloxifene

Hydrochloride

Paclitaxel

(291)

(385)

(315)

(386)

(316)

(317)

(292)

(387)

(293)

(294)

(329)

(300)
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Male Sprague-
Dawley rats
(270-330 g)

Male Wistar rats
(213.5-237.5 g)

Female Sprague-
Dawley rats
(200-240 g)

Male Wistar rats
(250-280 g)

Male ICR mice

Male Sprague-
Dawley rats
(220-250 g)

Male and Female
Swiss Albino
Mice

(30-40 grams)

Male Sprague-
Dawley rats
(220-250 g)

Male Wistar rats
(300-450 g)

Male Wistar rats
(230-270 g)

Male
Albino rats
(250-280 g)

Wister

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(1 mg/kg)

IP injection
(3 mg/kg)

IP injection
(6 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection

(3 mg/kg)

IP injection

(3 mg/kg)

IP injection
(3 mg/kg)

1 h before
administering the
drug

1 h before
administering the
drug

0.5 hbefore
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

Nislodipine

Ibrutinib

Raloxifene

Quetiapine

(Cy5)-Labeled

Insulin

Andrographolide

Nintedanib Esylate

Baicalin

Abiraterone and
Cinacalcet

Mebendazole

Resveratrol

(318)

(319)

(320)

(388)

(305)

(321)

(322)

(297)

(306)

(303)

(323)
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Male
Albino rats
(200-250 g)

Wister

Male Wistar rats
(215-235 g)

Male Wistar rats
(200-250 g)

Rat Male
Sprague-Dawley
(180-220 g)

Male Wistar
Albino rats
(200-250 g)

Male Wistar rats

Wistar rats
(each is 250 g)

Male Wistar rats
(220-250 g)

NOD.Cg
Prkdcscid
2rgtm1W;jl/Sz)
(NSG) mice
(30-35 g)

Sprague-Dawley
male rats
(200 +20 g)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

IP injection

(3 mg/kg)

IP injection

(3 mg/kg)

IP injection
(3 mg/kg)

IP injection

(3 mg/kg)

IP injection

(3 mg/kg)

IP injection
(3 mg/kg)

IP injection
(3 mg/kg)

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

1 h before
administering the
drug

0.5 h or 2 hbefore
administering the
drug

1 h before
administering the
drug

Revaprazan

Atazanavir

Ritonavir

Madecassic Acid

Gefitinib

Hydroxymethylnitrofu
razone

Etravirine and
Darunavir
Ethanolate

Efavirenz

Niclosamide

Dihydroartemisinin

(324)

(325)

(302)

(330)

(326)

(296)

(327)

(304)

(331)

(298)
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Male Wistar rats IP injection 1 h before Idarubicin (389)
(200-250 g) (3 mg/kg) administering the Hydrochloride
drug

* Abbreviations: IP = Intraperitoneal

Various formulations have been developed to specifically target the intestinal
lymphatics as a route of absorption. Table 5.5 provides examples of the different reported
formulations. One recent study showcased the potential of specially formulated
nanoparticles as a promising oral delivery system for insulin, employing cycloheximide as
a chylomicron blocker. In this investigation, diabetic mice underwent pre-treatment with
cycloheximide to explore the lymphatic transport of orally administered nanoparticles. The
bioavailability of insulin- and cholic acid-loaded zein nanoparticles with dextran surfaces
was significantly reduced by 43% and 49% in formulations A1 and A2, respectively, in the
presence of cycloheximide. This suggested that approximately half of the nanoparticles
were transported via the lymphatic pathway. Conversely, the bioavailability of a specific
A2 nanoparticle formulation decreased by 22% in the presence of cycloheximide. The
difference between Al and A2 nanoparticles in intestinal lymphatic transport indicated that
embedded cholic acid played a role in promoting the intestinal absorption of Al
nanoparticles through the lymphatic pathway, a feature lacking in A2 (305).

Table 5.5. Examples of formulations analyzed for their lymphatic uptake tendency through the

inhibition models of colchicine and cycloheximide. All studies were done in a rat animal model.

Delivery System Compound Reference

SEDDS Docetaxel (299)
Paclitaxel (300)
Resveratrol (323)
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SMEDDS

SNEDDS

SNESNS

S-SNEOFs

SLN

NLC

Solvent Green 3
Sirolimus
Terbinafine
Huperzine A
Canagliflozin
Asenapine Maleate
Bacalein

Pueraria Flavones
Lurasidone

Niclosamide

Revaprazan
Madecassic Acid
Diacerein
Lopinavir
Praziquantel
Efavirenz
Darunavir
Lopinavir

Topotecan

Ibrutinib

Mebendazole
Hydroxymethylnitrofurazone
Atazanavir

Gefitinib

Ritonavir

(285)
(308)
(384)
(314)
(386)
(293)
(292)
(315)
(294)

(331)

(324)
(330)
(310)
(290)
(309)
(311)
(312)
(295)

(291)

(319)
(303)
(296)
(325)
(326)

(302)
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Etravirine and Darunavir Ethanolate (327)

ME Puerarin (287)

Piroxicam (313)
MD Raloxifene Hydrochloride (329)
NCs Docetaxel (383)
Nanoemulsion Acetylpuerarin (288)

Baicalin (316), (317)

Nisoldipine (318)
Niosomes Carvedilol (289)
Nanocrystals Nimodipine (328)
Bioactive Chylomicrons Berberine (385)
Nanoemulsomes Andrographolide (321)
Bioemulsomes Baicalin (297)
NMs Efavirenz (304)
Cerasomes Idarubicin Hydrochloride (389)
Abbreviations:

Self-Microemulsifying Drug Delivery System (SMEDDS), Nanocapsules (NCs), Microemulsion (ME),
Solid-Lipid Nanoparticles (SLN), Self-Nanoemulsifying Self-Nanosuspension (SNESNS), Solid Self-
Nanoemulsifying Oily Formulations (S-SNEOFs), Self-Emulsified Drug Delivery Systems (SEDDS),
Nanostructured Lipid Carrier (NLC), Matrix Dispersion (MD), Nanomicelles (NMs).

A comprehensive examination of the pharmacokinetic profile of cycloheximide and
its associated effects and toxicity has been undertaken by Al Nebaihi e a/ to enhance the
understanding of its impact. In adult Sprague-Dawley male rats, cycloheximide was
administered at 0.5 mg/kg through oral, intraperitoneal, and intravenous routes. The

findings showed that cycloheximide exhibited high clearance and volume of distribution,

with an oral bioavailability of 0.47 at the 0.5 mg/kg dose. The pharmacokinetics of

131



cycloheximide was dose- and route-dependent, showing over a 3-fold relative
bioavailability after intraperitoneal doses. Cycloheximide also demonstrated low plasma
protein binding and minimal urinary excretion. Metabolism appeared to occur through
oxidation and glucuronidation. Oral administration of 2.5 mg/kg cycloheximide led to
reductions in plasma lipids (24-40%), accompanied by signs of inflammation and
increased liver enzymes for a week following the dose. Markers of hepatic function and
inflammation were elevated after the oral administration of 2.5 mg/kg. Additionally,
cycloheximide was found to induce hepatotoxicity within 2 hours after a single

intraperitoneal dose of 5 mg/kg (332).

Another study highlighted an important observation; when the lymphatic absorption
pathway is obstructed, the primary route for drug absorption in the intestine is through the
portal blood. Consequently, drugs relying on lymphatic transport may undergo hepatic
first-pass metabolism when lymphatic uptake is hindered, leading to a reduction in both the
rate and extent of drug absorption, reflected in decreased AUC, Cmax and Tmax. This
phenomenon was evident with abiraterone, as pre-treatment with cycloheximide reduced
the rate and extent of its absorption, resulting in a threefold decrease in Cmax and a twofold
decrease in AUC. Although the mean half-life was approximately 2 hours after both oral
and intravenous administrations, it appeared to be extended to 18 hours in the
cycloheximide pre-treated group. Yet, the specific pharmacokinetic mechanisms
underlying this observation, including alterations in the volume of distribution, total body
clearance, or both, remained unclear (306). In a similar manner, pre-treatment with
cycloheximide modified the pharmacokinetic profile of cinacalcet, suggesting a potential

alteration in absorption in this model (306).
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Although being the most used chylomicron-blocking model compound, concerns
have recently surfaced regarding the potential exaggeration of lymphatic uptake,
particularly for drugs with low lipophilicity (log P < 5), when utilizing the cycloheximide
model. This issue came to the forefront during a study evaluating abiraterone and
cinacalcet using the cycloheximide model. The results may suggest a substantial
overestimation of relative bioavailability (28-fold higher for abiraterone and 2.7-fold higher
for cinacalcet) compared to the cannulation method, which directly measures drugs from
the lymphatic vessel draining the intestinal region (mesenteric lymph duct). In light of
these findings, the study concluded that the cycloheximide model may not be suitable for
accurately assessing lymphatic transport and advocates for a critical re-evaluation of
previously obtained data (306). Further studies would be required to support this claim as
there have been other reports supporting the good correlation between chylomicron

blocking and cannulation methods (254).

The cycloheximide model is the most extensively studied and applied one among
the mentioned chylomicron-blocking models. Various xenobiotics, ranging from peptides
like insulin to drugs addressing diverse conditions such as anticancer, antiviral, and
hypertensive medications, have been investigated using this model. The advantage of
cycloheximide lies in its capacity to block chylomicrons effectively at concentrations (3
mg/kg) without inducing appreciable toxicity, distinguishing it from the antitubular

chylomicron blocker, colchicine.
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5.3 Outlook and Future Perspectives:

Upon reviewing the literature on chylomicron blockers, in addition to considering
the various points discussed in different sections, three specific aspects have surfaced as
areas that merit more detailed examination beyond what is covered in the individual

sections. These key points are delineated below:

5.3.1 Chylomicron Blockade: An Underappreciated Drug Interaction?

Chylomicron blockers are being used and designed to reduce lymphatic drug
absorption experimentally. However, the suitability of cycloheximide for human use is
challenged by its toxicity, limiting its application primarily to in-vitro and animal
experiments (390). Moreover, puromycin, a cytocidal antibiotic, is utilized principally in
cell culture experiments when a selective agent is required to eliminate all cells without
resistance genes, leaving only specific targets behind (391). PL-81, employed in
formulation and drug delivery, has also been identified as a potent anti-obesity drug in
animal models (392-394). Nevertheless, clinically, some of these blockers are available and
have been used for decades for a number of malignancies. Colchicine, a remedy with a
history spanning over a millennium for treating gout, is now being explored for potential
applications in dermatological conditions, and cardiovascular diseases, as well as in
immunology and oncology (359, 395, 396). Additionally, vinca alkaloids, such as
vincristine, vinblastine, vinorelbine, vindesine, and vinflunine, are widely used
chemotherapeutic agents. Vincristine and vinblastine, particularly studied in the context of

chylomicron blockade, demonstrate clinical availability for its antitumor effects (372, 397).
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The hypothesis proposed is that in-vivo use of chylomicron blockers may interact
with lipophilic xenobiotics, partially absorbed through the chylomicron pathway, resulting
in a reduced absorption of the latter. The combination of clinical use of drugs (colchicine,
vinca alkaloids) or an excipient (PL-81) inhibiting chylomicron formation or secretion,
along with a substrate intended for absorption through the chylomicron pathway, could lead
to a reduced Tmax and a decreased area under the concentration-time curve and
consequently less drug available to exert effects. Reports on drug interactions, particularly
with colchicine and vinca alkaloids, attribute these interactions to competition and effects
related to transporters and enzymes that both inhibitors and concurrently administered

drugs interact with (398-402).

However, to the best of our knowledge, there is no documented evidence that PL-
81, colchicine, or vinca alkaloids in clinical use have led to a demonstrable reduction in
drug concentrations as a result of the chylomicron blockage effect. Several factors may
contribute to this lack of support, such as the percentage of PL-81 in formulations
potentially not reaching the threshold for inducing chylomicron blockage and subsequent
reduction in drug concentration. Additionally, the developed formulations may not have

been tested in-vivo or even in-vitro for the chylomicron blocking effect (335, 393, 403).

Also, formulations of vinca alkaloids still in development may not have be used at
effective doses to impart the blockage effect. Furthermore, many formulations are designed
to enter the M cells pathway rather than the chylomicron pathway, as will be explained in
the next section. Therefore, drugs taken with such formulations may not be affected, as
they follow a different pathway to the general circulation (404). Another factor that may

obscure the evidence of chylomicron blockage in clinical use is that these agents might not
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be suitable for oral administration. For instance, vinca alkaloids, known to have adverse
effects and fatalities when administered via routes other than intravenous, prompted the
FDA to add a warning to the labeling of vinca alkaloids such as vincristine and vinblastine,

advising intravenous administration only (405).

Despite its utilization in various ailments, including gout (406), colchicine also
lacks clinical documentation as a chylomicron blocker in humans. Taking it as an example,
where a reported dose of 0.5 mg/kg has demonstrated a chylomicron blocking effect in a rat
model (363), the Human Equivalent Dose (HED) can be calculated. The HED (mg/kg)
calculation follows the method reported in the literature (407), considering the rat as the
animal model and using rats with a weight of 200g, falling within the standard weight

range specified for the method (90-400 g) (363). The equation is as follows:

HED (mg/kg) = rat dose (mg/kg) x 0.16 = 0.08 (mg/kg)

It is worth mentioning that the oral recommended dose of colchicine in humans is
(0.015 - 0.03 mg/kg) (408), and the toxic oral dose in humans is > 0.1 mg/kg (409). Also, it
is important to note that the effectiveness of colchicine at the dose specified in the rat
model has been questioned in other reports, as mentioned earlier in section (3.3). Likewise,
the animal dose was administered intraperitoneally, whereas the recommended and toxic
doses specified for humans are for oral tablets. Thus, an effective dose range for various
routes of administration of colchicine and other blockers, complemented by additional

toxicity studies would be necessary to broaden the applicability of the findings to humans.
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5.3.2 Other Pathways for Intestinal Lymphatic Uptake:

As previously demonstrated, in addition to drugs moving between the enterocytes
(paracellularly) to get into the intestinal vasculature, they can gain entry into the intestinal
lymphatics through two distinct routes: chylomicrons and M cells. While these pathways
initially operate independently, they eventually converge into the mesenteric lymph for
further transportation (328). Although the inhibitory models discussed earlier primarily
target the chylomicron pathway, some drugs can be found in the mesenteric lymph as a
result of their uptake through the M cells. Therefore, it is essential to clarify the role of the

M cells pathway as well.

M cells play a critical part in transporting antigens and microorganisms to the
underlying mucosal lymphoid tissues (Peyers’ patches) for antigen presentation (181, 410).
They may also transport microparticles or particulates from the intestinal lumen, releasing
them at the basolateral side for transport through the mesenteric lymph and, ultimately, the
systemic circulation (54). As M cells recognize pathogens by specific ligands on their
surfaces, some particles including drugs and vaccines can be engineered to mimic specific

ligands, enhancing their uptake through this pathway (411, 412).

Factors influencing drug transport via the M cell pathway are still under
investigation. Though, studies have explored the impact of particle size, hydrophobicity,
surface charge, and shape on transport through this pathway. Particles measuring 600 and
2000 nm have been reported to undergo transport via the M cell pathway (413). Increasing
hydrophobicity has been found to enhance uptake through M cells as studied with

rifampicin nanoparticles coated with hydrophobic polymers (414). Studies on the effect of
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surface charges on the M cell pathway have different conclusions. In some studies, it has
been noted that positively charged particles are more easily taken up by M cells than
negatively charged ones, due to electrostatic affinity with intestinal mucus or cell
membranes (415). These findings have been documented in a few reports including one
with an oral DNA vaccine targeting Peyers’ patches (416). Other studies have shown a
higher uptake through the M cells for the neutral and the positively charged particles
compared to the negatively charged counterparts (417, 418). Also, compared to spherical-
shaped particles, rod- and disc-shaped particles achieved a higher extent of lymphatic

transport through this pathway (419, 420).

5.3.3 Urinary excretion to quantify the lymphatic uptake:

Pharmacokinetically, plots of cumulative urinary excretion over time are often used
to analyze the excretion of a drug through urine. This method involves collecting urine
samples over a period of time and plotting the cumulative amount of the drug excreted
versus the time of collection. These plots help in understanding the rate and extent of drug
excretion from the body (421). They are particularly useful in calculating urinary
pharmacokinetic parameters such as the total amount excreted (Acx) Which can be used to

determine the bioavailability of drugs (422, 423).

The rate at which the body eliminates drugs through urine correlates directly with the
concentration of drugs in the bloodstream. This relationship enables the determination of
bioavailability by comparing the quantity of unchanged drug excreted in urine following
the administration of test and reference formulations (423). This method is based on the

principle that the parameters obtained from the urinary excretion data reflect the absorption
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of the drug. However, it is important to note that this approach applies only to drugs that
are excreted unchanged in the urine, and the relationship between serum concentration and
renal clearance should be established before using urinary excretion data to assess
bioavailability (424, 425). Therefore, urinary excretion data can be a valuable tool in
assessing the bioavailability of certain drugs, particularly when coupled with plasma level-
time data (425). To our knowledge, the use of urinary excretion of drugs has not yet been
studied with chylomicron blockers but could be a useful non-invasive alternative approach

to study drugs that are absorbed lymphatically and undergo renal excretion (Figure 5.6).

The equation for bioavailability (F) when there are two different input pathways (pl
and p2) for a drug into the body, and the numerator is made up of two amounts, one from

each pathway, can be expressed as:

F __(Amount of the drug excreted into the urine via p1 + Amount of the drug excreted into the urine via p2)
Dose of the drug administered

This equation considers the total amount of the drug excreted into the urine via each
pathway and relates it to the dose of the drug administered. It allows for the estimation of

drug bioavailability when there are multiple input pathways contributing.
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Figure 5.6. Hypothetical graph of drug urinary excretion with and without chylomicron blocker for

a drug that can be absorbed through intestinal lymphatics.

5.4 Conclusion:

Numerous xenobiotics have been employed to obstruct the formation and/or
secretion of chylomicrons, with the aim of hindering the uptake of associated drugs through
the intestinal lymphatic pathway. Since this pathway constitutes a distinct route into the
general circulation besides the portal pathway, here we reported a comprehensive
pharmacokinetic equation for bioavailability that accounts for this pathway. The same
principle when applicable, urinary data can be utilized as a non-invasive alternative to

provide insights into the portion of the drug taken up through intestinal lymphatics.

Research in this field dates back to the 1940s, yet essential data for various
chylomicron blockers are still lacking. Reported compounds in the literature include PL-81,

puromycin, vinca alkaloids, colchicine, and cycloheximide. Among these, PL-81 has stood
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out as a compound with a reversible effect and minimal toxicity and can be used in-vitro,
and in-vivo in animals. Additionally, it is unique as it does not function as a protein
synthesis inhibitor; instead, it exerts its action by destabilizing the surface of forming
chylomicrons. It also disrupts the transport of triglycerides within enterocytes and alters the
conformation of chylomicron apo-lipoproteins. PL-81 was tested in-vitro using a cellular
Caco-2 model and a non-cellular model with artificial chylomicrons. However, no reports
were found on its clinical blockage of the chylomicron pathway, attributed probably to the
low concentrations used in the formulations, which are likely well below the ECso to induce

this effect.

Puromycin and vinca alkaloids (vincristine and vinblastine) have been sporadically
reported in the literature, focusing on their toxicity and effects on lipid absorption through
chylomicrons. However, documentation on their application in drug intestinal lymphatic
uptake is lacking. Moreover, beyond vincristine and vinblastine, other vinca alkaloids have
been reported to affect the triglyceride profile and lower their concentrations.
Consequently, these alternatives present promising prospects for further investigation as
potential agents for blocking chylomicron pathways. Despite the clinical use of vinca
alkaloids in many applications, especially as anticancers, their likelihood of being

associated with chylomicron blockage in clinical practice is low.

Colchicine and cycloheximide have been the most commonly used chylomicron
blockers in the pharmaceutical development of lymphotropic drugs and formulations. The
latter is preferred due to its lower toxicity compared to colchicine in animal models, even at
concentrations inducing chylomicron blockage. By relying on a reported effective

colchicine dose in rats to block chylomicrons and employing allometric scaling, it was
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found that recommended doses used in humans might have a similar effect. However,
further investigation into the effective and toxic doses of colchicine is required to

understand its clinical impact on blocking the chylomicron pathway in humans.
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CHAPTER SIX

Simulated Lymphatic Fluid for /n-Vitro Assessment in Pharmaceutical Development

A version of this chapter is published in:
Dissol Technol. 2022;29:86-93. DOI: 10.14227/DT290222P86

Reprinted from Reference (264).
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6.1 Background:

Lymph or lymphatic fluid is a biological fluid derived from the interstitial fluid of
parenchymal cells throughout the body. The hydrostatic pressure within the capillary beds
results in molecule ultrafiltration from arterioles, which drives some blood components
along with proteins into the interstitial space (426). Approximately 90% of the 20-30 liters
of the plasma that leaks into the interstitium returns to blood through the capillary venous
end, and the remaining fluid is drained back along with other molecules from the
extracellular space to the circulation by the lymphatic system in the form of lymph (135,
136). Lymph also carries the invading pathogens and immune cells into lymph nodes where
proper immune responses can be mounted (136, 427). Thus, lymph serves in regulating and
modulating immune response, thereby affecting some important immunological processes
like immune tolerance in the body. Furthermore, lymph has two other main functions —
maintaining fluid homeostasis and delivering some nutrients and fat absorption products

from the intestine to the general circulation (51).

6.1.1 Lymph Flow:

From the extracellular space, lymph first enters blind-ended lymphatic capillaries,
termed the “initial lymphatics.” Next, it drains into the lymphatic collecting vessels, then
passes through at least one but usually several lymph nodes distributed throughout the
body. Collecting vessels merge into larger trunks that empty into lymphatic ducts. Finally,
the ducts return the lymph back into the venous circulation at the junction of the jugular

and subclavian veins (Figure 6.1), completing the circuit of fluid transport (56, 162).
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Dietary lipids and highly lipophilic drugs are usually packaged into lipoprotein
vesicles (chylomicrons) in the cytoplasm of the enterocytes before being up taken by the
lymphatic capillaries (281). Triglycerides of ingested lipids are usually hydrolyzed by
lipases into monoglycerides and fatty acids prior to reaching the duodenum. When
hydrolysis products enter the enterocytes, long chain fatty acids (C > 12) and
monoglycerides get re-esterified in the endoplasmic reticulum and are assembled into

chylomicrons, which then migrate to the Golgi apparatus before being exocytosized into

intestinal lymphatics (53, 234).
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Figure 6.1. Lymphatic system through the body (left). The vessels part of this system starts with

the initial lymphatic capillaries that are interlaced with arterioles and venules, then drain into
lymphatic collectors and trunks before they empty into the right lymphatic and thoracic ducts,
which in turn joins the venous circulation at the junction between the jugular and subclavian veins

on both body sides (right).
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Lymph flow rate differs among species, within species, and within subjects (428,
429). Ultimately, it is a function of the blood flow through an organ and the proportion of
the blood that leaks from the capillaries into the lymphatics (429). Pre-nodal (afferent)
lymph flow collected from fasted-state rat individual mesenteric collecting lymphatic
vessel is 15 pL/h, and post-nodal (efferent) flow of the total mesenteric lymphatics is
approximately 1.3 mL/h (430). In humans, the afferent lymph flow is estimated to be twice
that of the efferent, i.e., 8 and 4 L/day, respectively (431). This is attributed to the
reabsorption that occurs at the lymph nodes through special blood vessels across. Lymph
components can cross into either direction, thus changing the post-nodal lymph rate and

composition (135, 432, 433).

6.1.2 Lymph Composition:

Reported studies on lymph composition date back to the late 1920s. In 1932, Heim
tested thoracic and cervical lymph of dogs for protein, non-protein nitrogen, urea, uric acid,
creatinine, sugar, amino acids, chlorides, calcium, and phosphorus (434). After comparing
his results with previously reported data, Heim concluded that the chemical composition of
lymph overlaps with that of the plasma. The exception was for protein and its related
substances (phosphorous and calcium), which were higher in plasma than in lymph (434).
In a study that investigated rat ovarian lymph, the total concentration of protein was
estimated to be 53% of the plasma (429). Yet, similar studies in other species have reported
higher percentages of total protein concentration in lymph compared to plasma, with the

highest level recorded in sheep as 90% (435, 436).
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Similarly in humans, the lymph composition was first believed to coincide with that
of the plasma as the former was considered a filtrate of the latter. Challenges associated
with cannulating lymphatic vessels with collecting only little amounts of lymph for
analysis and the low sensitivity and resolution of the analytical instruments were barriers to
a thorough analysis of lymph (135, 434). Nevertheless, lymph biology has progressed over
years and these hurdles have been resolved. It is now known that pre-nodal lymph has a
similar make up of salts, plasma proteins, sugars, and lymphocytes as interstitial fluid.
However, the post-nodal lymphatic fluid is more concentrated, having a higher count of

lymphocytes and a two-fold higher concentration of the plasma protein (136, 433, 437).

Proteomic analysis revealed that the proteins essential to osmotic pressure
maintenance, namely albumin, al, a2, B globulins, and fibrinogen, in addition to the
coagulation factors are higher in plasma than in lymph (438-441). Nevertheless, the lymph
is richer in extracellular matrix proteins and intracellular proteins resulting from cellular
metabolism, i.e., those released from apoptosis and lipoproteins (442-446). To date, more
than 2000 proteins have been identified through protein mapping of lymph derived from
various species including human (447). Mapping was mostly done on peripheral
subcutaneous and mesenteric pre-nodal lymph; therefore, the full lymph profile is not yet

completed (447).

The cellular component averages 12,000 = 5200 cells/puL in rat mesenteric lymph

(430). In human peripheral lymph, there are 162 cells per mm?

, with lymphocytes
accounting for up to 96% of all these cells (448). Low concentration of these cells does not

appear to affect the bulk properties of the lymph (136).
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6.1.3 Simulated Lymphatic Fluid:

In the field of pharmaceutical sciences, lymph-targeted drug delivery can open a
new era to medicines and vaccination (51). This approach has relevant therapeutic and
pharmacokinetic benefits (69). The intestinal lymphatic transport, in particular, can
demonstrate various advantages over portal blood absorption following oral administration
of drugs (449). Intestinal lymphatic absorption can aid drugs by shunting away from first
pass hepatic metabolism, thus imparting higher bioavailability. Thus, drugs with a high
extraction ratio are the most ideal candidates to be delivered via lymphatic fluid.
Additionally, intestinal lymphatic delivery can boost efficacy of chemotherapeutic and
immunomodulatory agents, with the lymphatic system being primarily involved in cancer
metastasis and immune modulation (53, 56, 449). Examples of lymphotropic drugs include
carvedilol (227), halofantrine (221), praziquantel (309), docetaxel (383), valsartan (222),

among others (184, 187).

The importance of standardized physiologically relevant simulated fluids for use in
biopharmaceutic and dissolution studies have been highlighted in multiple articles and
reviews; however, there is no mention of standardized simulated lymphatic fluid in these
publications (120, 450, 451). Standardization of a simulated clinically or physiologically
relevant lymphatic fluid media would be an important and novel contribution to fill the

current void this emerging area of drug and formulation development.

Simulated lymphatic fluid can be composed of the components listed in Table 6.1
(120, 136). The composition of salts in the proposed fluid is similar to that of the

extracellular fluid (120). Protein composition is approximated to be less than 0.01 g/mL in
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pre-nodal lymph (136). As albumin is a main protein that affects drug binding and
pharmacokinetics, it can be added into the simulated lymphatic fluid. It composes nearly
60% of the total protein in lymph and would be used in the concentration of less than 0.006

g/mL (429, 438, 452).

Table 6.1. Concentration of various constituents in lymphatic fluid (120, 136).

Component General Simulated Intestinal Simulated Lymphatic
Lymphatic Fluid (mM) Fluid or Chyle (mM)

HCO™ 4.2 4.2

K" 5 5

Cr 148.8 148.8
Na® 142 142
Ca’ 2.5 2.5
Mg* 1.5 1.5
HPO,” 1 1
SO,* 0.5 0.5
Tris(hydroxymethyl)aminomethane 50 50
Hydrochloric acid 45 45
Proteins <0.01 g/mL 0.02-0.06 g/mL
Triglyceride fat globules - >0.01 g/mL
(chylomicrons)

Lymph derived from the intestine is termed “chyle.” It has a rich protein content
(0.02-0.06 g/mL) and a milky color, unlike the clear lymph from other parts of the body
(143, 453). The white color is attributed to the fact that this portion of lymph is rich in
chylomicrons (141, 454). Chylomicrons are mainly composed of triglycerides as well as

phospholipids, proteins, and cholesterol (260).
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Intralipid® (Fresenius Kabi Canada Ltd, Toronto) 20% is a commercial product
used for providing fats and calories to patients in need of total parenteral nutrition (455).
The components of Intralipid® are listed in Table 6.2. Interestingly, the components are
comparable to those of endogenous chylomicrons, which are used as a main component to
simulate intestinal lymphatic fluid (455, 456). The size of globules lies within the range of
the chylomicron’s; furthermore, it contains the main components that constitute
chylomicrons and chiefly affect their drug uptake. The acids present in soybean oil, from
which Intralipid® is prepared, resemble the typical acids packaged into the chylomicrons
(333, 457). As a consequence, the simulated chyle would be similar to the previously
described lymphatic fluid, with a slightly higher albumin level (0.012-0.036 g/mL). As a
surrogate for the chylomicron component of lymphatic fluid, Intralipid® has a triglyceride

concentration of more than 0.01 g/mL (136, 455).

Table 6.2. Composition of Intralipid® and endogenous chylomicrons.

Chylomicrons Intralipid®
Size 75-1000 nm (1 p) 05
Components Triglycerides (~84%) Soybean oil* (20 g)
Phospholipidis (~7%) Egg phospholipids (1.2 g)
Protein (1-2%) Glycerol (2.2 g)
Cholesterol (~7%) g.s water for injection (100 mL)

Cholesterol esters (1-2%)

*Acids in soybean oil include 52% linoleic and 22% oleic in addition palmitic (13%), linolenic (8%), stearic
(4%), myristic (< 1%), and other acids (1%).
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6.2 Materials and Methods:

6.2.1 Preparation of Simulated Lymphatic Fluid:

For pharmaceutical compounding and preparation of simulated lymphatic fluid,

reagents in Table 6.3 are used. The method of preparation for both general and intestinal

lymphatic fluid involves successive addition of the reagents in the specified amounts after

each being fully dissolved in 700 mL water, before adjusting to the required pH with 1 M

HCl and completing the volume to 1 L (120). If stored at 2—8 °C, simulated general

lymphatic fluid is stable for more than 2 months, whereas simulated intestinal lymphatic

fluid requires gentle shaking before use if stored under similar conditions and for the same

period of time.

Table 6.3. Reagents for preparing simulated lymphatic fluid.

Reagent CAS number Amount for 1 L of
Simulated Lymphatic Fluid

Sodium chloride 7647-14-5 8.035¢g
Sodium bicarbonate 144-55-8 0.355¢g
Potassium chloride 7447-40-7 0.225¢
Potassium phosphate dibasic 7758-11-4 0.231¢g
Magnesium chloride hexahydrate 7791-18-6 0311 g

1 M Hydrochloric acid 7647-01-0 39 mL
Calcium chloride dihydrate 10035-04-8 0292 ¢
Sodium sulfate 7757-82-6 0.072 g
Tri(hydroxymethyl)aminomethane 7283-04-7 6.118 g
Protein (human serum albumin) 70024-90-7 40 g
Intralipid® 68890-65-3 100 mL
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6.2.2 Analysis of Simulated Lymphatic Fluids:

The lymphatic fluids (prepared and a commercial obtained product) were analyzed
to compare their composition and properties with the reported data for biological lymph.
Variables used for comparison of the fluids included pH, density, chemical content, and

solubility.

The pH of the fluids was measured using a Fischer Scientific XL20 pH/conductivity
meter. The density of 80 mL-samples of each fluid were analyzed using a Mettler Toledo
XPR/XSR-Ana density kit at 25 + 0.2 °C. The specified amount was placed in the beaker,
the sinker was completely immersed, and after ensuring no bubbles adhered to the
immersed sinker, the draft shield was closed. After the balance reached stability, the

obtained readings were recorded.

Medica’s EasyRA analyzer was used to investigate the lymphatic fluids for
chemical content, i.e., potassium (K"), sodium (Na"), calcium (Ca™"), magnesium (Mg""),
phosphorus (P*), iron (Fe**), and chloride (CI°) ions, as well as total carbon dioxide (CO),
total protein, albumin, and triglyceride concentration. After calibration and a system check,
cleaning the probe and the ISE (ion selective electrode), calibrated proper reagents were
placed in sample holder with the blank (HPLC grade water) and 100 or 2000 pL samples of
the simulated lymphatic fluids (or dilutions of the fluids). The required tests were

processed and the acquired results were noted.

Solubility of a lymphotropic drug (rifampicin) a Zwitterion with pKa 1.7 for the 4-

hydroxy and pKa 7.9 for the 3-piperazine nitrogen was measured using the shake-flask
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method adopted from the literature in the prepared simulated lymphatic fluids and the

commercially obtained artificial fluid (129).

6.3 Results and Discussion:

When compared with a commercial artificial lymphatic fluid (Biochemazone), the
prepared simulated lymphatic fluids more accurately resembled the composition of

biological lymphatic fluid (136, 333). The data are presented in Table 6.4 for comparison.

The density values of both commercial and laboratory-prepared fluids were within
the range reported for biological lymphatic fluid. However, the pH of the commercial fluid
(6.98) did not lie within the physiological range reported for lymph collected from the
thoracic duct (7.08-7.40) (458). Despite being close to the reported range, this pH could
pose a hurdle to using commercial fluid for in-vitro drug studies in which the conditions are

usually set to mimic those in-vivo.

The concentration of Na' in all fluids was less than the reported value in the
biological fluid. The lowest concentration was recorded in the artificial fluid, whereas the
simulated lymphatic fluids values were closer to the reported physiological value. A similar
result was determined with Ca™" concentration. The artificial lymphatic fluid had no CI" and
very high concentration of K* and Mg'" whereas the values of both in the prepared
simulated lymphatic fluids were within an acceptable range compared to biological fluid.
All fluids contained a higher concentration of P?" than the reported physiological value; the
highest was the artificial fluid by almost 18-fold, and the simulated fluids were higher by
approximately 2 and 3 fold for the simulated general and intestinal fluids, respectively. A

negligible amount of iron was detected in the simulated intestinal lymphatic fluid,
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stemming from the reagents and the Intralipid® used to prepare the fluid. The artificial fluid

contained a high concentration of CO., unlike the others examined that had no CO».

Table 6.4. Comparison of prepared simulated lymphatic fluids, commercial artificial fluid, and

biological fluid.

Property or  Commercial Simulated Simulated Biological

Component  Artificial General Intestinal Lymphatic Fluid

Lymphatic Fluid* Lymphatic Fluid Lymphatic Fluid (136, 333)

pH 6.98 7.4 7.4 7.08 - 7.4

Density 1.007 g/mL 1.006 g/mL 1.005 g/mL 1.005 - 1.016 g/mL

Na+ 97.3 mM 135.7 mM 135.7 mM 142 mM

K+ 43.5 mM 523 mM 523 mM 5 mM

Cl- _ 117.4 mM 117.4 mM 148.8 mM

Ca+ 0.91 mM 2.51 mM 2.51 mM 2.5mM

Mg+ 3.65 mM 1.45 mM 1.45 mM 1.5 mM

P2- 6.02 mM 1.06 1.06 mM 1 mM (Phosphate)
0.32 mM
(Phosphorus)

Fe3+ _ _ 0.007 mM _

CcOo2 48.6 mM _ _ _

Albumin 0.002 g/mL 0.005 g/mL 0.021 g/mL <0.0054 g/mL for
general lymphatic
fluid
0.012-0.036 g/mL
for intestinal
lymphatic fluid

Total Proteins  0.004 g/mL 0.005 g/mL 0.04 g/mL <0.01 g/mL for
general lymphatic
fluid
0.02 - 0.06 g/mL for
intestinal lymphatic
fluid

Triglycerides  0.0009 g/mL - 0.03 g/mL >0.01 g/mL

* Artificial lymphatic fluid was purchased from Biochemazone, Waterloo, Canada (Batch no. BZ-0421A).
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All essential amino acids and serum proteins were present in the artificial lymphatic
fluid with a total protein concentration of 0.004 g/mL. Albumin concentration was 0.002
g/mL, which coincides with the level of the albumin present in the general biological
lymphatic fluid. The prepared simulated fluids only contained the albumin level known to
be in the general and intestinal lymph (136). Usually, acidic drug binding in particular can
be affected by albumin concentration, thus having an accurate representation of protein
concentration in simulated lymphatic fluid is prudent. The presence of other protein
moieties in the artificial commercial fluid, although at low concentrations, remains to be
determined. The total protein in the simulated intestinal lymphatic fluid indicated that there
are other proteins besides albumin. That additional protein was traced back to the soy

protein in the soybean oil in Intralipid® (Table 6.2).

Triglycerides were found in both the artificial and prepared simulated fluids in
different amounts. The artificial fluid had 0.0009 g/mL triglycerides, whereas the simulated
general fluid was developed deliberately to have none and the simulated intestinal fluid
contained an amount within the stated range of the fat component found mainly in the
intestinal lymph (> 1%) (136). The lipids used in the simulated intestinal fluid resemble
those incorporated into the chylomicrons and transported through the intestinal lymph, as

outlined earlier.

Solubility of rifampicin (pKa 1.7 and 7.9) (459) was found to be 2.49 mg/mL in the
artificial lymphatic fluid and 2.62 mg/mL and 3.00 mg/mL in the prepared simulated
general and simulated intestinal lymphatic fluids, respectively. The drug solubility in the

artificial and the simulated general fluids was nearly the same. Yet, more optimal results
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were encountered with the simulated intestinal fluid, which might be attributed to the
higher protein and triglyceride content in the simulated intestinal fluid compared to the
other two fluids. This result demonstrates that the solubility of a compound can vary in
simulated and artificial lymphatic fluids, which 1is essential when considering
pharmaceutical, biochemical, or biological assays using these fluids. Solubility is also

important for determining the dissolution profile of lymphotropic drugs and formulations.

6.4 Conclusion:

Lymph-targeted drug delivery can open a new era for development of medicines
and vaccines. Further study of lymphatic delivery of molecules is an important aspect of
pharmaceutical research and development. Understanding and standardization of simulated
lymphatic fluid and its relevance must be considered for optimal drug development
research processes. This study reviewed and analyzed simulated general and intestinal
lymphatic fluids that proved to be closer in makeup to biological fluid than a commercial
artificial lymphatic fluid. These results are a step towards filling the current need for a

standardized simulated lymphatic fluid in pharmaceutical investigations.
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CHAPTER SEVEN

Development of a Novel In-vitro Model to Study Lymphatic Uptake of Drugs via Artificial

Chylomicrons

A version of this chapter is published in:
Pharmaceutics. 2023;15(11):2532. DOI: 10.3390/pharmaceutics15112532

Reprinted from Reference (350).
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7.1 Introduction:

Most orally administered drugs enter the systemic circulation after absorption from
enterocytes in the intestine via the portal vein (234). However, some orally administered
lipophilic xenobiotics access the systemic vasculature via the intestinal lymphatic system,
offering several advantages for drug delivery (53, 240, 278). Absorption through the
intestinal lymphatics enables the drug to reach the general circulation without passing
through the liver, which is beneficial for molecules that are prone to first-pass metabolism
by the liver (54, 56). Additionally, drug delivery through the lymphatic system can result in
higher drug concentrations in the systemic circulation and improve bioavailability, as
reported for several drugs (54, 138, 182). The lymphatic route of absorption can be more
effective for drugs targeting conditions involving the lymphatic system pathophysiology,
including some viral infections, metabolic and inflammatory conditions, hypertension, and

solid tumors, among others (51, 56, 184).

Drugs can access the intestinal lymphatics through enterocytes or microfold cells
(M cells) in the follicle-associated epithelium (FAE) that overlies Peyer’s patches (54, 234,
278). Chylomicrons, which are mainly composed of triglycerides, phospholipids, proteins,
cholesterol, and cholesteryl esters, are responsible for transporting drugs across the
enterocytes and into the lymphatic system (254, 264). Ingested triglycerides are hydrolyzed
by lipases into monoacylglycerols and free fatty acids, which are subsequently re-esterified
to triglycerides and assembled into chylomicrons in the endoplasmic reticulum and Golgi
apparatus of enterocytes before being exocytosed via the basolateral membrane (53, 234,

278).
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There are various methods of enhancing the transport of drugs through the
lymphatic system. These include administration of drugs during a postprandial state and the
utilization of lipid-based formulations and lipidic prodrugs (54). Lipid-based nanoparticles
have emerged as promising candidates for drug delivery. Multiple studies have been
dedicated to creating formulations that leverage the potential of the intestinal lymphatics
(54, 234, 254, 278). For instance, in a study involving Solid Lipid Nanoparticles (SLNs)
loaded with nimodipine, a considerable improvement in bioavailability was observed
compared to the drug solution. The bioavailability of nimodipine increased by a factor of
2.08 in male Albino Wistar rats. This enhancement was attributed to the portion of

nimodipine carried by the lymphatic system (228).

Another illustration that highlights the harmonious interplay between utilizing a
prodrug approach and the influence of food on the transportation of substances through the
intestinal lymphatics can be found in the example of testosterone. When administered
orally, testosterone exhibited limited effectiveness in treating male androgen deficiency
syndromes due to significant initial loss during the first pass through the liver (460).
However, studies have indicated that testosterone undecanoate, a prodrug of testosterone,
displays higher systemic exposure compared to testosterone administration (64, 461).
Furthermore, the exposure to both testosterone and the prodrug was notably greater in
individuals who had consumed a meal compared to those who were fasting. This increase
in systemic exposure after a meal was correlated with an augmentation in lymphatic
transport efficiency. Moreover, the strategic conjugation of testosterone with a lipophilic
long-chain ester (undecanoate) led to an elevated androgenic response compared to using

pure testosterone. This lipophilic ester was observed to follow the intestinal lymphatic
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route, evading the liver and ameliorating the initial pass effect. Once within the systemic
circulation, the ester form underwent hydrolysis, liberating the free form of testosterone.
Notably, a significant portion—ranging from 91.5% to 99.7% —of the testosterone
available within the system was attributed to the testosterone undecanoate that had been
transported via the lymphatic system (64). Numerous additional instances of such
approaches can be found within various reports and reviews in the existing literature (54,

56, 182, 278).

For investigating lymphatic uptake, researchers have established and employed the
mesenteric lymphatic cannulation model, which serves to assess lymphatic transport (283,
462). As intestinal lymph drains, it passes through the mesenteric lymph node en route to
the circulation (56). This model facilitates the direct sampling of the mesenteric lymph
node, allowing for the quantification of the drug that enters the systemic circulation
through its journey in the intestinal lymphatics. While this method simplifies sample
collection and measurement, it is important to note that lymphatic cannulation is invasive
and comes with inherent limitations. The procedure necessitates intricate surgical steps and
may potentially influence lymph flow and vessel pressure gradients, rendering sequential
sampling challenging following multiple sessions. Given the interplay of various factors,

the overall success rate of lymphatic cannulation tends to be quite low (54).

To circumvent the challenges associated with cannulation procedures, researchers
have introduced lymph blocking models by employing specific blocking agents. For in-
stance, the use of cycloheximide, a protein synthesis inhibitor, offers a targeted approach to
suppressing the exocytosis and secretion of chylomicrons from enterocytes (463).

Moreover, various other inhibitors employing distinct blocking mechanisms, including
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Pluronic® L-81 and colchicine, have been utilized for assessing the portion of substances

delivered through the intestinal lymph (59).

The in-vivo models offer the best evaluation, yet they pose technical challenges,
demanding advanced surgical expertise, while also raising ethical concerns regarding
human application (54, 184). An alternative approach involves the utilization of in-vitro
models, incorporating both cellular and non-cellular strategies. Among cellular models,
Caco-2 cells are commonly employed, but they come with constraints that include their
resemblance to almost colonic rather than small intestinal tissue and the absence of the
mucus layer secreted by goblet cells. Moreover, they lack other cell types existing in the
human mucosa niche such as M cells (51). Advancement has been achieved through the co-
culture of Caco-2 cells with lymphoid cells like Raji cells, which exhibit M cell-mimicking
capabilities, or murine-derived lymphocytes (464). Nonetheless, this approach faces
limitations due to the excessive presence of M-like cells, possibly leading to an
overestimation of experimental outcomes. Consequently, there is a high anticipation for

further enhancements or potential alternatives.

Regarding formulations targeted at lymphatic delivery and utilizing lipid-based
carriers, the typical progression involves initial vehicle degradation via lipolysis. These
degraded components subsequently transition into micellar vehicles, which are then
absorbed by enterocytes and reassembled with chylomicrons (234, 278). To evaluate the
effectiveness of such formulations, in-vitro lipolysis has proven useful. This method
estimates the proportion of the drug intended for intestinal lymphatic uptake by quantifying
the fraction incorporated into the generated micellar vesicles after the completion of
lipolysis (465).
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The interaction between drugs and chylomicrons plays a pivotal role in facilitating
drug transportation across enterocytes via lipoproteins carried by the lymphatic system.
Notably, a direct correlation between drug uptake by isolated chylomicrons and in-vivo
intestinal lymphatic uptake has been documented across nine lymphotropic compounds.
This finding highlights the credibility of using drug-chylomicron association as a reliable

indicator for assessing intestinal lymphatic uptake (52, 282).

The aim of this study is to develop a model with the use of artificial chylomicrons
(Intralipid®) to investigate intestinal lymphatic uptake. Intralipid® closely mimics the size
and composition of natural chylomicrons, as illustrated in Figure 7.1 (264, 466). To
examine the uptake of lymphotropic drugs known to undergo lymphatic absorption, a Franz
cell diffusion system was employed. Cannabidiol, halofantrine, quercetin and rifampicin
were used as model lymphotropic drugs, and the interaction between these drugs and
Intralipid® was explored. This experimental approach allowed for valuable insights into the
mechanisms of intestinal lymphatic uptake and its association with Intralipid®. It can be
employed as a convenient in-vitro physiologically based biopharmaceutical tool for
preliminary assessment to anticipate the outcomes of drug delivery through the intestinal

lymphatics via chylomicrons.

7.2 Materials and Methods:

7.2.1 Materials:

The following chemicals were used in this study: rifampicin (<100%, CAS: 13292-46-1)
was obtained from EMD Millipore Corp, Burlington, MA, USA; quercetin (>95%, CAS:

117-39-5), Pluronic® L-81 (PL-81) (CAS: 9003-11-6), cannabidiol (CAS: 13956-29-1), and
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I-octanol (99%, CAS: 111-87-5) were from Sigma-Aldrich Co. (Saint Louis, MO, USA);
Halofantrine (CAS: 69756-53-2) was from SmithKline Beecham Pharmaceuticals
(Brentford, London, UK); Intralipid® 20% was from Fresenius Kabi (Toronto, ON,
Canada); and peanut oil product was purchased from a local Edmonton grocery. For HPLC
analysis, water (99.9%, CAS: 7732-18-5), acetonitrile (99.9%, CAS: 75-05-8), methanol
(99.9%, CAS: 67-56-1), acetic acid (>99.7%, CAS: 64-19-7) and o-phosphoric acid (85%,
CAS: 7664-38-2) were of HPLC grade from FisherFisher Chemical™ (Fisher Scientific,

Ottawa, ON, Canada); all other reagents were of analytical grade.

Intralipid® Chylomicrons

Triglycerides

Embedded

‘ \ Protemns ¢ 3 %o o 0
Phospholipids :g"« ih / » & ‘ﬁ(
Phospholipids — SN
Triglycerides (84%) Triglycerides (90%)
® Phospholipids (7%) B Phospholipids (3%)
Protein (2%)

Cholesterol and Cholesteryl Esters (5%)

Figure 7.1. Schematic representation of natural chylomicrons (right) and the artificial counterpart
(left) demonstrating their resemblance. The schematic representation of the chylomicron on the
(right) is available under a cc license at http://cnx.org/content/col11496/1.6 (accessed on 17
September 2023). Intralipid® representation on the (left) was created based on the existing data

regarding the structure of Intralipid®™ (466).
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7.2.2 Methods:

7.2.2.1 Franz Cell for Investigating Intestinal Lymphatic Uptake:

The Franz Cell receiver compartment was filled with 12 mL of either Intralipid® or
Intralipid® mixed with a potential inhibitor or enhancer and maintained at 37.0 + 0.5 °C
with magnetic stirring at 600 rpm, as shown in Figure 7.2. A synthetic 0.22 pm
Polyvinylidene Fluoride (PVDF) membrane impregnated with octanol was placed between
compartments. For the uptake experiments four model drugs (cannabidiol, halofantrine,
quercetin and rifampicin) were used and to capture the inhibition and enhancement effect,
rifampicin was utilized. Two mL solutions of the model drugs were added to the donor
compartment with the receiver compartment containing either Intralipid® or Intralipid®
mixed with an enhancer or an inhibitor. At different time intervals (0—4 h), 0.2 mL samples
were withdrawn, extracted, and analyzed for drug content using HPLC with a C18 column
(150 mm % 4.6 mm i.d., 5 um). The column temperature was maintained at 25 °C, and the

conditions of analysis for all drugs are listed in Table 7.1.

Table 7.1. HPLC analysis conditions for the model lymphotropic drugs.

Model Drug  Mobile Phase Flow Rate (mL/min) Detection Wavelength (nm)

Methanol,
Rifampicin Acetate Buffer (pH = 5.8) 1.2 254
(60:40)

Methanol,
Quercetin Acetate Buffer (pH = 5.8) 1.2 257, 370
(60:40)

Acetonitrile,
Cannabidiol Phosphoric acid (0.2%) 1 210, 224
(72:28)

Methanol,
Halofantrine ~ Phosphate Buffer (pH = 7.5) 1 210, 259
(80:20)
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7.2.2.2 Entrapment Efficiency:

To determine the entrapment efficiency of rifampicin in Intralipid®, a solution of
rifampicin was mixed with Intralipid® at a concentration of ~145 mg/mL and stirred for 15
min. Then, 0.5 mL of the mixture was added to an Amicon Ultra-0.5 30 KDa centrifugal
filtering unit (Millipore, Sigma-Aldrich, Darmstadt, Germany) and centrifuged at 10,000x
g for 10 min. The filtrate was collected and analyzed using HPLC. The sample was then
returned to the filtering unit and the process was repeated. The filtrate was collected again

and analyzed to determine the entrapment efficiency.

Donor Cell
(Drug Solution)

PVDF* Hydrophobic
Membrane (0.22 um, Octanol
Immersed)

0o

Receiver Cell
— (Intralipid®)
Heated
Water /
Circulation Sampling Arm
et

Magnetic Stirrer

@

* PVDF = Polyvinylidene difluoride

Figure 7.2. Demonstration of the proposed lymphatic uptake model.
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7.2.2.3 Characterization of Intralipid®:

7.2.2.3A Measurement of Size of Intralipid®:

The particle size of Intralipid® and Intralipid® mixed with different percentages of
Pluronic® L-81 (0.05%, 0.1%, 1% and 10%) were measured using a Malvern Ultra Zeta
Sizer (Malvern, UK) at an angle of 173° and 25 °C. This instrument uses 10 mW 632.08
nm HeNe laser, adaptive correlation algorithm, and avalanche photo diode (APD) detector.
Samples were analyzed in polystyrene latex cells (DTS0012) for 30 runs in triplicates for

each. Results were analyzed using Malvern Panalytical software (version: 2.1.0.15).

7.2.2.3B Morphological Characterization of Intralipid® via Transmission Electron

Microscopy (TEM):

The morphology of various Intralipid® samples was studied using transmission
electron microscopy (TEM) following a negative staining procedure. A drop of the sample
was placed on a 300-mesh, carbon-coated copper grid, the excess solution was removed
using blotting paper, and the samples were stained with a drop of 1% phosphotungstic acid
for 60 s. The stained samples were dried at ambient temperature and observed with TEM

(JEM-1230, JEOL Ltd., Akishima, Tokyo, Japan) at an acceleration voltage of 120 kV.

7.2.3 Statistical Analysis:

Statistical comparisons were performed using GraphPad Prism software version
10.10.3 (GraphPad Software, San Diego, CA, USA). Paired t-tests were employed for

comparisons between two groups, while one-way ANOVA was used for multiple groups. A
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significance level of a = 0.05 was applied, and in all instances, p-values of less than 0.05

were considered indicative of statistical significance.

7.3 Results and Discussion:

7.3.1 Lymphatic Uptake via the In-vitro Model:

The chylomicron-drug association has proven to be an effective approach for
investigating the intestinal lymphatic absorption of drugs (52, 282).Therefore, this in-vitro
model was developed to replicate this in-vivo process. Since certain lipophilic drugs are
taken up from the intestinal lumen into enterocytes and subsequently enclosed within
chylomicrons (53), the developed model was designed to include a donor compartment,
resembling the intestinal lumen, where the drug solution is placed. Additionally, there was
a receiver compartment that contains an artificial chylomicron medium, simulating the
environment within enterocytes. These two compartments were separated by an octanol-
immersed membrane, which served as a representation of the lipophilic cell membrane

found in enterocytes (Figure 7.2).

The results of the release of various drugs into the receiver compartment of the
proposed intestinal lymphatic uptake model are shown in Figure 7.3 and indicate
significant differences (p = 0.0236) among the drugs in terms of lymphatic uptake.
Halofantrine showed the highest uptake, with nearly all drugs detected in the artificial
chylomicrons compartment after 2 h. Quercetin and cannabidiol showed moderate
efficiency in passing through the side of the artificial chylomicrons, while rifampicin was
the least available. The entrapment efficiency results suggested the uptake of the drugs into

the Intralipid® particles, as none was detected outside.
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The examined drugs were individually tested and suggested in previous studies to
be lymphatically absorbed. Halofantrine has been extensively investigated for lymphatic
transport, as its bioavailability was improved due to lymphatic voyage (467-469), and its
superiority over other tested lymphotropics in the proportion traversing into the lymphatics
is established (234, 281). Investigative reports on cannabidiol, quercetin, and rifampicin
also documented the contribution of lymphatic uptake to their circulating plasma

concentrations (277, 470-472).

—A— Rifampicin —=—Quercetin  —o—Halofantarine = —6&—Cannabidiol
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Drug in the Receiver Compartment (Cumuative %)

Time (h)

Figure 7.3. Cumulative percentage of tested drugs (cannabidiol, halofantrine, quercetin, and
rifampicin) in the receiver compartment of the developed in-vitro lymphatic uptake model. Data
represent mean + standard error (SE) (n = 3 for all drugs and 2 for halofantrine). Results showed

significant differences (p < 0.05) among the drugs regarding their lymphatic uptake.

Halofantrine is a lipophilic antimalarial that has prompted several reports
underscoring the impact of lymphatic transport on its overall oral bioavailability. In a

specific study utilizing lymph-cannulated rats, the administration of halofantrine in lipidic
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vehicles resulted in 15.8% of the drug’s journey occurring through the lymphatic system,
while the total systemic exposure was documented to be 22.7% of the administered dose
(469). A parallel experiment with halofantrine in a lipid-based formulation of long-chain
triglycerides yielded values of 5.5% and 12.9% for direct systemic circulation transport and
lymphatic transport, respectively. The total bioavailability documented in the study (19.1%)
was mostly contributed to by the lymphatic voyage (473). Generally, the absorption of
halofantrine from the gastrointestinal tract tends to be inconsistent, but the presence of food

can remarkably boost its absorption (by 6—10 times) (474).

The pivotal factor contributing to the better and more consistent oral absorption of
halofantrine with food lies in its transit through the intestinal lymphatic system. When
halofantrine takes the lymphatic route instead of entering through the portal circulation, it
evades the extensive liver metabolism it typically undergoes, aligning with the outcomes

reported.

Dietary fats have been found to enhance the oral bioavailability and systemic
exposure of quercetin, a potent antioxidant flavonol. This effect is attributed to the
increased lymphatic transport of quercetin, which allows it to bypass the initial metabolism
in the liver (475, 476). In experiments involving thoracic duct-cannulated rats that received
intraduodenal doses of quercetin with soybean oil, the transport of quercetin through the
lymphatic system was notably improved (470). Furthermore, other research has indicated
that prior exposure to a high-fat diet enhances the effects when quercetin is administered.
In a mesenteric-cannulated rat model receiving a dosage of 30 mg/kg of intraduodenal
quercetin, the maximum concentration (Cmax) of quercetin found in the lymph was

approximately five times higher than that in the plasma (475).
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The non-psychoactive compound cannabidiol has been a subject of research for its
potential therapeutic effects in recent decades. The reported bioavailability of cannabidiol
has been less than 10% (477, 478). However, cannabidiol is highly lipophilic and has been
shown to undergo significant transport through the intestinal lymphatic system when taken
orally with long-chain triglycerides (479). In experiments with Sprague-Dawley rats, it was
found that co-administering cannabidiol with lipids, as opposed to using lipid-free
formulations, increased its systemic exposure by a factor of three. The use of oils
containing long-chain fatty acids that are packaged into chylomicrons served as the basis
for developing the FDA-approved oral solution of cannabidiol known as Epidiolex®. This
cannabidiol oil solution is recommended as an antiepileptic medication for the treatment of

Dravet syndrome in children (480).

Rifampicin, a lipophilic bactericidal drug commonly used to treat active
mycobacterial infections, faces several challenges, including poor and unpredictable
bioavailability and a short biological half-life. These issues can result in subtherapeutic
drug levels in the bloodstream and an increased risk of developing multidrug-resistant
tuberculosis (MDR-TB) (481, 482). Incorporating rifampicin into lipid-based nano-
formulations has been explored as a solution to enhance its oral bioavailability. These nano-
formulations help protect the drug from degradation in acidic pH environments, and the
lipid component primarily aids in improving absorption through the lymphatic system
(483). Researchers have developed solid lipid nanoparticles (SLNs) and niosomes with the

aim of enhancing the lymphatic uptake of rifampicin (230, 471).

When analyzing the in-vivo data of the tested drugs, direct comparisons and

correlations with their in-vitro counterparts can pose challenges. The research landscape
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reveals variations in drug concentrations, co-administered fats, animal models, and
experimental setups for different drugs within the literature. Nevertheless, examining the
highest reported fractions of intestinal lymphatic uptake for halofantrine, quercetin, and
cannabidiol when co-administered with long-chain fatty acids or meals containing them, a
notable pattern emerges. Their order of release in the in-vitro model aligns with their
respective order in-vivo, with halofantrine showing a ten-fold increase in absorbed amount
(474), quercetin demonstrating a five-fold increase in plasma concentration when factoring
in lymphatic uptake (475), and a three-fold increase in systemic exposure for lipid-based
CBD formulations (478). Although direct comparisons may not hold significant meaning, a
discernible trend emerges for these three drugs. Conversely, rifampicin lacks sufficient data
on intestinal lymphatic uptake with food or long-chain fatty acids, the criteria on which the

aforementioned comparisons are based, preventing the establishment of a correlation.

Rifampicin ranked last when using molecular descriptors to correlate the order of
the tested drugs with their expected in-vivo outcomes. The structures of the different
molecules tested, along with their molecular descriptors, are depicted in Table 7.2. As
reported earlier, the degree of the effect sequence was found to be as follows: hydrogen-
binding acceptors (HBA) > polar surface area (PSA) > solubility in long-chain triglycerides
(SLCT) > logP > melting point (MP) > logD > molar volume (MV) > density > pKa >
molar weight (MW) > freely rotatable bonds (FRB) > hydrogen binding donors (HBD)
(52). It has also been suggested that while HBA, PSA, HBD, MP, density, pKa, and FRB

negatively affect drug association with chylomicrons, other descriptors increase it.
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Table 7.2. Molecular descriptors of tested lymphotropic drugs.

MP Density
Drug MW HBA PSA LogP pKa HBD  Structure
(§(®) (g/em’)
o B /'\J NN
1.7 44‘/0 AN oy 0H|!<;;D
Rifampicin  822.9 15 220.15% 4.9 183 1.178%* 6 o :\ ~ \/'\TNH
e N -\///\ﬁN\N A~
7.9 \b-{i—& oH LN
Cannabidiol 314.469* 2*  40.46*  6.3* 66-67" 1.04% 9.13% 2%
7.17
8.26
Quercetin 30223 7 127.45*% 1.48 316-318 1.8 10.13 5
12.30
13.11
93-96 and
203-204 ((
10.05% N -
Halofantrine 500.4 5 23.5% 8.9 1.2%*%* 1
(for the 14.47 O
hydrochloride ' c O i
5
salt) **

Cl

Abbreviations: molecular weight (MW), hydrogen-binding acceptors (HBA), polar surface area (PSA),
melting point (MP), and hydrogen binding donors (HBD). Data was obtained from Pub-Chem, if certain data
was not found there then DrugBank *, ChemBK ** ChemSpider databases ***. The following sources were
also consulted: # https://www.drugfuture.com/chemdata/Cannabidiol.html (last accessed 12 September 2023).
#it https://www.chemsrc.com/en/cas/117-39-5 947030.html (last accessed 12 September 2023).

Considering the drugs examined, it can be noted that rifampicin had the highest
values for a higher number of factors that can adversely affect release, namely, hydrogen
bond acceptors and polar surface area, in addition to molecular weight, molecular volume,
and hydrogen bond donors. Although halofantrine did not have the greatest number of

proposed factors that aid in drug association with chylomicrons, it had the highest logP
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value, which is thought to enable it to penetrate the octanol-immersed membrane more
easily than others, aiding in its penetration into the lipophilic core of the artificial
chylomicron vesicles. Quercetin and cannabidiol were in between in terms of their release,
and this can be justified by the values of their descriptors, which lie in-between rifampicin

and halofantrine.

Given that rifampicin exhibited the slowest release, it was selected for further

investigation to explore both inhibition and enhancement possibilities.

7.3.2 Inhibition of the Lymphatic Uptake in the In-vitro Model:

Pluronic® L-81 (PL-81) is a non-ionic surfactant consisting of 10% ethylene oxide
(EO) and 90% propylene oxide (PO) copolymers arranged in a tri-block structure with the
hydrophobic PO component located at the core of the two hydrophilic EO chains (334).
PL-81 has been demonstrated as an in-vivo inhibitor of fat absorption and chylomicron
secretion (254, 484). In the developed in-vitro model, when PL-81 was introduced to the
receiver compartment medium, a decrease in lymphatic uptake of rifampicin was observed.
Altering concentrations of PL-81 resulted in varying degrees of inhibition, with both 1%

and 10% causing complete inhibition of release, as shown in Figure 7.4.

PL-81 has been proposed to act in-vivo to inhibit lymphotropic drug absorption by
alternative mechanisms (339). It is thought that it might disturb the stability of the surface
of the triglyceride particles, induce their aggregation, and thus prevent the formation of the
chylomicron (348), or it might interfere with the transport of triglycerides from the cytosol
to the endoplasmic reticulum and consequently inhibit the formation of the triglyceride-

based lipoproteins (chylomicrons) (55). It has also been suggested that PL-81 may affect
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chylomicron formation by changing the conformation of the associated protein

(apolipoprotein) (348).
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Figure 7.4. The effect of different percentages of Pluronic® L-81 added to Intralipid® on drug
release inhibition in the in-vitro lymphatic uptake model. Higher concentrations (10% and 1%)
were highly effective in imparting the inhibition (* p < 0.05). Lower concentration of the Pluronic®
L-81 (0.1%) showed inhibition but did not reach statistical significance (** p > 0.05). No inhibition

was seen with the 0.05% of Pluronic® L-81 as confirmed through statistical analysis (** p > 0.05)

The developed model suggested that the concentration of PL-81 plays a critical role
in its effectiveness in blocking intestinal lymphatic uptake. In these two concentrations
(10% and 1%), there was a statistically significant difference between the sample groups
with the inhibitor and the ones without the inhibitor (* p < 0.05). While there was
inhibition observed with 0.1% PL-81 (57.29 + 6.25%), no inhibition was observed with
0.05% PL-81. The lack of statistical significance (p > 0.05) in both cases indicated that the
inhibition observed may not be consistent or substantial enough to be considered

significant in the two scenarios, respectively.
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Based on the obtained data, there emerged a suggestion that PL-81 might employ an
additional, previously undocumented mechanism. This mechanism involves encapsulating
Intralipid® particles, thereby preventing the drug from entering the chylomicrons. Pluronic®
L-81 is postulated to coat the Intralipid® droplets, as illustrated in Figure 7.5. The particle
size results demonstrated that without PL-81, the Intralipid® droplets had discrete edges
and smaller sizes. But with the addition of 1% and 10% Pluronic®, the particle size
increased from 477.86 £ 5.19 nm to 646.9 + 4.87 nm and 1615 £ 8.1 nm, respectively (p =

0.0424).
Pluronic® L-81 (SURFACTANT)

Intralipid®
EO PO EO

EO = Ethylene Oxide (hydrophilic)
1800 PO = Propylene Oxide (hydrophobic)
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PL-81 in the Intralipid® (%)

Figure 7.5. Change in the Intralipid® particle size with the varying percentages of Pluronic® L-81
(p < 0.05). As the percentage of Pluronic® L-81 increased, the particle size also increased.
Specifically, the presence of 0%, 0.1%, 1%, and 10% Pluronic® L-81 within the Intralipid® yielded
particle sizes of 477.86 £ 5.19 nm, 585.7 £ 5.06 nm, 646.9 = 4.87 nm, and 1615 + 8.1 nm,
respectively (mean + SE), n = 3. It was postulated that Pluronic® L-81 coats Intralipid® particles as

shown in the illustration on top.
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TEM images in Figure 7.6 revealed that particles with PL-81 are larger and

surrounded by a layer that makes their edges less apparent, with agglomerations of particles

enveloped by the same layer also noted.

(@) (b)

Figure 7.6. TEM images of Intralipid® particles (a) and Intralipid® with 10% Pluronic® L-81 (b) at
10 K magnification power (top) and 40 K magnification power (bottom). The Intralipid® droplets
when captured alone (a) had discrete edges and smaller sizes, while in the presence of Pluronic® L-
81 (b), particles were larger and surrounded by a layer that made their edges less apparent.
Agglomerations of particles enveloped by the same layer can also be noted in the presence of

Pluronic® L-81.
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7.3.3 Enhancement of the Lymphatic Uptake in the In-vitro Model:

It has been reported that food, especially a high-fat diet, may affect the intestinal
lymphatic uptake of drugs (476, 485). The mechanism may involve the increased formation
of chylomicrons following a high-fat intake, particularly those providing the appropriate
fatty acids or triglycerides to produce chylomicrons (470, 486). The length of fatty acid
chains has been determined to correlate with the efficiency of lymphatic drug transport,
with longer fatty acids resulting in higher lymphatic uptake. This is attributed to the
increased lipophilicity of longer fatty acids, which have a higher affinity to form

chylomicrons (469).

Vegetable oils, being rich in triglycerides, have been shown to stimulate
chylomicron formation and enhance the oral absorption of some lipophilic drugs suggested
to be absorbed via the intestinal lymphatics. For example, a three-fold improvement in the
bioavailability of a synthetic cannabinoid (PRS-211,220) was achieved by administering it
in a peanut oil solution (487). Sesame oil was also documented to induce lymphatic
transport of cannabidiol, resulting in a 250-fold increase in its plasma concentration and a

2.8-fold increase in systemic exposure (478, 479).

When peanut oil was added to the Intralipid® in the receiver compartment, the
lymphatic uptake of the tested drug (rifampicin) through this model revealed a considerable
improvement (p = 0.0276) as seen in Figure 7.7. Peanut oil was chosen for two main
reasons: it is well-documented to facilitate intestinal lymphatic uptake, and it is composed
of a variety of long-chain fatty acids (as seen in Figure 7.8) that resemble those found in

soybean oil, which help form the artificial chylomicrons (Intralipid®) (66, 273). Soybean
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oil contains five main fatty acids, including palmitic acid (10%), stearic acid (4%), oleic
acid (18%), linoleic acid (55%), and linolenic acid (13%) (488). The fatty acids with the
highest percentages are similar in both peanut and soybean oils, which are linoleic and

oleic acids (489).

With the addition of oil, rifampicin was emulsified into the oil droplets of the
Intralipid®, creating a rifampicin-carrier area in the receiver compartment, which

eventually led to higher rifampicin movement into the receiver compartment.
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Figure 7.7. Demonstration of the increased in-vitro lymphatic uptake of rifampicin via the
developed model when peanut oil (2%) was added to Intralipid® (p < 0.05). Data represent mean +
SE (n = 3). Data at 1, 3 and 4 h demonstrated statistical significance (* p < 0.05) between the

samples with and without the oil.

Figure 7.9 shows the difference in droplet contrast at both magnification powers;

with the added oil, the center of the droplets appears clearer and shinier, indicating that the
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oil was emulsified into the center of the Intralipid® droplets. In contrast, without added oil,

the centers of the droplets appear rather dull.

While it is important to acknowledge that lipid digestion and incorporation into
chylomicrons for absorption are more intricate processes in-vivo, as discussed earlier, this
approach can still serve as a useful tool for examination. The inclusion of lipolysis would
enhance this model and provide a more comprehensive understanding of the effects of oils

in-vitro.

Oleic acid
(45-53%)

Linoleic acid
(27-32%)

Palmitic acid
(11-14%)

AAAAAAAS

Figure 7.8. Illustration of the main fatty acids in peanut oil. This oil also contains other long-chain
saturated fatty acids in small percentages such as arachidic acid (1-2%), behenic acid (1.5-4.5%),

and lignoceric acid (0.5-2.5%).

The in-vitro model developed in this study, is utilizing a commercial product
(Intralipid®), has the potential to become an invaluable tool for pharmaceutical researchers.
It offers a means to investigate lymphatic drug transport—a field where conducting in-vivo

studies in preclinical animal models or clinical trials is challenging.
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Figure 7.9. TEM images showing Intralipid® particles (a) and Intralipid® with 2% peanut oil (b) at
10 K magnification power (top) and 40 K magnification power (bottom). With the incorporation of
oil, the centers of the Intralipid® droplets exhibit a distinct clarity and shine, indicating
emulsification of the oil into the droplet cores. Conversely, in the absence of added oil, the centers

of the droplets appear dull.

This model represents the initial step towards creating a physiologically based
predictive tool, which could be further refined to yield more accurate estimations of drug

interaction with chylomicrons and subsequent lymphatic transport. Notably, the current in-
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vitro model does not include a compartment for drug metabolism. This omission warrants
discussion, and there is an opportunity to potentially adapt the model by incorporating
elements like microsomes to better mirror in-vivo conditions. Another adaptation could also
encompass lipolysis, which could account for the major intricacies of the lipid

gastrointestinal pathway.

7.4. Conclusion:

The developed in-vitro model appears to be a valuable tool for investigating and
predicting lymphatic drug uptake via chylomicrons and assessing the impact of various
excipients on this process. The tested drugs demonstrated different degrees of lymphotropic
affinity, which highlights the importance of considering this pathway when designing drug
delivery systems. The use of the lymphatic uptake inhibitor Pluronic® L-81 demonstrated
its potential to inhibit drug uptake via the lymphatic system by coating the Intralipid®
particles, a finding not previously reported. The addition of peanut oil to the Intralipid® in
the receiver compartment demonstrated an improvement in lymphatic uptake, suggesting
that the model can be utilized to explore the impact of solubility enhancers, novel
formulations, and food effects, particularly fat-containing meals that may stimulate
lymphatic uptake. Future studies may include exploring the effect of other excipients and
formulations on lymphatic uptake as well as investigating the impact of food on lymphatic
drug absorption. The model can also be utilized to screen potential lymphatic targeting
agents and assess their effectiveness in improving lymphatic drug uptake. In summary, this
in-vitro model provides a promising platform for evaluating the lymphatic uptake of drugs

and their potential for targeted drug delivery.
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CHAPTER EIGHT

In-Vitro Predictive Model for Intestinal Lymphatic Uptake: Exploration of Additional

Enhancers and Inhibitors

A version of this chapter is published in:
Pharmaceutics. 2024;16(6):768. DOI: 10.3390/pharmaceutics16060768

Reprinted from Reference (62).
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8.1 Introduction:

Intestinal lymphatic drug transport has garnered attention in recent times owing to
the many potential benefits it presents for drug delivery (53, 54). Following absorption,
some drugs pass across the intestinal enterocytes, and during that transit, these drugs
associate with the excretory enterocyte lipoproteins, chylomicrons (234). This process
underscores the potential and significance of exploiting intestinal lymphatic transport for

drug delivery purposes.

Chylomicrons are spherical particles that are composed mainly of triglycerides (85—
90%) in addition to phospholipids (7-9%), cholesterol and cholesteryl esters (3—5 and 1-
3%, respectively), and apolipoproteins (1-2%) (490). They principally play a role in
absorbing and facilitating the systemic distribution of dietary fats and lipophilic vitamins
(56). Following digestion, when dietary triglycerides transform into free fatty acids and
monoglycerides, a subsequent process of re-esterification occurs inside enterocytes. During
this phase, the resulting triglycerides are encapsulated within chylomicrons, which serve as

transportation carriers into the bloodstream through the lymphatic network (53, 177).

In the context of pharmaceutical applications, specifically lymphatic targeting -or
lymphotropic- drugs, these enterocyte-formed chylomicrons offer a unique avenue. By
hitchhiking on these carriers, candidate molecules gain entry into the circulation. Using
chylomicrons as an approach holds the promise of evading the initial hepatic metabolism,
commonly known as the first-pass effect, thereby elevating their bioavailability (51, 56,
254). Alternatively, these drugs could accumulate within the lymphatic system, reaching

increased concentrations at lymph node target sites. This concentration enhancement may
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translate into a more potent therapeutic impact with reduced off-target toxicity. This aspect
is particularly important for compounds with immunomodulatory or anticancer properties,

where maximizing their effect within the lymphatic system proves crucial (51, 56).

In a previous study, we presented an in-vitro model crafted to predict, inhibit, and
enhance lymphatic uptake. Its foundation lies in the interaction of drugs with chylomicrons,
a process documented for its predictive abilities of intestinal lymphatic uptake (282, 350).
This model consisted of two compartments: a donor compartment containing the drug
solution under investigation, and a receiver compartment filled with artificial chylomicron
media (Intralipid®) (350). These artificial chylomicrons serve as carriers for the drug
molecules and mimic the behavior of naturally occurring chylomicrons in the body. To
simulate the in-vivo chylomicron blocking effect and suppress drug release in the in-vitro
setting, Pluronic® L-81 (PL-81) was utilized. This chylomicron-blocking agent, proven
effective in both in-vivo and CaCo2 cell culture models, demonstrated an inhibitory effect
within the in-vitro model (334, 336, 348). Moreover, to enhance drug release into the
receiver compartment and mimic the lymphatic enhancement, peanut oil was used. This
choice stemmed from being the source of the artificial chylomicrons used in the model and
was guided by its potential to function as a carrier, facilitating increased drug entry into the

receiver compartment (264, 350).

In this study, the aim was to investigate other agents that would enhance or inhibit
intestinal lymphatic uptake through the chylomicron pathway. Rifampicin served as the
model drug in this study, consistent with the earlier investigation. Additionally, quercetin
was used as a second drug to provide further confirmation in some experiments. Additional

oils were explored to investigate their impact on enhancing intestinal lymphatic uptake.
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Olive, sesame, and coconut oils were chosen for use due to their varying percentages and
chain lengths of different fatty acids, which are recognized for their impact on in-vivo
lymphatic uptake (277, 490). In order to deliver drugs through intestinal lymphatics,
various formulation excipients and drug delivery systems have been and are being
developed (51, 54). One example of the excipients used is Labrafil®. It consists of mono-di-
and triglycerides and PEG6 (MW 300) mono- and diesters of linoleic (C18:2) acid. It is a
non-ionic water-dispersible surfactant for lipid-based formulations to solubilize and
increase the oral bioavailability of poorly water-soluble APIs (491). A novel formulation of
cannflavins was examined in this model system with Labrafil® M 2125 CS being the
enhancer. Moreover, the study delved into the impact of zeta potential on either enhancing
or inhibiting intestinal lymphatic uptake. For that, racemic chloroquine (CisH26CIN3), and
sodium lauryl sulfate (Ci2H25NaO4S) were utilized. Chloroquine is an antimalarial drug
that has been shown to reduce plasma levels of triglycerides and cholesterol (492). At
physiological pH, chloroquine carries a positive charge. The hypothesis was to investigate
whether this positive charge could influence its interaction with chylomicrons,
consequently reducing triglyceride levels and potentially drugs transported through
chylomicrons. To further confirm the impact of this charge interaction, sodium lauryl
sulfate, an anionic surfactant widely used in pharmaceutical formulations (493), was
employed due to its negative charge, which contrasts with that of chloroquine. Both of
these substances showed their capability of influencing the zeta potential of artificial
chylomicron particles in preliminary experiments. Using the previously developed in-vitro
model, the study investigated how the addition of these agents to the artificial chylomicron

compartment could affect the uptake of model drugs into this compartment.
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8.2 Materials and Methods:

8.2.1 Materials:

Rifampicin (< 100%, CAS: 557303) was procured from EMD Millipore Corp,
Burlington, MA USA; while quercetin (> 95%, CAS: 117-39-5); 1-octanol (99%, CAS:
111-87-5); and chloroquine as diphosphate salt (98.5-101.0%, CAS:5 0-63-5) were sourced
from Sigma —Aldrich Co. (Saint Louis, MO, USA). Intralipid® (20%) was from Fresenius
Kabi (Toronto, ON, Canada). Peanut, olive and sesame oil products were acquired from a
local Edmonton grocery, while coconut oil (CAS: 8001-31-8) was from Medisca (Saint-
Laurent, Qc, Canada) and sodium lauryl sulphate (< 100%, CAS: 151-21-3) was obtained
from Caledon Laboratories (Toronto, ON, Canada). Labrafil® M 2125 CS was obtained
from Gattefosse (Toronto, ON, Canada) while cannflavin (= 98%, CAS: 76735-57-4) was
from Cayman Chemical (Michigan, USA).Additionally, synthetic hydrophobic
Polyvinylidene Fluoride (PVDF) membranes were from Millipore affiliated with Merck
KGaA, Darmstadt, Germany. For HPLC analysis, methanol (99.9%, CAS: 67-56-1), and
acetic acid (= 99.7%, CAS: 64-19-7) were of HPLC grade and were obtained from Fisher

Scientific (Ottawa, ON, Canada); all other reagents were of analytical grade.

8.2.2 Methods:

8.2.2.1 Franz Cell for Studying Intestinal Lymphatic Uptake:

The receiver compartment of the Franz cell was filled with either Intralipid® (20%)
alone or Intralipid® mixed with a potential enhancer or inhibitor, totalling 12 mL. Olive,

sesame, peanut, and coconut oils were added at a 2% concentration into the Intralipid® in
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the receiver compartment to explore their potential as enhancers for uptake in the model.
Additionally, 5% (+/-) chloroquine, 2%, 1%, and 0.5% sodium lauryl sulfate were
introduced into the receiver compartment containing Intralipid® to investigate the impact
on zeta potential. The experimental setup was maintained at a temperature of 37.0 + 0.5 °C,
and magnetic stirring at 600 rpm was employed for fluid agitation. A hydrophobic PVDF
membrane, with a pore size of 0.22 um and impregnated with n-octanol, was positioned
between the compartments. Within the donor compartment, 2 mL solutions (I mg/mL) of
the model drugs, rifampicin, quercetin, in methanol and dimethyl sulfoxide, respectively-
were introduced. The receiver compartment in various experiments contained either
Intralipid® or a mixture of Intralipid® with an enhancer or an inhibitor at specific
percentages. Sampling was conducted at various time intervals (0 - 4 hours), involving the
withdrawal of 0.2 mL samples. A similar procedure was followed with cannflavin A being
in the donor compartment and Labrafil® M 2125 CS added to the Intralipid® in the receiver
compartment to investigate the effect of adding Labrafil® to the cannflavin formulation.
Samples taken from the receiver compartment were subsequently extracted and subjected
to analysis for drug content through Shimadzu HPLC (LC-10AD, Shimadzu Corporation,
Kyoto, Japan) equipped with SIL-10A (Shimadzu Auto Injector) and UV-VIS detector
(SPD-10AV). Analysis was done via Kinetex" C18 column (250 mm X 4.6 mm i.d. - 5 um)
from Phenomenex (California, USA) (350). The column temperature was maintained at
25 °C, and specific analysis conditions for all the drugs are in Table 8.1. The resulting peak
areas were integrated using LabSolutions software (Shimadzu Corporation, Kyoto, Japan).
Cannflavin A was detected using the method developed by O’Croinin et al. (494). This

methodology utilizes electrospray ionization liquid chromatography-mass spectrometry
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(LC-MYS) analysis to separate and quantify cannflavins using an efficient isocratic elution.
The LC-MS system consists of a Phenomenex Luna® 3 um C18 (2) 100 A 150 x 4.6 mm
(Torrance, CA, USA) column for separation and a single quadrupole mass spectrometry
apparatus (Shimadzu, Kyoto, Japan) for quantification of cannflavin A in positive single

ion monitoring mode.

Table 8.1. HPLC Analysis conditions for the model lymphotropic drug.

Model Drug Mobile Phase Flow rate (mL/min) Detection Wavelength (nm)

Rifampicin Methanol, 1.2 254
Acetate Buffer (pH=5.8)
(60:40)

Quercetin Methanol, 1.2 257, 370
Acetate Buffer (pH=5.8)
(60:40)

8.2.2.2 Measurement of the Zeta Potential of Intralipid®:

The zeta potential measurements of both Intralipid® and the Intralipid® mixtures
with different agents, specifically (+/-) chloroquine at 10%, 5%, 2.5%, 1.25%, and 0.125%
in addition to sodium lauryl sulfate at 2%,1% and 0.5%- were conducted using dynamic
light scattering, employing the Malvern Ultra Zeta Sizer (Malvern, United Kingdom). This
analysis was conducted at a temperature of 25 °C, using polystyrene latex cells (DTS0012)
in triplicates for each sample. The obtained results were analyzed using Malvern

Panalytical software (version: 2.1.0.15).
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8.2.2.3 Statistical Analysis:

Statistical analysis was conducted using GraphPad Prism software version 10.10.3
(GraphPad Software, San Diego, CA, USA). For comparisons between two groups, paired
t-tests were performed or one tailed p-values were determined. A significance level of o =
0.05 was applied, and in all cases, p-values less than 0.05 were considered indicative of

statistical significance.

8.3 Results and Discussion:

8.3.1. Effect of different oils in augmenting the in-vitro intestinal lymphatic uptake:

Chylomicrons, being lipoproteins rich in triglycerides- primarily derive their
triglycerides from dietary sources (254). This emphasizes the significance of diet and lipid-
based prodrugs and formulations in promoting the production of chylomicrons (495).
Consequently, it would promote the uptake of drugs delivered via such formulations and
delivery systems into the intestinal lymphatic system through the chylomicron pathway,

ultimately enhancing the bioavailability of potential therapeutic agents (184, 496, 497).

In the quest for these effects, the utilization of oils containing long-chain fatty acids
emerged as a prominent strategy. Long-chain triglycerides are primary constituents of
chylomicrons (254, 333), therefore, oils rich in long-chain fatty acids, such as sesame oil,
olive oil, and peanut oil are frequently employed (277, 469, 498). Typically, long-chain
triglycerides undergo re-esterification and become part of chylomicrons, allowing them to
enter the lymphatic system. In contrast, medium-chain triglycerides are known to be

transported mainly via the portal pathway (498, 499). Few studies have reported that
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medium-chain triglycerides appear in human chylomicrons after their oral administration
(277, 500). In this study, coconut oil was incorporated, distinguished by its high proportion
of medium-chain triglycerides fatty acids (501), to enhance the breadth of comparison with
other oils. All other oils are abundant in long-chain fatty acids, recognized for their
lymphatic transportation properties. In the assessment of the potential of various oils to
enhance intestinal lymphatic uptake as depicted in Figure 8.1, distinct patterns of uptake
emerged. Coconut oil showcased the most prominent early-stage release effect. Olive oil
initially exhibited a lesser magnitude of uptake enhancement than coconut oil, yet towards
the later stages of evaluation, it had a similar enhancing effect resulting in a 3.5-fold
increase in uptake. Moreover, sesame oil initially exhibited a similar enhancement pattern
to that of olive oil. However, its release profile eventually matched that of peanut oil, which
demonstrated the least pronounced impact. As previously reported, the addition of peanut
oil to Intralipid® resulted in a 1.5-fold increase in lymphatic uptake of rifampicin in the in-

vitro model (350).

The fatty acid composition of the diverse oils used in this work is detailed in Table
8.2. Coconut oil distinguishes itself with an abundance of saturated medium-chain fatty
acids, setting it apart from other used oils that are predominantly composed of long-chain
fatty acids (49, 501). This specific characteristic renders it the least likely, if at all, to
impact lymphatic uptake in-vivo (502, 503). However, it also corresponds with the
performance of coconut oil when compared to its counterparts in-vitro. Its superiority in
enhancing the uptake in the in-vitro model can be traced to its elevated content of medium-
chain fatty acids, which exhibit heightened water solubility in comparison with the other

oils (501, 504). This increased water solubility is thought to facilitate the integration of the
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oil within the aqueous external phase of Intralipid®. Therefore, coconut oil served as a
favorable vehicle for the drug, facilitating its capture within the artificial chylomicron
particles within the receiver compartment of the used model.

Table 8.2. Fatty acids composition of the oils investigated to enhance the lymphatic uptake of

rifampicin in the developed model.

Fatty Acid Length:Saturation % of fatty acid in different oils
Coconut Oil Olive Oil Sesame Qil  Peanut Oil

(501) (505) (506) (507)
Capric Acid C8:0 7 - - -
Caprylic Acid C10:0 8 - - -
Lauric Acid C12:0 49 - - -
Myristic Acid C14:0 8 - - -
Palmitic Acid C16:0 8 7.5-20 11-16 11-14
Stearic Acid C18:0 2 0.5-5 11-16 -
Oleic Acid C18:1 6 55-83 35-46 45-53
Linoleic Acid C18:2 2 3.5-21 40-48 27-32
Linolenic Acid C18:3 - - 0.5 -
Arachidic Acid C20:0 - - - 1-2
Behenic Acid C22:0 - - - 1.5-4.5

While medium-chain triglycerides are not the primary choice for facilitating
intestinal lymphatic transport; however, they do play a significant role in minimizing
fluctuations in drug absorption through the lymphatic route (508). When included in lipid
formulations designed to promote enhanced intestinal lymphatic uptake, medium-chain
triglycerides -when combined with natural oils containing long-chain triglycerides- have
demonstrated the ability to improve drug emulsification and micellar solubilization of the
tested lipid-based formulation (49). This, in turn, resulted in a more consistent drug
concentration within the lymphatic system. Nevertheless, it is worth mentioning that while
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the addition of medium-chain triglycerides reduced variability (509), formulations with
only natural oil vehicles containing long-chain fatty acids still outperformed in terms of

both lymphatic transport and systemic in-vivo bioavailability (508, 509).

The effects of the remaining oils, namely olive oil, sesame oil, and peanut oil,
aligned with their in-vivo behavior in enhancing lymphatic uptake. These oils share a high
content of long-chain fatty acids (495-497), including stearic acid (C18:0), oleic acid
(C18:1), linoleic acid (C18:2), and palmitic acid (C16:0), which are major fatty acids found
in chylomicrons at varying proportions (498). Yet, the degree and type of unsaturation
within these fatty acids arise as factors determining their effectiveness in enhancing
intestinal uptake. The existing literature emphasizes that vegetable oils containing higher
levels of oleic acid and linoleic acid tend to have a more favorable impact on promoting
intestinal lymphatic absorption (358, 510). Olive oil and sesame oil, in particular, are
abundant in these unsaturated C18 fatty acids (505, 506) and have been documented to
enhance both intestinal lymphatic and systemic transport more effectively than other

vegetable oils (277).

Similar to what has been reported previously, the resultant findings from this study
demonstrated that olive oil performed better than sesame oil in facilitating the
transportation of drugs into the receiver compartment. However, it is essential to
acknowledge that sesame oil can display variable performance due to its susceptibility to
oxidation, a significant concern for oils, especially those rich in linoleic acid (511). Sesame
oil, in comparison to olive oil, contains a higher proportion of linoleic acid (Table 8.2).
Consequently, the observed differences in performance between sesame oil and olive oil

may be attributed to the decline in linoleic acid levels caused by potential oxidation

192



mechanisms. Similarly, peanut oil aligned with its previously reported in-vivo performance,
which identified it as the least effective in enhancing lymphatic transport among oils
containing long-chain triglycerides (277). The reported results may be attributed to the
specific composition of this oil, as it contains the lowest percentage of fatty acids known to

enhance chylomicron lymphatic transport (507).
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Figure 8.1. Demonstration of the increased in-vitro lymphatic uptake of rifampicin via the
developed model when 2% of different oils were added to Intralipid®. Data represent mean + SE (n

= 3). * Indicates the statistical significance (p < 0.05) between the different groups.
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As explained in our previous study (350), incorporating lipolysis or another
digestion model into the developed model could address the complexities of the
gastrointestinal journey for various fatty acids and co-administered drugs (277, 512). Such
an approach would help estimate the implications of the different digestion processes on
the absorption of co-administered drugs and coupled with this model may offer additional

insight into their potential lymphatic uptake when applicable.

Various lipid-based formulation excipients and drug delivery systems have been and
continue to be developed to deliver drugs through intestinal lymphatics (51, 54, 184). To
assess the suitability of our in-vitro model for formulation development, we examined the
uptake of cannflavin A with and without Labrafil®. The results presented in Figure 8.2
demonstrate the efficacy of the model in studying the impact of formulation excipients on

intestinal lymphatic uptake, with Labrafil® enhancing cannflavin uptake.
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Figure 8.2. Demonstration of the increased in-vitro lymphatic uptake of cannflavin A (CFA) via the
developed model when Labrafil® 2125 CS (uptake enhancer) was added to Intralipid®. Data
represent mean + SD (n = 6). * Indicates the statistical significance (p < 0.05) between the different

groups.
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8.3.2 Effect of changing the zeta potential of artificial chylomicrons on the lymphatic

uptake:

(+/-) Chloroquine is a drug that is primarily employed for malaria prevention and treatment
(513). This compound possesses dibasic characteristics, featuring two basic groups
corresponding to the nitrogen in the quinoline ring and the diethylamino side-chain
nitrogen. These groups possess ionization constants of 8.1 and 10.2, respectively (514). At
physiological pH levels around 7.4, (+/-) chloroquine predominantly undergoes ionization
in its mono-protonated form, while in lower pH regions of the body, it can transition into its

di-protonated state (Figure 8.3) (492).
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Figure 8.3. Microspecies of chloroquine at different pHs (0-14) showing the ionization behaviour

of chloroquine throughout this range of pH values.
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As illustrated in Figure 8.4, the introduction of 5% (+/-) chloroquine into the
Intralipid® within the receiver compartment led to reduction in drug release for both
rifampicin and quercetin. Specifically, when (+/-) chloroquine was added, only a mere
0.4% of the release achieved with (+/-) chloroquine was observed for rifampicin. Similarly,
with quercetin, the presence of (+/-) chloroquine resulted in approximately 1% of the

release that was documented in its absence.
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Figure 8.4. Illustration of the differences in the percentage of the in-vitro lymphatic uptake of the
model drugs; rifampicin (16.54 = 4.13) and quercetin (34.42 &+ 7.53) via the developed model when
5% (+/-) chloroquine was added to the Intralipid® in the receiver compartment of the model. Upon
doing that the uptake decreased to (0.38 & 0.35, p < 0.05) and (0.92 + 0.01, p < 0.05) for rifampicin

and quercetin, respectively.
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This inhibition mechanism is assumed to arise from the positively charged nature of
(+/-) chloroquine within the donor compartment. This positive charge might have prompted
an interaction with the negatively charged Intralipid® particles, thus impeding the entry of
the tested drugs into the artificial chylomicron particles. To validate this hypothesis, zeta
potential measurements were conducted for Intralipid® both with and without the addition
of (+/-) chloroquine. From Figure 8.5, it was evident that as the percentage of (+/-)
chloroquine increases, a corresponding rise in the neutralization of the negative charge on
Intralipid® occurs. This trend resulted in a reduction of the zeta potential on the Intralipid®

particles.

In our previous publication, it was demonstrated how the PL-81 coating
encapsulated the Intralipid® particles, thus hindering drug penetration (350). This
confirmation was supported by microscopic images, thus it was raised that there might be
another biophysical mechanism for PL-81 chylomicron blockage. In this context, the
primary objectives are two-fold: first, to determine if the inhibition mechanism of
chloroquine relies solely on the presence of the coating, and second, to investigate the

potential involvement of zeta potential in this process.

To address the second part, an alternative agent was introduced with the aim of
elevating the zeta potential of Intralipid® particles. This part of the experiment was to
investigate whether enhancing the zeta potential would translate to an increased in-vitro
lymphatic drug uptake or not. Thus, sodium lauryl sulphate (SLS) was used to increase the

zeta potential to see if that would increase the lymphatic uptake via the used model.
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Figure 8.5. Change in the Intralipid® zeta potential with the varying percentages of chloroquine
(blue) and sodium lauryl sulphate (SLS, red) expressed as an average of triplicates. The zeta

potential of Intralipid® alone is grey.

Sodium lauryl sulfate (SLS) is an alkaline, anionic surfactant with versatile
applications. Within pharmaceutical formulations, SLS fulfils various roles including those
of an emulsifying agent, modified-release facilitator, penetration enhancer, solubilizing
agent, tablet, and capsule lubricant (493, 515). Upon incorporation of SLS within the range
of 0.5-2% into Intralipid®, escalation in the zeta potential was observed, as illustrated in
Figure 8.6. Investigating the impact of varying SLS percentages on the release of
rifampicin revealed intriguing insights. At 0.5% SLS concentration, there was almost no
change of zeta potential, and also the effect on release remained minimal. Addition of 1%

and 2% SLS translated to zeta potential increases of approximately 1.4 and 1.6 times,
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respectively. Correspondingly, these SLS levels yielded enhancements of 1.6 and 1.2 times

the uptake within the in-vitro model.
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Figure 8.6. Demonstration of the increased in-vitro lymphatic uptake of rifampicin via the
developed model when different percentages of sodium lauryl sulphate (SLS) were added to
Intralipid® in the receiver compartment. * Indicates the statistical significance (p < 0.05) between

the different groups.

Literature has indicated that SLS may enhance absorption, possibly through a
connection with the cAMP system. In this current experimental setup, as there is no cAMP
system involved, it is suggested that the effect is physicochemical rather than biological
(493). The experiment aimed to test the hypothesis that increasing the zeta potential
through the addition of Sodium Lauryl Sulfate (SLS) would enhance uptake in the in-vitro
model. Still, it is important to note that SLS functions as an anionic emulsifier within the
concentration range of 0.5-2.5% (516). Therefore, another potential explanation for the
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observed results could be attributed to the emulsifying role of sodium lauryl sulfate. At
lower concentrations (0.5% and 1%), SLS would be adsorbed at the oil-water interface,
facilitating the uptake of rifampicin into the internal phase droplets. But, as the
concentration increased (2%), the interface could have become saturated, indicating an
excess of SLS molecules covering the available surface area. Consequently, once the
interface reached saturation, the uptake of rifampicin into the droplets became more
challenging. As a result, little difference was observed in the latter case (2% SLS)

compared to the scenario in which no SLS was added to the medium.

Yet, if only coating was the factor affecting the uptake, SLS would have decreased
it similar to PL-81 and which was found to coat the Intralipid® particles and hence impede
the rifampicin uptake. The outcomes acquired from this study may potentially imply the
existence of an optimal range of sodium lauryl sulphate wherein the uptake enhancement
becomes apparent. Nonetheless, these findings underscore the affirmative influence of zeta
potential increase on uptake within the in-vitro model. Moreover, the precise mechanism
through which alterations in zeta potential produce these uptake effects necessitates further

comprehensive investigation.

8.4 Conclusion:

In this study, our previously developed in-vitro model was utilized to investigate
how various agents influence the uptake into artificial chylomicrons (Intralipid®).
Typically, long-chain fatty acids facilitate intestinal lymphatic uptake, while medium-chain
counterparts are mainly absorbed through the portal pathway. The results showcased the

ability of the model to distinguish between oils containing long-chain fatty acids,
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particularly olive, sesame and peanut oils. Yet, it did not capture the difference between
these long-chain rich oils and medium-chain-rich oil (coconut oil) in terms of lymphatic
uptake. The increased uptake observed with coconut oil was attributed to its better
emulsification in artificial chylomicron media, due to its composition the medium-chain
fatty acids. Moreover, the enhanced uptake of the tested formulation with linoleoyl
polyoxyl-6 glycerides emphasized the practical utility of our model in optimizing
formulations. Additionally, the findings indicated that adjusting the zeta potential,
increasing it with sodium lauryl sulfate (SLS) and decreasing it with (+/-) chloroquine,
resulted in corresponding increases and decreases in uptake in the in vitro model. These
results underscored the potential influence of zeta potential on intestinal lymphatic uptake
in our model. Nevertheless, further research is necessary to explore whether this

mechanism holds true in-vivo.
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CHAPTER NINE

Novel First-Generation Dissolution Models to Investigate the Release and Uptake of Oral

Lymphotropic Drug Products

A version of this chapter is published in:
AAPS PharmSciTech. 2024;25(6):187. DOI: 10.1208/s12249-024-02866-y

Reprinted from Reference (593).
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9.1 Introduction:

Dissolution testing, as defined by the United States Pharmacopeia (USP), measures
the rate and extent of drug solution formation from a dosage form (517). Its fundamental
importance was recognized in 1957, when Nelson discovered a correlation between in-vivo
blood concentrations of oral theophylline salts and their in-vitro dissolution (518).
Contemporary dosage form dissolution testing has been further developed and refined to
aild in the drug development process. It now reflects the suitability of developed
formulations in the early stages of product development and allows for the selection of
formulations that will advance into in-vivo studies. It also serves as a quality control
measure and a means of comparison between different commercial products containing the
same active pharmaceutical ingredient (bioequivalence assessment) (519). Furthermore, in-
vitro in-vivo correlations (IVIVC) utilize in-vitro data to predict in-vivo performance in

humans, bridging the gap between pre-clinical and clinical studies (520-522).

There are several types of dissolution apparatus commonly used in pharmaceutical
research and development, and the choice of apparatus depends on various factors,
including the type of dosage form, pharmacopeial and regulatory requirements, and drug
properties (521). The general performance tests monographed in the United States
Pharmacopeia (USP) chapters on Dissolution <711> (523), and Drug Release <724> (524)
details guidelines and standards for testing pharmaceutical dosage forms, and for solid oral
dosage forms, USP type Apparatus 1 and 2 are most frequently used (517). However, these
standard dissolution equipment only estimate the aqueous release of drugs from

formulations, without reflecting the pathways through which they are absorbed.
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Most oral drugs when absorbed intracellularly (active or passive), they pass through
the portal vein to the liver before entering the general circulation (525, 526). However,
certain drugs can enter the general circulation via the intestinal lymphatics (lymphotropic
drugs) instead of simply conventional enteric absorption. These xenobiotics are packaged
into triglyceride-rich lipoproteins called chylomicrons and then exocytosized out of the
enterocytes to be taken up by the intestinal lymphatics (53, 55). This method of drug
absorption and delivery offers several pharmacokinetic and pharmacodynamics advantages,
including shunting away from first-pass enteric and hepatic metabolism, potentially higher
bioavailability, and increased efficacy of various treatment modalities (54, 56, 138). Yet,
quantifying this pathway directly is not possible without measurements in the lymphatic

fluid, which requires invasive procedures (264).

In a previous study, we presented an in-vitro model crafted to predict, inhibit, and
enhance lymphatic uptake. The foundation of the model was based on the interaction of
drugs with chylomicrons, a process well-documented for its predictive abilities in assessing

intestinal lymphatic uptake (350).

Here we report the first lymph-focused dissolution models. This study aimed to
develop innovative first-generation dissolution models that provide a deeper understanding
of the release and uptake of oral lymphotropic drugs, thereby enhancing formulation design
strategies. In light of the growing number of formulations and delivery systems designed
for lymphatic transport, these models also have the potential to eventually contribute to the

establishment of bioequivalence guidelines specifically for lymphotropic formulations.
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The proposed models consider both pathways through which released drugs may
enter the general systemic circulation and incorporate an artificial chylomicron-containing
compartment within the dissolution vessel. This compartment adds a lipid dissolution sink
for lymphotropic drugs to the setup. By analyzing the media in both the dissolution vessel
and lymphatic compartments, the drug content in each compartment can be assessed,

providing valuable insights into drug behavior.

9.2 Materials and Methods:

9.2.1 Materials:

Sodium chloride (NaCl, CAS: 7647-15-5), potassium phosphate monobasic
(KH2PO4, CAS: 7778-77-0), potassium phosphate dibasic (KoHPO4, CAS: 7758-11-4),
sodium hydroxide (NaOH, CAS: 1310-73-2) and triethylamine (CAS: 121-44-8) were all
obtained from Caledon Laboratories (Ontario, Canada). Hydrochloric acid (36.5-38%) was
from BDH Inc. (Ontario, Canada) whereas artificial chylomicrons media (Intralipid® (264))
was purchased from Fresenius Kabi Ltd (Toronto, Ontario, Canada). HPLC-grade
acetonitrile and o-phosphoric acid (85%) were both products of Fisher Chemicals (Ontario,

Canada).

9.2.2 Equipment:

The tools and equipment used in the different experiments included dialysis bags
with molecular weight cut-off, MWCO: 12-14 KDa and 45mm-width (Spectra/Por
molecular porous membrane tubing SP4) from Fisher Scientific (Ontario, Canada), Amicon

Ultra-0.5 30 KDa centrifugal filtering units (Millipore, Sigma-Aldrich, Darmstadt,
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Germany), accumet® XL20 pH/conductivity meter (Fischer Scientific, Massachusetts,
USA) and density kit (XPR/XSR-Ana) from Mettler Toledo (Ohio, USA). For HPLC
analysis, Shimadzu HPLC (LC-10AD, Shimadzu Corporation, Kyoto, Japan) equipped
with SIL-10A (Shimadzu Auto Injector) and UV-VIS detector (SPD-10AV) was used.
Analysis was performed using Kinetex" C18 column (250 mm x4.6 mmx5 pum) from
Phenomenex (California, USA), and resultant peak areas were integrated using

LabSolutions software (Shimadzu Corporation, Kyoto, Japan).

9.2.3 Preparation of the Dissolution Media:

9.2.3.1 Standard Simulated Gastric Fluid (pH = 1.2) and Phosphate Buffer (pH = 6.8):

USP41-NF36 protocol was employed to prepare the simulated gastric fluid (without

enzymes, pH 1.2) and the phosphate buffer (pH 6.8) (p 5754 and 5748, respectively) (517).

9.2.3.2 Modified Simulated Gastric Fluid:

An adapted gastric fluid was prepared by adding 0.9 g of sodium chloride, 3.27 mL
of hydrochloric acid and 3.2 g of potassium dihydrogen phosphate to make 1000 mL

solution using water. The pH of this solution was attuned to 1.9.

9.2.3.3 Measurement of Density of the Prepared Dissolution Media:

The density of 80 mL-samples of each fluid was measured at a temperature of
2540.2 °C. The designated amount of fluid was added to the beaker and the sinker was
fully submerged. Any air bubbles that adhered to the sinker were removed and the draft

shield was closed. Once the balance was stabilized, the readings were recorded.
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9.2.4 Measuring the Dissolution of Terbinafine Products Using the Developed Models:

Dissolution of three commercial products of the lymphotropic drug terbinafine was
tested using modified USP Apparatus II and IV (Figure 9.1). The used products were
Terbinafina (Laboratorio Chile, Chile), Apo-terbinafine (Apotex, Toronto, Canada) and
Lamisil (Manufactured by Novartis Pharma Productions GmbH, Germay for Novartis
Pharma AG, Switzerland). Each product was tested between 4-6 times using each
developed methodology. For terbinafine hydrochloride tablets, FDA Dissolution Methods
Database calls for 500 mL media, maintained at 374+0.5 °C and stirred at 50 rpm (527). The

same conditions were applied in these experiments.

9.2.4.1 Dissolution Testing via Modified USP Apparatus I1:

Freshly prepared and degassed media was used (250 mL of modified simulated
gastric fluid (pH=1.9)). Dialysis bag containing 5 mL of artificial chylomicrons media was
added to mimic lymphatic uptake. Initially, the dialysis bag was attached either to the
bottom of the paddle or the paddle shaft. However, a systematic assessment led to
determining that the most effective configuration involved placing the dialysis bag within
the dissolution media in the vessel of the modified USP Apparatus II. This positioning
ensured continuous contact with the media throughout the experiment, enabling valuable
comparisons between the Apparatus II and Apparatus IV setups as further illustrated in the
following section. Samples were taken from the vessel media at different time points (5, 15,
30, 45, and 60 min). From the dialysis bags, 60-minute samples were taken after the end of
the experiment. These samples of 0.2 mL were then diluted with 0.8 mL acetonitrile before

being filtered into the HPLC vial for analysis. Also from the bag, 0.5 mL was added to the
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centrifugal filtering unit and centrifuged at 10K g for 10 min. The filtrate was collected and
analysed using HPLC. The calculated concentrations for the samples were plotted to

determine the cumulative percent dissolved over time using DDSolver (528).

a) Modified USP Apparatus II:

({&—— Dialysis Bag Containing

Dissolution Media > Intralipid ® (Artificial Chylomicrons)

(Modified simulated gastric fluid, pH =1.9) d |

b) Modified USP Apparatus IV:

o * o) ‘ 4
Pump - ]
Media 7
fa -

Simulated Gastric Fluid (pH |
=1.9) for 15 min I
Phosphate Buffer (pH = 6.8)
for 45 min

Flow-through Cell Collection Vessel

Figure 9.1. Illustration of the a) Modified USP Apparatus II (Top) and b) Modified USP Apparatus
IV (Bottom) used to study the dissolution of various commercial products of the lymphotropic drug,
terbinafine. To each model a dialysis bag (molecular weight cut-off, MWCO:12-14 KDa and
45mm-width) containing 5 mLof artificial chylomicrons — was added to mimic lymphatic uptake.

Part of this illustration was created with BioRender.com.
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9.2.4.2 Dissolution Testing via Modified USP Apparatus IV

This apparatus included a pump that moved the media from a container through a
flow cell of 22.6 mm internal diameter. The cell held the dosage form that was placed over
25 glass beads of 1 mm size positioned in the bottom of the cell. The media used for the
test were placed in a constant temperature water bath, maintained at 37+0.5 °C and
pumped through the cell. The dissolved drug along with any other substances that pass
through the flow cell were collected in a vessel comparable to the USP Apparatus II vessel.
First, simulated gastric fluid (SGF) was pumped through the cells at a flow rate of 8
mL/min for 15 min. This was followed by phosphate buffer (pH 6.8) at a flow rate of 16
mL/min for 45 min. Upon switching to the second media, dialysis bag containing 5 mL of
artificial chylomicrons media was added to the collection vessel. Here, the collection vessel
would start filling as the experiment progressed, therefore, attaching the bag to a fixed
point (paddle bottom or shaft) would not have provided the consistent media contact that
the chosen position did, making it a critical choice for this study. During the dissolution
test, 5 mL samples were collected at 5, 15, 30, 45, and 60 min. The media volume was
weighed and exact volume was calculated using the previously determined density of the
media. Samples from the dialysis bags containing the artificial chylomicrons were

collected at the end and processed as described with the apparatus II.

9.2.5 HPLC Instrumentation and Chromatographic Conditions:

The mobile phase was composed of a mixture of acetonitrile and water containing

0.02 M ortho-phosphoric acid and 0.01 M triethylamine (40:60 v/v) and was eluted
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isocratically at 25 °C and a flow rate of 1 mL/min. All samples were injected at 20 pl, and

detection was set at 224 and 283 nm.

9.2.6 Statistical Analysis:

All dissolution groups were established with 4-6 independent replicates, and the
results are presented as mean =+ standard error of the mean (SE). Statistical differences were
assessed using an ANOVA test with a significance level of a = 0.05, where p-values below

0.05 were deemed statistically significant in all instances.

9.3 Results:

As depicted in Figure 9.2, results of performance of the different products in the
modified USP Apparatus II demonstrated that terbinafine release into the dissolution media
was highest with Lamisil followed by Terbinafina, then Apo-terbinafine (87.90%, 83.17%
and 71.68%, respectively). For the lymphatic uptake aspect of the model system,
Terbinafina and Lamisil accumulated more drug in the lymphatic compartment than Apo-
terbinafine. However, Terbinafina had higher lymphatic uptake than Lamisil (2.58%,
2.32%, respectively). Apo-terbinafine had 1.71% in the lymphatic compartment of this

model.

The results obtained from the modified USP Apparatus IV revealed notable
differences among the tested products (Figure 9.3). Specifically, Terbinafina demonstrated
superior release as documented in the collection vessel compared to Lamisil, with both
exhibiting significantly higher release than Apo-terbinafine (101.93%, 83.93%, and

11.48%, respectively). A similar phenomenon was observed in the lymphatic compartment,
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with Terbinafina exhibiting the highest accumulation in the lymphatic compartment

(2.14%), followed by Lamisil (1.16%) and Apo-terbinafine (0.21%).
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Figure 9.2. Cumulative percentage of dissolved terbinafine from the commercial products into
Modified USP Apparatus II. The line graph represents the dissolution vessel profile and the
columns represent the % of the drug with respect to the total dose in the lymphatic vicinity (dialysis
membrane containing the artificial chylomicrons) after 60 minutes. Data represent the mean values
and bars represent the stansard error (n = 4-6). * Denotes statistically significant from other groups

p < 0.05.

9.4 Discussion:

Following oral administration, immediate-release dosage forms have to disintegrate
to liberate drugs that dissolve in the physiological fluid before moving across the GIT (529,

530). While most drugs travel from the GIT into the systemic circulation via portal blood,
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others might take a different route to the systemic circulation through intestinal lymphatic
voyage via chylomicrons (56, 264). The latter mainly have log P > 5 and solubility in long
chain triglycerides > 50 mg/g, however other molecular descriptors may also play a role
(350). These drugs get packaged into chylomicrons which are taken up by the lymphatics

rather than blood capillaries once they get exocytosized from the enterocytes (51, 273).
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Figure 9.3. Cumulative percentage of dissolved terbinafine from the commercial products into
Modified USP Apparatus IV. The line graph represents the dissolution vessel profile and the
columns represent the % of the drug with respect to the total dose in the lymphatic vicinity (dialysis
membrane containing the artificial chylomicrons) after 60 minutes. Data represent the mean values
and bars represent the stansard error (n=4-6). * Denotes statistically significant from other groups p

<0.05.
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Dissolution testing of oral dosage forms quantifies the release of the active
pharmaceutical ingredient (API) in a specified dissolution media that might mimic the
physiological environment in which the same process would happen in-vivo (531). For
drugs not subjected to first-pass effect or other physiological phenomenon and whose
permeability is not limited, dissolution testing performance can be an indicative method of
the in-vivo drug bioavailability in plasma (532). However, not all drugs reach the systemic
circulation via the portal vein. For those xenobiotics a more representative dissolution
model should be considered; one that considers both blood and lymphatic pathways

through which candidate APIs may reach the general circulation.

In the proposed models for the measurement of dissolution of lymphotropic drugs,
artificial chylomicrons (264, 350) were added to the dissolution media in the vessel of
modified USP Apparatus II and to the media in the collection vessel of modified USP
Apparatus IV to facilitate the drug uptake into a lymphatic-like environment and hence

account for the proportion of the lymphatic uptake of the dissolved drug.

Terbinafine was the selected model drug in this study. It has been documented to go
through intestinal lymphatics (384). The molecular descriptors of terbinafine are in Table
9.1. It comes in various oral solid dosage forms including tablets and granules (533). Three
commercial product of 250 mg terbinafine hydrochloride tablets were sampled and utilized

in this work (Terbinafina, Apo-terbinafine and Lamisil).

Terbinafine hydrochloride is listed officially in the United States Pharmacopoeia,
British Pharmacopoeia, and European Pharmacopoeia (534). For collecting preliminary

data, a standard USP Apparatus Il was employed with different media, namely standard
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simulated gastric fluid (SGF, pH = 1.2), modified simulated gastric fluid (modified SGF,
pH = 1.9), and phosphate buffer (pH = 6.8). Standard simulated gastric fluid has been
reported as a dissolution medium for terbinafine tablets and other dosage forms in the
literature (529). Preliminary findings (data not shown) indicated that the cumulative
percent dissolved of terbinafine from the different products in SGF was quite low. The
highest amount of the drug detected in the media was about 15%. Nevertheless, the
performance of the tablets in terms of dissolution rate was increased in the modified SGF,
and was ultimately utilized instead of the standard SGF. Results in phosphate buffer results

showed close to zero drug release over time.

Table 9.1. Molecular descriptors of terbinafine.

Drug MW MV (cm®) pKa LogP HBD HBA MP PSA Density Structure
(g/mol) CO (A7)  (g/em’)
Terbinafine 2914 289.1£3.0 7.12 5.9 0 1 205 3* 1.0£0.1

Abbreviations: molecular weight (MW), molar volume (MV), number of H-bond donors (HBD), number of
H-bond acceptors (HBA), melting point (MP), and polar surface area (PSA). All data were obtained from
PubChem, and ChemSpider databases *. (last accessed on 30 May 2024). Structure is available under CC
BY-SA 4.0 DEED licence from https://pubchem.ncbi.nlm.nih.gov/compound/1549008.

Being a basic drug whose solubility is pH-dependent with maximum solubility at
acidic pH, modified SGF yielded understandably better results than the basic phosphate
buffer. As seen from the solubility graph of terbinafine (Figure 9.4), the drug solubility in
both pHs of the standard and modified SGFs (1.2 and 1.9, respectively) remains the same.
However, the superior performance of the modified SGF than the standard SGF might be

attributed to the excipients utilized in the different products as will be discussed later.
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Solubility mg/mL

pH

Figure 9.4. Solubility graph of terbinafine hydrochloride in different pHs. Data was predicted by
ADMET predictor (version 10.4 (Simulations Plus Inc., Lancaster, CA, USA).

Results obtained from modified Apparatus II could be justified by the excipients
used in the different products. While all three products are pharmaceutically equivalent
according to the FDA definitions, differences in the formulation, specifically in the
excipients used are evident (Table 9.2). Terbinafina and Lamisil have identical
formulations, while the percent ratio of the excipients in the formulation and processing
variables are not known. In contrast, excipients utilized in Apo-terbinafine are different.
Sodium starch glycolate was used as the disintegrant in Terbinafina and Lamisil, while
croscarmellose sodium was used in Apo-terbinafine. Sodium starch glycolate is known to
be highly effective in promoting a more rapid tablet disintegration and dissolution, while
croscarmellose sodium may be less effective in this regard, likely due to functional
differences between the two disintegrants. Specifically, sodium starch glycolate has a

higher swelling and wicking capacity, meaning it can absorb additional water and distribute
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it more evenly throughout the tablet, leading to more uniform disintegration. It also has
greater compressibility, allowing it to be used in higher concentrations without
compromising tablet hardness or friability, ultimately enhancing tablet disintegration and

dissolution (535, 536).

Although the hydrophobicity of hydroxypropyl cellulose and hydroxypropylmethyl
cellulose is different (537). Yet, that did not affect the performance of their formulations
(Terbinafina and Lamisil, respectively). However, for Apo-terbinafine, the usage of
methylcellulose in Apo-terbinafine could have impacted the drug release. Methylcellulose
is a water-soluble polymer that can form a gel-like matrix in the presence of water (538).
The presence of this gel can decrease tablet porosity, water diffusivity, and increase the
time it takes for the tablet to disintegrate, all of which can result in a slower drug release
rate from the tablet. This property is utilized in controlled release formulations (12, 539).
The hydration of methyl cellulose is lower compared to both hydroxypropyl methyl
cellulose (540) and hydroxypropyl cellulose (537). The adhesive property of methyl
cellulose, which could potentially block tablet pores, may explain the prolonged
disintegration time observed in Apo-terbinafine tablets compared to Lamisil and
Terbinafina.

Moreover, the manufacturing process of these products could also have affected
their dissolution performance (541). Terbinafina and Lamisil may have been manufactured
under conditions that result in a more porous or more rapidly dissolving tablet. For
example, the less compression force used during production could impact the tablets and
impart superior dissolution performance compared with Apo-terbinafine. Other factors

could be granulation or direct compression, however, this information is proprietary (451).
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In an attempt to simulate the changing conditions inside the gastrointestinal tract,
modified USP Apparatus IV was utilized (542). A dynamic dissolution protocol with two
different media was applied: one that mimicked the environment of the stomach (modified
SGF), followed by one that simulated the environment of the intestines (phosphate buffer
with a pH of 6.8). In experiments, when switching to the intestinal-like media, a dialysis
bag containing artificial chylomicrons media was added to the collection vessel to account
for the intestinal lymphatic uptake of the dissolved drug.

Table 9.2. Excipients used in the different terbinafine hydrochloride products (Terbinafina,

Laboratorio; Apo-terbinafine, Apotex; and Lamisil, Novartis).

Product Terbinafina* Lamisil** Apo-terbinafine***

Excipients Hydroxypropylcellulose =~ Hydroxypropyl methylcellulose ~ Methylcellulose

Microcrystalline cellulose  Microcrystalline cellulose Colloidal anhydrous silica
Colloidal silicon dioxide ~ Colloidal silicon dioxide Croscarmellose sodium
Sodium starch glycolate Sodium starch glycolate Magnesium stearate
Magnesium stearate Magnesium stearate

Data were obtained from:
*https://www.laboratoriochile.cl/producto/terbinafina-250-mg/
**https://www.accessdata.fda.gov/drugsatfda_docs/label/2012/020539s0211bl.pdf

***https://www.nps.org.au/medicine-finder/apo-terbinafine-tablets

The observed differences in release when the modified USP Apparatus IV was used
were attributed to the rate of disintegration and dissolution of the different products. For
Terbinafina and Lamisil, a faster disintegration and dissolution resulted in higher drug
release, whereas Apo-terbinafine exhibited low release due to its slow disintegration and
subsequent dissolution, which may be attributed to its excipients or tableting processes as

previously discussed.
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It is noteworthy to mention that the solution in the collection vessel turned turbid at
completion of the experiments. The solubility of the drug and the pH change between the
stomach and intestine may explain this displayed phenomenon of precipitation. A dissolved
basic drug entering a basic intestinal environment may cause first a supersaturated solution
followed by precipitation out of solution (543). However, due to sink conditions and drug
absorption from the intestinal lumen, the drug redissolves and is subsequently absorbed
(544, 545). In this experiment set-up, the presence of phosphate buffer in the collection
vessel, combined with simulated gastric fluid, altered the pH of the local media. As the
solubility of terbinafine is pH-dependent, and when the pH of the media is suboptimal, the

drug can precipitate out of the solution, as observed in this case.

To ensure the ability of the model to distinguish lymphotropic drugs accurately, a
comparative analysis with the biphasic method (530) was conducted. Interestingly, the
accumulation in the octanol phase in the biphasic model showed almost identical behaviour
for both a lymphotropic drug (rifampicin) and a non-lymphotropic drug (Ibuprofen (530)).
However, in the model proposed in this paper, the uptake into lymphatic compartment
varied among different lymphotropic drugs (terbinafine and rifampicin), despite the fact
that the aqueous solubility of rifampicin was comparable to one of the terbinafine products

(Supplementary Materials).

Nonetheless, refinements in the proposed experimental models can be tailored
according to the specific goals of the study. For the second model, it is important to
consider the more alkaline pH conditions in the collection vessel, which can present
solubility challenges, especially for drugs with basic properties, as observed in our tested

compounds. To address this concern, one potential strategy is to introduce surfactants into
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the dissolution media, which can enhance drug solubility under alkaline conditions.
Additionally, continuous sampling from the lymphatic compartment could be explored as a
refinement. This approach would allow for the simultaneous monitoring of drug uptake
profiles into the lymphatic vicinity along with the aqueous dissolution profile. That can
help gain deeper insights into the dynamics of drug absorption and distribution, particularly

in the context of lymphatic uptake.

Overall, the evolution of dissolution testing and USP apparatus represents an on-
going commitment to enhancing the quality assessment of pharmaceutical products. The
innovative models introduced herein have the potential to expand this evolution by
focusing on the often-underestimated lymphatic absorption pathway facilitated by
chylomicrons and the increasingly recognized use of hydrophobic xenobiotics in
formulations. These models offer greater discriminatory power in dissolution testing,
allowing for precise evaluations in complex contexts. Additionally, they open doors to
post-approval changes, enabling pharmaceutical companies to adapt to evolving regulatory

requirements and emerging scientific insights with precision and efficacy.

9.5 Conclusion:

Lymphotropic candidate formulations are specifically designed to facilitate uptake
via the intestinal lymphatic system as an alternative absorption route to the enteric-portal
pathway. However, conventional dissolution tests assess drug release in aqueous media
solely for quality and performance assurance, without contemplating the absorption
pathway, be it portal or lymphatic. This study showed that it may be possible to develop

lymphatic-focused dissolution models to assess formulations and factors potentially
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affecting chylomicron uptake. With the challenges encountered in solubilizing hydrophobic
drugs and the increased focus on lipid based formulations of xenobiotics, it is prudent that
dissolution testing and development are also developed and refined in an attempt to more
accurately assess increase possible lymphatic uptake, and variables such as excipients and
manufacturing that may impact formulation performance. Given the rising complexity of
pharmaceutical products and further refining and developing performance testing methods

must also be reconceptualised and refined accordingly where possible.

Supplementary Materials:
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Figure 9.5. Dissolution profile and organic phase partition of Rofact capsules (300 mg) into 200
mL of 0.1 N HCI and 100 mL octanol, respectively. Error bars represent the standard deviation
(n=3).
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Figure 9.6. Dissolution profile and lymphatic uptake of a) Rofact capsules (rifampicin) and b)
Lamisil tablets (terbinafine) into the aqueous media (vessel, blue line) and 5 mL Intralipid®
(Iymphatic vicinity, green column), respectively. Error bars represent the standard deviation (n=3)

and the standard error of the mean (n=4-6) for a) and b), respectively.
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CHAPTER TEN

Modelling Intestinal Lymphatic Uptake of Halofantrine Post-prandially: Advancements

and Implications in Physiologically Based Pharmacokinetic Modelling

A version of this chapter has been submitted to be published in:

J Pharm Pharmcol. 2024
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10.1 Introduction:

After absorption, dietary fats and lipophilic vitamins traverse intestinal enterocytes
and are packaged into excretory enterocyte lipoproteins, known as chylomicrons. These
chylomicrons primarily transport the absorbed fats and lipophilic xenobiotics into the
bloodstream via the lymphatic network (51, 53, 56). Particularly for drug molecules,
especially lipophilic ones (with a log P > 5), hitchhiking on chylomicrons enables them to
bypass first-pass liver metabolism, thus potentially enhancing their bioavailability.
Additionally, these extracellular lipoprotein particles shows great promise for drugs
targeting the lymphatic system, offering potential for enhancing therapeutic efficacy while

minimizing off-target toxicity (51, 54, 56, 182, 234).

Despite the significance and unique characteristics of the intestinal lymphatic
absorption pathway, the field of in-silico modeling for lymphatic oral absorption remains
relatively underexplored (54, 184). To our knowledge, only one model has been reported,
aiming to establish a quantitative relationship between molecular structure and the
lymphatic transfer of lipophilic compounds co-administered with a long-chain triglyceride
vehicle. Molecular descriptors were computed using the VolSurf computer program, and a
structure—property relationship was established through partial least squares analysis (PLS).
The predictive power of the PLS model was found to surpass that of the frequently used

method correlating log P values (LogKow) with lymphatic transfer (235).

In the context of mechanistic in-silico modeling, physiological-based
pharmacokinetic (PBPK) modeling has emerged as a promising approach to assess drug

exposure in virtual populations and to obtain mechanistic insight into drug characteristics
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(546-549). PBPK models provide simulated concentration versus time profiles of a drug
and its metabolite(s) in plasma or an organ of interest and simultaneously allow for
estimation of a variety of PK parameters (550). This modeling approach provides a
mechanistic understanding of drug behavior by integrating physiological parameters,
allowing for personalized predictions of drug pharmacokinetics and the assessment of
interindividual variability (551). It enables the prediction of first in-human dose selection
and optimization of dosing regimens (552, 553), drug interactions involving enzymes,
transporters, and multiple interaction mechanisms (554, 555), evaluation of drug
disposition and safety in special populations (556), and other application (549, 550, 554).
This approach is both commonly and increasingly being accepted by regulatory agencies as
a valuable tool in drug development and new drug and formulation approvals (546, 557,

558).

Intestinal lymphatic uptake still remains a relatively overlooked aspect in drug
development and clinical pharmacokinetics using PBPK modeling, despite the significant
implications for drug absorption, especially with the growing use of lipid-based
formulations such as solid-lipid nanoparticles and other formulations aimed at enhancing
systemic absorption via this additional pathway. This study aims to address this gap by
developing a PBPK model that incorporates intestinal lymphatic transport for absorption
prediction, using halofantrine as a model drug for lymphotropism. Halofantrine is an
antimalarial treatment that demonstrates unique absorption characteristics, related to its
erratic absorption (559). To ensure consistent absorption and improved bioavailability of
halofantrine, it is recommended to be administered with a fatty meal, leveraging its

lipophilic nature to facilitate additional absorption through the intestinal lymphatics (469,
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560). Therefore, modeling the intestinal lymphatic uptake of halofantrine is crucial in

accurately elucidating and characterizing its disposition, efficacy, and safety.

10.2 Materials and Methods:

The input parameters used in the pharmacokinetic and the physiologically-based
pharmacokinetic models (PK, and PBPK, respectively) were obtained via ADMET
predictor 10.4 (AP 10.4, Simulations Plus, Lancaster, CA, USA) or from published and
reported in-vitro values. All input model parameters are listed in Table 10.1. The data for
absorption, distribution, metabolism, and elimination of halofantrine in both fasted and fed
states, has been previously reported by Miton et al. (60), and was modeled and constructed
using GastroPlus™ 9.8.3 (Simulation Plus, Inc., Lancaster, US). The Advanced
Compartmental Absorption and Transit (ACAT™) model and PBPK Plus™ was utilized,
alongside the drug metabolism module. Halofantrine pharmacokinetic parameters were
determined utilizing the PKPlus tool within GastroPlus™ software. For the PBPK
modeling, human organ weights, volume, and blood perfusion rates were derived from the
Population Estimate of Age-Related (PEAR™) physiology module within GastroPlus™.
Tissue plasma partition coefficients (Kp) were predicted using the default in-silico
Lukacova Kp method (561). Metabolic clearance was estimated from in-vitro K and Vimax

values of CYP3A4 sourced from literature (562).

The PK model was derived from a selected IV profile construct using data in
Krishna et al. (563), where a 1 mg/kg IV infusion of halofantrine was administered over
one hour to nine adults (primarily male). These individuals had a mean age of 21 years and

an average weight of 52 kg.
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The modeled oral halofantrine pharmacokinetic profiles in both fasting and fed
states were reported by Milton et al. (60). In their study, six healthy males were
administered a 250-mg tablet of halofantrine hydrochloride after an overnight fast. These
same subjects underwent a washout period of at least 6 weeks before receiving the same
dose in the same tablet form, after consuming a standardized fatty meal consisting of 60 g
of fat (including sausage, scrambled egg, fried potato, and one pint, 568 mL, of whole
pasteurized milk). The pharmacokinetic profiles obtained included mean values reported
for all individuals with an average weight of 68 kg and a mean age of 28 years in both the
fasting and fed states.

Table 10.1. Input parameters for the different properties of halofantrine used in developed PK and

PBPK models obtained via ADMET predictor 10.4 (AP 10.4, Simulations Plus, Lancaster, CA,
USA) or from published reports.

Property Value Reference
Molecular weight (g/mol) 500.44 AP 10.4
pKa 8.18 (564)
5.58 (565)
Log P 7.58 AP 10.4
Aqueous Solubility (mg/mL) 0.0001 (pH=1.2) (566)
0.00024 (pH =7.4)
Solubility in Fasting State Simulated Gastric Fluid (FaSSIF, 0.00552 (pH=6) (565)
mg/mL)
Solubility in Fed State Simulated Gastric Fluid (FeSSIF, mg/mL) 2.311 (pH=6) (565)
Solubility factor 105000 AP 10.4
Permeability (cm/s. 10E*) 1.44 AP 10.4
Percent unbound in plasma (%) 0.7* (567)
Blood/plasma concentration ratio L.5 (567),(568)
In-vitro CYP3A4 K halofantrine (uM) 48 (562)
In-vitro CYP3A4 Vmax halofantrine (pmol min” mg™” protein) 215 (562)

* Fuent = 2% to account for lysosomal trapping
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10.3 Results:

10.3.1 PK Modeling of Halofantrine:

Several differences were noted in the halofantrine pharmacokinetic profiles in both
fasting and fed states (Figure 10.1). One important distinction between the two states was
the decreased pre-systemic loss due to the first-pass effect in the fed state (9.9%) compared
to the fasting state (77.2%). This is demonstrated through the absorption of halofantrine, as
indicated by maximum plasma concentration (Cmax) and area under the curve up to time (t)

(AUCo-) (569), being higher in the fed state (Table 10.2).

10.3.2 PBPK Modeling of Halofantrine:

Two PBPK models were developed for halofantrine for the fasting and the fed states,
respectively. The fasting state profile closely matched the reported data in terms of Cmax
and AUCy.; for the drug, as illustrated in the Figure 10.2 and summarized in Table 10.3.
For the fed state, the final profile is depicted in Figure 10.3. Values of the different

parameters in comparison to the observed data are in Table 10.3.

Table 10.2. PK model parameters for simulated and observed (60) fasting and fed states of

halofantrine.
PK Parameter Fasting-state Fed-state
Observed value £ s.d. Predicted value  Observed value +s.d.  Predicted value
(n=106) (n=06)
Chax (ug/L) 184.0+115.0 181.5 1218.0 £ 464.0 1106.6
Tmax () 60+1.3 5.8 33+£1.5 4.1
AUCo-t gLy 3.9+2.6 3.9 11.3+3.5 11.9

s.d. represents the standard deviation.
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Figure 10.1. Pharmacokinetic (PK) model of simulated and observed (60) profiles of halofantrine

in the fasting (top) and fed (bottom) States. Observed data represent the mean values for 6 subjects

and the error bars represent the standard deviation of the observed highest plasma concentration

(Cmax)-
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Table 10.3. PBPK model parameters for simulated and observed (60) fasting and fed states of

halofantrine.
Parameter Fasting-state Fed-state
Observed value £ s.d. Predicted value  Observed value £s.d.  Predicted value
(n=06) (n=06)
Chmax (ug/L) 184.0 £ 115.0 189.7 1218.0 +464.0 764.9
Tmax () 6.0+1.3 3.9 33+£1.5 33
AUCo-t (ug1” )y 39+£26 4.5 11.3£3.5 12.3

s.d. represents the standard deviation.
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Figure 10.2. Physiologically Based Pharmacokinetic (PBPK) model of simulated and observed
(60) profiles of halofantrine in the fasting state. Observed data represent the mean values for 6
subjects and the error bars represent the standard deviation of the observed highest plasma

concentration (Cmax).
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Figure 10.3. Physiologically Based Pharmacokinetic (PBPK) model of simulated and observed
(60) profiles of halofantrine in the fed state. Observed data represent the mean values for 6 subjects
and the error bars represent the standard deviation of the observed highest plasma concentration

(Crax)-

10.4 Discussion:

Gastroplus™ uses an advanced compartmental and transit (ACAT) model to predict
absorption, distribution, metabolism, and excretion properties of drugs. In this model, the
gastrointestinal tract is divided into nine compartments from the stomach to the ascending
colon and accounts for the different physicochemical factors of the drug, along with the
mechanistic descriptions of the underlying biophysical and biochemical processes to

predict the intestinal drug absorption and in-vivo drug behaviour (570-572).
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This work aimed at using Gastroplus™ to develop a PBPK model to investigate the
behaviour of halofantrine after oral administration in the fasting and the fed-state, where in

the latter significant contribution of intestinal lymphatic uptake is likely enhanced.

For the PBPK generation, determining the pharmacokinetic parameters through
appropriate PK models is the first step to provide insights into the observed drug plasma
profiles (573) which can be used to further develop and define the PBPK model and to help

direct the building of a PBPK model based on the determined pharmacokinetic parameters.

10.4.1 PK Modeling of Halofantrine:

To obtain an accurate and descriptive PK model, an intravenous (IV) dose profile is
essential to utilize in conjunction with the oral plasma profile. Intravenous administration
usually provides complete bioavailability and drug delivery into the bloodstream, allowing
the isolation of the absorption phase, which can be used to establish a baseline
pharmacokinetic profile and model pharmacokinetic parameters such as total body
clearance, volume of distribution, and elimination half-life without the possibility of
contamination by unabsorbed drug (574). Additionally, it will act as a reference when
calculating the oral bioavailability by comparing the oral profile to the intravenous profile

from Krishna et al. (563, 575, 576).

For the halofantrine profiles in both states (fasting and fed), identical input
parameters for the drug were utilized, as outlined in Table 10.1. However, the fasting-state
physiology of the human body was employed for modeling the fasting-state profile, while
the fed state (characterized by high fat and high calorie intake) was chosen for the fed-state

profile. Additionally, the fed-state profile incorporated a shift to zero-order gastric
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emptying kinetics where the gastric emptying time is calculated based on a linear
correlation to the caloric content of the meal. Moreover, the bile salt concentrations in the

intestinal compartments are calculated based on the percentage of fat in the meal (577).

Appreciably greater extent of halofantrine evaded the first-pass extraction by the
liver when administered in the fed state. This enhanced absorption of halofantrine is likely
facilitated by the absorption through the intestinal lymphatic pathway, which anatomically
bypasses the liver, reducing first-pass effects and leading to higher systemic drug exposure

(467, 469).

The theoretical effect of food on extraction ratio of a high extraction ratio (E) drug
suggests that in the fed state, the reduced first-pass effect results in a higher proportion of
the drug reaching systemic circulation compared to the fasting state and a lower extraction
ratio would be evident. This phenomenon where a high E drug such as halofantrine in
fasted conditions is changed to a low E drug under fed conditions can lead to an increased
Cmax, and AUC, indicating enhanced oral drug bioavailability (F) in the fed state due to
reduced hepatic extraction and thus more drug available for lymphatic absorption. An
increase in drug AUC with increases in fraction absorbed lymphatically is highly
pronounced with a high E drug (>10-fold), along with significant increases in Cmax and

AUC (284).

Another significant consideration noticed between the halofantrine fasting and fed
states profiles is the number of compartments necessary to accurately model each profile.
While a two-compartment model adequately represented the fasting-state condition,

applying the two-compartment model to the fed-state profile failed to precisely capture its
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disposition characteristics, as evidenced by two crucial goodness-of-fit criteria—the Akaike
Information Criterion (AIC) and Schwarz Criterion (SC) (578, 579). For the fed-state
profile, the AIC and SC values for the two-compartment model were -24.954 and -17.643,
respectively. In contrast, the three-compartment model exhibited a markedly improved fit,
with an AIC of -60.348 and an SC value of -50.947, both more than two-fold lower

(Supplementary Materials). Therefore, the three-compartment model was selected.

In pharmacokinetic modeling, a two-compartment model typically represents drug
distribution between the central compartment (blood) and a peripheral compartment
(tissue). This model assumes that drug distribution throughout the body can be adequately
described by these two compartments. However, in some cases, particularly when
considering complex absorption processes or additional tissue compartments, a two-
compartment model may not fully capture the behavior of drugs. In cases where there are
significant delays in absorption, extensive tissue distribution, multiple metabolic pathways,
lymphatic or lysosomal trapping, in addition to other scenarios, a more comprehensive
approach with additional compartments may offer a more comprehensive understanding of
the pharmacokinetic behavior of drugs. The decision to use a multi-compartment model
depends on the specific characteristics of the drug being studied and the objectives of the
analysis. However, introducing a third compartment in this scenario enables a more
nuanced representation of the distribution and elimination kinetics of the drug under

different conditions (580, 581).

In the case of the fed-state profile of halofantrine, the addition of a third
compartment was proposed to better describe its disposition characteristics when taken

with a fatty meal. This third compartment may help us identify the importance of an
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additional input pathway of absorption and disposition is particularly evident in the fed
state that may be related to the intestinal lymphatic system. Compartmental PK modeling in
this software (PK Plus) is built so that the drug once crossing the basolateral intestinal
barrier, it proceeds to the portal vein and subsequently enters the liver. Upon evading first-
pass metabolism, the drug gains access to the systemic circulation, allowing distribution to
peripheral compartments (Figure 10.4). Thus, the third compartment can be related
theoretically to the undetermined mechanistic distribution or the uptake through the
lymphatics which is involved in its absorption postprandially. Yet, the lymphatic absorption
pathway is not incorporated directly into the software but accounted for indirectly in the
ACAT model with the bile salt concentrations after a fatty meal and the solubility of the
drug in the FeSSIF condition (577). Therefore, the third compartment was linked to a
process that would be captured by the software building and it is related to disposition of
the drug after reaching the general circulation which is the lysosomal trapping.
Halofantrine being a weak basic lipophilic drug is reported to be trapped inside cellular
lysosomes (lysosomotropic) (41, 582). This additional tissue compartment accounts for the

third compartment within the fed-state profile.

Capturing lysosomal trapping in the fed-state profile rather than the fasting state
profile may be attributed to the higher drug concentration reaching the general circulation
and tissues, including lysosomes, when in the fed state compared to the fasting state. In the
fasting state, the goodness of fit of the three-compartment model exhibited significant
decline compared to the two-compartment model. Adjusting the unbound fraction in the
enterocyte (Fuen) in the fasting state facilitated the lysosomally-trapped portion of

halofantrine, leading to the development of a more representative PK model.
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Figure 10.4. Diagram depicts the absorption pathway adopted in the in-silico models for orally
administered drugs, utilizing continuous arrows to signify the route from the intestine through the
portal vein to the liver and subsequently to the general circulation. Additionally, the overlooked
absorption pathway is illustrated with dotted arrows, indicating that drugs can travel through the

mesenteric lymph to enter the general circulation.
10.4.2 PBPK Modeling of Halofantrine:

The genesis here is a PBPK model for the fasting-state profile of halofantrine using
physicochemical properties derived from the values presented in Table 10.1 and the

profiles documented by Milton et al. (60).
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Given the low solubility and high permeability of halofantrine (biopharmaceutical
classification system, BCS, Class II drug) (583), the distribution of the drug was
determined to be perfusion-rate limited. With the perfusion-limited distribution, the
accumulation rate of the drug in tissues is constrained by the blood flow rate within the
tissue (perfusion rate) (584). Instantaneous partitioning is assumed, where the tissue's
specific partition coefficient (Kp) is employed to determine drug partitioning between
plasma and the entire tissue at each time interval. As a result, the drug concentration in the
tissue is calculated as the product of the tissue Kp and the instantaneous drug concentration

in the plasma during the relevant time period (585).

Renal clearance was set to (glomerular filtration rate * unbound drug fraction (GFR
* Fu)) to account for the portion cleared through the kidneys. As halofantrine is primarily
metabolized by the liver, chiefly through CYP 3A4 (586, 587), the Kim and Vmax of this

enzyme were incorporated, based on literature data (562).

The initial profile of the fasting-state, shaped by these inputs, aligned with the
observed data but indicated a greater clearance phase than observed. Optimization of the
metabolism constant and maximum velocity of enzyme reaction (Kn and Viax,

respectively), values for CYP 3A4 resulted in the profile presented in Figure 10.2.

In a physiologically based model, changing the physiology to the fed-state would
often predict the fed-state plasma profile especially for low extraction ratio drugs (588,
589). Thus after uploading the observed fed-state profile, and adjusting the physiological
conditions to reflect the fed state (characterized by high fat and high calories) zero-order

emptying option was selected for as previously mentioned. However, in this scenario a

236



change in the fed-state physiology is involved but an additional absorption route with
pharmacokinetic implication related to the first-pass effect is suggested. As the intestinal
lymphatic uptake cannot yet be directly simulated here, and taking into account that
halofantrine is a high E drug, then reducing the first-pass percentage as shown with the PK
modeling would be a suitable approach to adjust the PBPK model in the fed-state to reflect
the increase in the drug absorption caused by reduced hepatic extraction and intestinal
lymphatic uptake. Firstly, the linear clearance obtained from the non-compartment model
of the concentration-time profile used was employed to develop the model in the fed-state.

However, the observed Cmax value was 2.6 times higher than the predicted one.

By altering the pKa of halofantrine to 5.6, the predicted profile approached closer to
the observed profile and fell within the statistically observed wvalues. Subsequent
optimization of Ky, and Vmax was performed to eventually result in the profile depicted in
Figure 10.3. The explanation for more accurate modeling when pKa was altered can be
attributed to the administered dosage form which was the hydrochloride salt, which
undergoes conversion to the free base to enhance its association with lipid digestion
products. This transformation facilitates packaging into chylomicrons formed by
enterocytes, enabling transportation through the intestinal lymphatic route. This process
bypasses the first-pass liver extraction and clearance, leading to increased fraction
absorbed. Halofantrine, being a tertiary aliphatic amine, is expected to have a high pKa.
The calculated pKa was found to be 8.16 (564) as used in all previously described models.
However, in a representative fed-state media (pH = 6), it was documented in the literature
that halofantrine has a pKa of 5.58 = 0.07 (565). Molecular modeling calculations

suggested that the decrease in pKa might result from the folding of the side chain, bringing
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the tertiary amine closer to the benzylic hydroxyl group. This spatial arrangement forms an
intramolecular hydrogen bond, reducing the basicity of the amine in halofantrine (Figure
10.5). The shift in pKa from 8.16 to 5.58 brought about significant implications for the
solubilization and absorption of halofantrine. This change increased the solubilization ratio
by 16-fold, favoring its unionized form. Consequently, it enhanced its association with lipid
digestion products, facilitating its absorption with approximately 80% predicted to occur
primarily in the duodenum and jejunum (pH=5.4-6, according to the ACAT Model). These
segments have a higher density of villi (274), where lymphatic capillaries (lacteals) are
located (53) which will facilitate the traverse of halofantrine through the intestinal pathway

into the general circulation.
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Figure 10.5. Illustration showing the side chain folding, drawing the tertiary amine nearer to the
benzylic hydroxyl group (*). This spatial configuration creates an intramolecular hydrogen bond,
consequently lowering the basicity of amine in halofantrine and changing the PKa from 8.16 for the

left molecular configuration to 5.58 for the right molecular configuration.

As demonstrated, developing a PBPK model to reflect the intestinal lymphatic
uptake is not a straightforward process, at least using the existing algorithms in

Gastroplus™. For high E drugs, the most prominent and likely effect would be related to
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changes in pre-systemic metabolism -as seen with the example used here- then adjusting
the enzyme kinetics might help reflect additional intestinal lymphatic uptake. However, for
medium and low E drugs, where adjusting the metabolism profile might not be as efficient
in reflecting drugs lymphatic uptake, empirical adjustment of the different properties of
individual gut compartments might also be an option. Important considerations from this
could be the significance of updating the ACAT model to accommodate the intestinal
lymphatic uptake route to further characterize the model and dual absorption processes of
drugs reaching the general circulation through the intestinal lymphatics. By including such
updates in the model, pharmaceutical scientists could more optimally simulate the
absorption kinetics of lymphotropics and rationally account for the impact of food or
formulation on their pharmacokinetics. Additionally, integrating the relevant equations and
functions is crucial to accurately address the impact of this route on the metabolism and
disposition of potential drugs and the increasingly prevalent lipid formulations utilized for

hydrophobic drug delivery.

10.4 Conclusion:

This study presents an initial investigation into the in-silico modeling of intestinal
lymphatic uptake using halofantrine as a case study. Despite the importance of the
intestinal lymphatic absorption pathway, this area of research remains relatively
underexplored. Theoretical considerations regarding the impact of food on the extraction
ratio of high extraction ratio (E) drugs, such as halofantrine, offer avenues to modulate
PBPK models for such drugs when administered in formulations targeting lymphatics or
alongside food-effects that can enhance intestinal lymphatic uptake. However, it is crucial
to integrate experimental data into pharmacokinetic modeling approaches for precise
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predictions, as demonstrated by the variation in halofantrine pKa under post-prandial
intestinal conditions. Additionally, alternative measures may be considered for medium and
low E drugs. Nonetheless, all these methods are indirect, underscoring the necessity for
developing alternative and direct modeling options for this critical route. Overall, this study
contributes to advancing our understanding of intestinal lymphatic uptake using existing
models. It also emphasizes the need to refine these models to make direct and better
predictions of the intestinal lymphatic uptake, which will be reflected in improving drug

development strategies, and ultimately enhancing therapeutic outcomes for patient.

Supplementary Materials:

Table 10.4. Goodness-of-fit criteria parameters for compartmental pharmacokinetic models of

halofantrine in fasting and fed states.

Fasting-state Fed-state
Parameter One- Two- Three- One- Two- Three-
Compartment Compartment Compartment Compartment Compartment Compartment
Model Model Model Model Model Model
AIC -0.064 -18.297 -14.298 5.109 -24.954 -60.348
SC 5.613 -10.348 -4.078 10.332 -17.643 -50.947

AIC = Akaike Information Criterion, SC = Schwarz Criterion
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SECTION FOUR: GENERAL DISCUSSION, CONCLUSION, AND
FUTURE DIRECTIONS

CHAPTER ELEVEN

General Discussion
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11.1 General Discussion:

11.1.1 Sub-cellular Sequestration of Orally Administered Drugs through Lysosomal

Trapping:

Enterocyte lysosomal trapping represents a critical checkpoint for some orally
administered drugs, which can directly affect their onset of action, distribution, half-life,
and other pharmacokinetic parameters (24, 33). In the early 1970s, the Nobel laureate
Christian de Duve who discovered lysosomes described the theoretical basis for lysosomal
trapping. Recently, drugs undergoing this process (lysosomotropics) have been investigated
for repurposing as potential treatments for COVID-19 (coronavirus disease 2019).
Numerous studies have revisited known lysosomotropics to identify promising candidates
for this indication (71, 590, 591). This is not unprecedented, as lysosomotropics have
previously garnered attention for their potential in treating other viral infections (91) and as
a novel strategy for targeting cancer (43). They are also of interest due to their involvement
in drug-drug interactions (37), their role in drug resistance, particularly in anticancer
treatments (95), and their association with inducing phospholipidosis and disrupting other

normal cellular functions (34, 113).

In spite of the recognized significance of lysosomal trapping in enterocytes and
other cells, and lysosomotropics in pharmaceutical and biomedical sciences, there is
currently no universally accepted simulated or lysosomal fluid utilized within the
pharmaceutical industry or endorsed by the United States Pharmacopeia. Existing fluids,
such as artificial lysosomal fluid (122) and phagolysosomal fluid (123), are categorized

under simulated lung fluids (126). They do not reflect lysosomal conditions but rather
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represent conditions associated with cellular phagocytosis and inside phagolysosomes,

respectively.

Therefore, in Chapter 2, following the introduction, our research focused on
developing a simulated lysosomal fluid (SLYF) to standardize and enhance the in-vitro
assessment of lysosomal trapping of drugs. The newly developed SLYF was designed to
replicate the essential components and physiological conditions of lysosomes. To evaluate
its effectiveness, the composition of the prepared fluid was compared with that of a
commercially available artificial lysosomal fluid. The results indicated that SLYF more
accurately reflected physiological ionic conditions than the commercial fluid (Chapter 2,
table 2.7). SLYF demonstrated superiority compared to lysosomal fluids reported in the
literature as well (Table 11.1). The in-vitro lysosomal trapping of dextromethorphan and
racemic chloroquine was also evaluated using SLYF. The model successfully predicted
lysosomal trapping for both drugs, with chloroquine demonstrating higher lysosomal
accumulation than dextromethorphan, aligning with in-vivo expectations.

Table 11.1.Comparison of key ions for lysosomal function across the developed simulated

lysosomal fluid (SLYF), and the literature reported ones (artificial lysosomal fluid, and

phagolysosomal fluid).
Amount in the Amount in the Amount in the Optimum concentration
Tons prepared lysosomal artificial lysosomal  phagolysosomal for lysosomal
fluid (SLYF, mM) fluid (mM) fluid (mM) homeostasis (mM)
(29) (122, 124-126) (123, 126) (69)
Na+ 59.08 £2.0 160.14 X 113.81 20-140
K+ 3.09 +0.06 B 19.99 250
Ca2+ 0.46 £0.02 0.87X 02X ~0.5
Cl- 59.1+£5.0 109.88 X 227.62 X <80
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Standardization of SLYF would enable consistent and reproducible testing
conditions across different laboratories and studies, which is crucial for comparing results
and validating findings. Furthermore, utilizing a standardized SLYF can facilitate the early
identification of drugs with lysosomal targeting properties, streamlining the drug
development process by identifying lysosomotropic drug candidates early on. Conducting
in-vitro experiments with SLYF can reduce the initial reliance on more complex and costly
in-vitro and in-vivo studies during the early stages of drug development, saving both time
and resources. Additionally, it can help identify drugs with previously unrecognized
lysosomal targeting potential, supporting drug repurposing efforts for new therapeutic
indications. The SLYF can be adapted for a wide range of pharmaceutical and biomedical

research applications.

11.1.2 Post-cellular Uptake of Orally Administered Drugs (Intestinal Lymphatic Uptake

via Chylomicrons):

Another important and sometimes overlooked consideration for orally administered
drugs is their uptake through the intestinal lymphatics. The term "lymphatics" was coined
in the seventeenth century, although recognition of the entire system dates back to the 4th
century B.C.E (141). Despite its crucial role, the lymphatic system is underappreciated —at
times- in pharmaceutical research. In Chapter 3, we aimed to enhance our understanding
of lymphatic physiology and leverage this knowledge in pharmaceutical sciences. This
chapter provided a comprehensive review of the lymphatic system and its significance in
health and disease, particularly emphasizing its potential applications in the pharmaceutical

field (56).
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With a complex structural organization, the lymphatic system serves three main
physiological roles: maintaining fluid balance, facilitating immune response, and absorbing
dietary lipids (51). These functions are simultaneously active only in the intestinal region,
as it is the sole area where ingested fats are absorbed. Central to this process are the
lacteals, specialized lymphatic capillaries located in the intestinal villi. Lacteals absorb
chylomicrons (lipid-protein complexes) formed in the enterocytes and transport them
through the mesenteric lymphatic vessels to the cisterna chyli, and subsequently to the
thoracic duct, which empties into the bloodstream (53). This pathway initially bypasses the
liver, avoiding hepatic first-pass metabolism, allowing drugs to achieve higher
bioavailability and improved pharmacokinetic profiles. This approach is particularly
valuable for lipophilic drugs and those subject to significant hepatic metabolism (234, 273).
Additionally, it enhances therapeutic outcomes for drugs targeting lymph-related
conditions such as cancer, infections, and inflammatory diseases, as evidenced by several

case studies demonstrating the efficacy of lymphatic-targeted drug delivery (56).

To further advocate for additional research aimed at optimizing lymphatic drug
delivery especially via chylomicrons, Chapter 4 elucidated the interactions between these
enterocyte-formed lipoproteins and other lipoproteins within the lymphatic system. It also
underscored an overview of lipoprotein biology in the lymphatic system and its
implications for health and disease. Additionally, it highlighted the roles of various
lipoprotein classes and their intricate interplay with the lymphatic system, providing
insights into the pathophysiology of diseases such as atherosclerosis, diabetes, and obesity

(178).

245



To investigate the intestinal lymphatic uptake, researchers have employed the
mesenteric lymph duct cannulation model in rats. This approach allows for direct sampling
of the mesenteric lymph node, providing a streamlined method for quantifying drugs
entering the systemic circulation through the intestinal lymphatics. However, the procedure
is invasive and involves complex surgical steps that can affect lymph flow and pressure,

complicating sequential sampling (54, 283).

A more widely adopted technique that circumvents the limitations of the previously
mentioned method is the lymph-blocking approach also in rodents. This method aims to
inhibit the production and/or release of chylomicrons from enterocytes. A comprehensive
compilation of various agents used in this approach, including Pluronic® L-81, puromycin,
vinca alkaloids, colchicine, and cycloheximide, can be found in Chapter 5. This chapter
provides a thorough analysis of diverse models, listing and evaluating existing studies

while highlighting the gaps in current research regarding these models (592).

Urinary drug excretion has been proposed as a potential non-invasive method to
investigate intestinal lymphatic uptake and renal excretion of drugs. The elimination rate of
drugs through urine is directly proportional to their concentration in the bloodstream,
facilitating the assessment of bioavailability. By comparing the amount of unchanged drug
excreted with and without a blocking agent, the bioavailability of drugs and the extent of
lymphatic transport can be estimated. However, this method is limited to drugs excreted
unchanged in urine and can be influenced by factors such as hydration, renal function, and
urinary pH. Additionally, it requires time-consuming sample collection, and variations in

urinary flow rate and drug degradation can affect results. Inter-subject differences in renal
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function introduce variability, and frequent urine collection may still pose practical,

research, and clinical concerns (592).

The need for simpler and cost-effective representative models to study intestinal
lymphatic uptake has been emphasized. While in-vivo models provide the most accurate
evaluation, they pose technical challenges that require advanced surgical expertise and
raise ethical concerns regarding human application (184). An alternative approach involves
the use of in-vitro models. However, to the best of our knowledge, no representative in-
vitro model currently exists for investigating the intestinal lymphatic uptake of drugs via

chylomicrons.

To develop an in-vitro model for studying intestinal lymphatic uptake, the initial
focus was on creating simulated lymphatic fluids (Chapter 6). This was driven by the lack
of standardized simulated lymphatic fluid, despite its recognized importance in
biopharmaceutical and dissolution studies. Consequently, two versions of simulated
lymphatic fluid were developed: a general version and an intestinal version. The intestinal
lymphatic fluid differs primarily by containing absorbed dietary fats in the form of
chylomicrons, giving it a white color, in contrast to the clear general lymphatic fluid from

other body parts (142).

Lymphatic fluid or lymph is known to contain salts, proteins, cells (primarily
lymphocytes), and other components filtered from plasma into the extracellular matrix.
Given that lymphatic fluid is primarily derived from the extracellular matrix (136), the
ionic composition of the simulated fluids was based on that of interstitial fluid (120).

Albumin, a key protein that affects drug binding and pharmacokinetics (452), constituting
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about 60% of lymph protein (438), was added to the simulated fluids at concentrations
reported for both general and intestinal lymphatic fluids. Additionally, artificial
chylomicrons were incorporated into the intestinal lymphatic fluid to better mimic the
natural composition. Findings indicated that the prepared simulated fluids more accurately
resembled biological lymphatic fluid than the commercial option, particularly concerning
key physicochemical variables such as pH and chemical content (ions and proteins) (264).

This makes them more suitable for in-vitro pharmaceutical studies.

In Chapter 7, for developing the non-cellular in-vitro model, chylomicron media
was utilized instead of the entire simulated lymphatic fluid. This approach was chosen
because the drug-chylomicron association is a reliable indicator for assessing intestinal
lymphatic uptake (52). Using natural chylomicrons can be impractical for routine use and
costly due to complex technical requirements, so artificial chylomicrons were employed.
These artificial chylomicrons, commercially available as the total parenteral nutrition
product Intralipid® (Fresenius Kabi Canada Ltd, Toronto), mimic the size and composition
of natural chylomicrons (455). They contain the same long-chain fatty acids that can form
the core of natural chylomicrons (455), with 90% of natural chylomicrons composed of

triglycerides of such acids (490).

The model emulates the in-vivo process and consists of a donor compartment that
resembles the intestinal lumen, where the drug solution is placed. Additionally, there is a
receiver compartment containing an artificial chylomicron medium, simulating the
environment within enterocytes. These two compartments are separated by an octanol-

immersed membrane, representing the lipophilic cell membrane of enterocytes. The extent
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of drug incorporation into the artificial chylomicrons in this model reflects the in-vitro

uptake portion.

Different drugs with varying lymphotropic affinities were tested, and the results
indicated a correlation between their in-vitro lymphatic uptake and their in-vivo
performance (350). This relationship was influenced by different molecular descriptors
affecting intestinal lymphatic uptake through chylomicrons (52). To challenge the model,
Pluronic® L-81, an inhibitor capable of functioning in-vitro (254), was used and it
effectively inhibited the in-vitro uptake at a concentration of 1%. Upon analyzing TEM
images and the size of the artificial chylomicrons with and without Pluronic® L-81, it was
hypothesized that Pluronic® L-81 acts by enveloping the artificial chylomicrons, resulting
in larger sizes proportional to the amount of Pluronic® L-81 used (350). This encapsulation
likely prevents the tested drugs from entering the chylomicrons, suggesting a new
mechanism in addition to those previously reported (334, 339, 348). This finding adds to
the existing understanding of how Pluronic® L-81 inhibits chylomicron-mediated intestinal
lymphatic transport of drugs. Furthermore, the enhancement of uptake was tested using
peanut oil, which contains the same fatty acids as those forming the artificial chylomicrons
(488). Peanut oil improved uptake, as observed through TEM, by being emulsified into the
lipidic core of the artificial chylomicrons. This emulsification created a larger "carrier" area

for the lymphotropic drugs to enter (350).

In Chapter 8, more agents were evaluated using an in-vitro model for their
enhancement action of intestinal lymphatic uptake, focusing particularly on olive, sesame,
and coconut oils due to their distinct percentages and chain lengths of fatty acids, which are

known to influence in-vivo lymphatic uptake via chylomicrons (501, 505, 507). The
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findings aligned with in-vivo observations that the enhancement of lymphatic uptake was
associated with the percentage of long-chain fatty acids present in olive, sesame, and
peanut oils (277). Interestingly, coconut oil, which is rich in medium-chain fatty acids,
demonstrated the most effective performance. This superior performance was attributed to
the better solubility of medium-chain fatty acids in the chylomicron media used in the in-
vitro model. It was noted that while the model could distinguish between oils containing
long-chain fatty acids, it could not effectively differentiate between long-chain and

medium-chain fatty acids (62).

Following the results obtained with Pluronic® L-81 and the proposed mechanism in
the previous chapter, zeta potential was considered as another biophysical factor that could
influence drug-chylomicron association and consequently, intestinal lymphatic uptake. To
investigate this, racemic chloroquine (CigH2sCIN3) and sodium lauryl sulfate
(C12H25Na0O4S) were used, having been tested to affect the zeta potential of artificial
chylomicrons in opposite ways. Chloroquine decreased the zeta potential of the artificial
chylomicrons and inhibited in-vitro uptake, whereas sodium lauryl sulfate increased the
zeta potential and enhanced the uptake (62). This prompted further questions about whether
similar effects would be observed in-vivo, as there were no existing reports linking these
agents to the lymphatic uptake of potential lymphotropics. Additionally, the various
mechanisms underlying the incorporation of drugs into chylomicrons remain to be

elucidated.

A practical application of the model was demonstrated in developing a formulation

for cannflavin A, incorporating a known synthetic enhancer of lymphatic uptake (Labrafil®
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M 2125 CS). Upon testing, the in-vitro uptake of cannflavin A was significantly better

when combined with Labrafil® M 2125 CS compared to when it was tested without it (62).

In Chapter 5 it was shown that general bioavailability equation does not account for
all pathways through which orally administered drugs enter the systemic circulation. While
most drugs pass from the GIT into the systemic circulation via the portal blood, some may
take alternative routes, such as the intestinal lymphatic system and possibly through
chylomicrons. This assumption that all drugs are absorbed through the portal blood
underlies known dissolution testing methods as well (527). Therefore, for lymphotropics a
more representative dissolution model should be used—one that considers both blood and
lymphatic pathways through which active pharmaceutical ingredients (APIs) may enter the

general circulation.

In Chapter 9, the release profiles of three commercial products of the lymphotropic
drug, terbinafine, were evaluated using modified USP Apparatus II and IV. These modified
apparatuses featured an artificial chylomicron-containing compartment within the
dissolution vessel, providing a lipid dissolution sink specifically for lymphotropic drugs.
Distinct release patterns were noted in both aqueous and lymphatic media, with the
modified USP IV apparatus demonstrating greater variation in aqueous release profiles.
This setup more accurately represented physiological conditions, incorporating both

simulated gastric and intestinal environments (593).

To verify the ability of the developed model to accurately distinguish lymphotropic
drugs, a comparative analysis was performed using the biphasic method (530).

Interestingly, in the biphasic model, both a lymphotropic drug and a non-lymphotropic
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drug exhibited almost identical behavior in the octanol phase (530). However, in the model
proposed in this chapter, the uptake into the lymphatic compartment varied among different
lymphotropic drugs, even though the aqueous solubility of these lymphotropics was similar

(Figure 9.6).

Another alternative that avoids the complexity of in-vivo models is the use of in-
silico models. However, for studying intestinal lymphatic uptake, this approach remains
largely unexplored. To our knowledge, only one in-silico model has been developed to
quantify the relationship between molecular structure and lymphatic transfer of lipophilic
compounds using long-chain triglyceride vehicles. This model employed the VolSurf
program and partial least squares (PLS) analysis (235). With physiologically based
pharmacokinetic (PBPK) models increasingly being used in regulatory submissions,
Chapter 10 addresses this gap by constructing a PBPK model using GastroPlus™ software
9.8.3 (Simulation Plus, Inc., Lancaster, US) and data from published literature to simulate

the lymphatic uptake of halofantrine after a fatty meal (60).

One report was found for a PBPK model including intestinal lymphatic uptake
using the Multi-layer gut wall Advanced Dissolution, Absorption and Metabolism (M-
ADAM) framework in Simcyp software (V19 Release 1, Simcyp, Sheffield, UK), which
simulates drug absorption across different sections of the gastrointestinal tract. Parameters
such as capillary permeability, lymph flow rate, and the lymphatic reflection coefficient
were adjusted to represent the transport of halofantrine through the lymphatic system after
a meal. Additionally, micelle-to-buffer partitioning and solubility data were included to
mimic the interaction of the drug with bile micelles, which aided in its movement into the

lymph, allowing the model to capture lymphatic absorption (594).
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Interestingly, in the PBPK model developed in Chapter 10, the modeling strategy
was differnet and the interplay between lysosomal trapping and lymphatic uptake primarily
in the fed-state was evident. The presence of a third compartment in the pharmacokinetic
(PK) model in the fed-state, absent in the fasting-state model, underscored the significant
role of lysosomal trapping alongside enhanced lymphatic uptake. The lymphatic absorption
pathway resulted in higher drug bioavailability and distinct pharmacokinetic profiles under
post-prandial conditions. However, it is not directly incorporated into the GastroPlus™; it
was accounted for indirectly in the PBPK model through adjustments of metabolism
kinetics of halofantrine under fed conditions. These findings highlighted the need to update
existing algorithms and built-in models to include the intestinal lymphatic uptake route.
Such updates would enable the development of validated PBPK models that more
accurately simulate lymphotropic drug absorption kinetics. This improvement would
enhance drug development, support regulatory approval, provide mechanistic insights,
reduce animal testing, and facilitate applications to special populations among other

potential advantages (595).
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CHAPTER TWELVE

Conclusion and Future Directions
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12.1 Conclusion:

This thesis enhances our understanding of lysosomal trapping and intestinal
lymphatic uptake via chylomicrons, two important phenomena in oral drug delivery. It
introduced the SLYF fluid, a new laboratory-prepared lysosomal fluid, which surpassed
existing commercial options in replicating lysosomal conditions. Additionally, a new
simulated lymphatic fluid was developed, which more accurately mimiced biological fluids
than existing commercial versions. The research also identified limitations in current
models and agents used for quantifying intestinal lymphatic uptake, along with the
development of more accurate in-vitro and dissolution models for investigating the
intestinal lymphatic uptake through chylomicrons. These models demonstrated their
potential for use to optimize drug formulations by evaluating excipients, oils, and other
factors that affect lymphatic uptake, offering practical applications for drug delivery
systems targeting intestinal lymphatics. Furthermore, the study highlighted the necessity of
refining in-silico models to include lymphatic uptake for more accurate predictions of drug

behaviour, facilitating future drug development and regulatory approval.

For the lysosomal trapping part, a lysosomal fluid, termed SLYF fluid, was
developed incorporating the essential components necessary for lysosomal homeostasis.
The superiority of SLYF fluid over existing commercial fluids, in terms of composition and
physiological attributes, was demonstrated in a basic model for capturing lysosomal
sequestration. This indicates that SLYF fluid could effectively fill the current gap for a
standardized lysosomal fluid applicable to various pharmaceutical and biomedical

applications.
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Reviewing existing reports on intestinal uptake, particularly through chylomicrons,
helped identify gaps in knowledge and applications that could facilitate developing
optimized lymphatic-targeted drug delivery formulations and systems. A new and detailed
pharmacokinetic equation for bioavailability incorporating this pathway was formulated.
Moreover, the current limitations of the agents frequently used in in-vivo models for
studying the lymphatic route of chylomicrons, including PL-81, puromycin, vinca
alkaloids, colchicine, and cycloheximide, were identified. In addition, a non-invasive
method utilizing urinary excretion of drug data was proposed, with its advantages and

limitations highlighted.

For the in-vitro studies related to intestinal lymphatic uptake, the developed
simulated general and intestinal lymphatic fluids were found to more closely resemble
biological fluid than the commercially available artificial lymphatic fluid. These findings
represent a step towards addressing the current need for a standardized simulated lymphatic

fluid in pharmaceutical research.

Additionally, the developed in-vitro model offered a promising platform for
evaluating the lymphatic uptake of drugs and their potential for targeted drug delivery. It
was demonstrated that the model can be utilized to explore the impact of excipients on
enhancing or inhibiting intestinal lymphatic uptake, thereby aiding in formulation
development. Also, the model could potentially investigate the effects of fat-containing
meals that may stimulate lymphatic uptake. The model successfully differentiated between
drugs with varying lymphotropic affinities, correlating these differences to potential in-vivo
behavior based on the molecular descriptors of the tested drugs. Furthermore, the model

was utilized to enhance uptake using oils recognized as natural enhancers of the
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chylomicron pathway for lymphatic uptake. This is relevant to the food effect and its
impact on the pharmacokinetics and pharmacodynamics of potential lymphotropics. The
obtained results revealed the ability of the model to distinguish between oils containing
long-chain fatty acids. However, it did not differentiate between these long-chain-rich oils
and medium-chain-rich oil in terms of lymphatic uptake. Pluronic® L-81, another known
agent, exhibited an inhibitory effect in the model, likely through a novel biophysical
mechanism involving the coating of Intralipid® particles. Moreover, the data indicated that
zeta potential influences intestinal lymphatic uptake, resulting in corresponding increases
and decreases in uptake within the in-vitro model based on the agent used. This novel

finding necessitates further in-vitro and in-vivo investigations.

In a practical application, the utility of the model was demonstrated by investigating
and confirming the enhanced intestinal uptake of a tested formulation containing a known
synthetic enhancer for intestinal lymphatic uptake. This finding highlighted the potential of
the model to develop more effective drug delivery systems targeting the intestinal

lymphatics.

The increasing focus on lipid-based formulations has highlighted an imminent need
for more refined performance testing methods. To address this, lymph-focused first-
generation dissolution models were developed to assess formulations and identify factors
that may influence chylomicron uptake. These new models considered the lymphatic
absorption pathway, which was overlooked in all current existing USP dissolution tests.
They also demonstrated superiority to the biphasic dissolution test in assessing lipid

solubility related to lymphatic uptake via chylomicrons. This development represented an
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important step towards more representative performance testing for lymph-targeted

formulations.

For the various benefits offered by in-silico models, particularly Physiologically
Based Pharmacokinetic (PBPK) modelling, a case study of halofantrine was used to
advance our understanding of intestinal lymphatic uptake. Being lysosomotropic, the
development of the model linked both lysosomal trapping and lymphatic uptake of
halofantrine to their potential effects on different pharmacokinetic parameters. More
importantly, it emphasized the need to refine existing simulation algorithms and in-silico
absorption models to include intestinal lymphatic uptake. This inclusion would allow for
more accurate predictions of drug behaviour and a better mechanistic understanding of
lymphotropic drugs or formulations, ultimately aiding in enhanced formulation

development and facilitate regulatory submission.

12.2 Future Directions:

12.2.1 Sub-cellular Sequestration of Orally Administered Drugs through Lysosomal

Trapping:

Preliminary data from the fluid and the basic model for lysosomal trapping of drugs
have demonstrated its pharmaceutical utility (Chapter 2). By refining the model to reflect
physiological temperature and validating it through correlating in-vitro performance with
in-vivo results for a larger group of lysosomotropic drugs, this experimental design
approach can be further extended to investigate drug sequestration in other subcellular

compartments, such as mitochondria, endosomes, and others.
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12.2.2 Post-cellular Uptake of Orally Administered Drugs (Intestinal Lymphatic Uptake

via Chylomicrons):

Documented reports highlighted the need for future research to elucidate the
detailed mechanisms of the entry and transport of drugs through the intestinal lymphatic
system. Moreover, additional studies related to in-vivo chylomicron blockage models could
be explored. While many vinca alkaloids have been reported to affect triglyceride profiles
and potentially block chylomicrons, only vincristine and vinblastine have been tested for
this purpose. Therefore, other vinca alkaloids that have been reported to disrupt triglyceride
absorption could be investigated as potential chylomicron blockers. Furthermore, additional
research is needed to determine the effective and toxic doses of colchicine to gain a better

understanding of its clinical impact on blocking the chylomicron pathway in humans.

The developed in-vitro model for studying lymphatic uptake via chylomicrons
represents a foundational step towards creating a physiologically-based predictive tool for
estimating drug interactions with chylomicrons and their subsequent lymphatic transport.
Enhancing the model by incorporating microsomes would help simulate the pre-systemic
metabolic loss occurring at the enterocyte stage of drug absorption. Moreover, integrating
lipolysis into the current framework could account for the portion of the drug that is
digested and absorbed by enterocytes, thereby further improving the accuracy of the model

and its physiological relevance.

The developed lymph-focused dissolution models have demonstrated potential in
evaluating lymphatic uptake via chylomicrons, an area previously unexplored. However,

these models can be further refined; for instance, incorporating surfactants could help
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maintain drug solubility in the alkaline conditions of the modified apparatus IV, which
simulates both gastric and intestinal environments and thus presents solubility challenges
for alkaline drugs in the second stage. Also, continuous sampling from the lymphatic
compartment could be explored to enable simultaneous monitoring of drug uptake profiles
into the lymphatic region alongside the aqueous dissolution profile. This approach would
provide insights into the dynamics of drug absorption into both portal and lymphatic

pathways.

For all models, establishing a correlation with in-vivo lymphatic uptake through a
mathematical framework would aid in achieving the ultimate goal of in-vitro-in-vivo
correlation. This correlation would provide a predictive capability that would reduce the
reliance on animal studies, thereby addressing animal ethics concerns and cutting down on
the time and resources required for preclinical testing. Furthermore, having a validated
mathematical model that reliably predicts in-vivo behavior could streamline regulatory
submissions, providing strong supportive data and potentially accelerating the approval
process for new therapies. This approach will hopefully enhance scientific understanding

and also foster innovation in drug development.
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Appendix 1

Development of an In-silico Model to Study Lymphatic Uptake of Drugs Following Oral

Administration via Chylomicrons
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Background:

The lymphatic system comprises different components (tissues, organs, and vessels)
distributed throughout the body. It is involved in all immunological processes in addition to
its main role in balancing body fluids and conveying absorbed fat and lipophilic molecules
from the gastrointestinal tract to the general circulation (Al.1). It is now associated with
more diseases than ever thought, ranging from cancer, inflammatory and metabolic
conditions to infections including viral ones like the COVID-19 (A1.2). Additionally,
delivering drugs through the lymphatic system, particularly intestinal lymphatics- offers
many advantages. They include enhanced therapeutic efficacy, increased drug exposure,
and selective targeting to localized and metastatic conditions (cancer) among others (A1.3,

Al.4).

Many studies aimed at developing lipid-based nanoparticles as promising
candidates for lymphatic delivery (A1.2, Al.5). To assess their performance, various
models have been established. Generally, the in-vivo models are the best, but in our case,
they involve irreversible invasive surgical procedures that cannot be performed on humans.
Several in-vitro models have also been developed (A1.5). One in-vitro model that was
found to be significantly correlated to the in-vivo lymphatic voyage after oral
administration depends on the extent of drugs association with the chylomicrons (A1.6).
The only in-silico model using the same approach relied on correlating the molecular

descriptors to the lymphatic uptake of drugs (A1.7).

With the stated correlation between the in-vitro drug-chylomicron association and

the extent of the in-vivo lymphatic uptake, the aim was set at developing a structure-based
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model to appropriately forecast the in-vivo outcome of the oral formulations targeting

lymphatics.

To achieve that, two things have to be done: 1) to simulate the chylomicrons and 2)
to study the association of different lymphotropic drugs with the simulated chylomicrons
and compare the results with the reported in-vitro and in-vivo data to validate the virtual
model. The focus was set on simulating the chylomicron and specifically on the part
constituting the majority of its structure; the triglyceride part of the core (Figure 1). Thus,
the objective was determined to simulate that part of the chylomicrons via molecular

dynamic simulations.
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Figure 1. Illustration showing chylomicron structure (right) and the percentage of its

different components (left). Triglycerides forms more than 80% of the total composition.

Methodology:

Tripalmitin (Cs1HosOs) was selected to represent the triglyceride core of the
chylomicrons; as it is one of the common triglycerides encountered in diet and with
chylomicrons (A1.8). It is a saturated molecule having three palmitoyl chains connected to
a glycerol backbone. A schematic figure of the tripalmitin is shown in Figure 2. The steps
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for conducting the tripalmitin simulation can be classified into as pre-simulation,

simulation and post-simulation stages (Figure 3) and will be detailed next.

Carbon-black
Oxygen-red
Hydrogen-white

9

Figure 2. Schematic representation of tripalmitin (Cs;HogOs), showing the glycerol backbone with
the three palmitoyl moieties .The black circles denotes the hydrophilic part (head), while the
uncricles part represents the hydrophobic part of the structure (tails). Image is available under

Creative Commons CCO 1.0 Universal Public Domain Dedication

System Construction: -Paramter File Generation/Selection
- Coordinates file Generation (Containing CHARMM?27 lipid parameters)
- Structure file generation - Writing Configuration File Heating Production

DIONILDN

Simulation box setup: Energy Minimization Equilibration Analysis
- Solvation

- Generation of coordinate and

structure files for the solvate

Figure 3. Scheme showing the different steps followed to complete the project. They can fall into

pre-simulation (1-3), simulation (4-7) and post-simulation (8) steps.

351



1. Pre-simulation stage:

The input files formatted as protein data bank (PDB) and protein structure file
(PSF) were generated through the charmm-gui membrane builder tool (A1.9-A1.11). The
monolayer builder was selected to add 40 residues on the upper leaflet and the same
number in the lower leaflet, to have a molecule with a total number of 80 tripalmitin
residues (Figure 4). The produced system dimensions were based on the number of lipid
molecules added in each leaflet. The files were visualized using visual molecular dynamic
software (VMD 1.9.4) and were checked for any possible errors (A1.12). Next, the
tripalmitin system was solvated using VMD. Water was used as a solvent and the
simulation box was set to be added in a 20A in each direction from the atom with the
largest coordinate in that direction. The coordinate and structure files were also generated
for the solvate to be used in the simulation.

Carbon-grey

Oxygen-red
Hydrogen-white

Figure 4. Visualization of the system built by charmm-gui membrane builder tool to be used in the

simulation. It contains 40 residues of tripalmitin in each leaflet.
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The used parameter file defines the following force fields; CHARMM22 for
proteins and CHARMM27 for lipids. Other parameters defining the connectivity between
the atoms including, bonds length, angles, dihedrals and improper dihedrals are all included
(A1.13, A1.14). The partial charges on atoms are defined in the psf file while, the Van der
Waals interactions are represented by Lennard-Jones potential, whose parameters are

detailed in the parameter file for the different atoms (A1.15).

1I.  Simulation stage:

The simulation was run through NAMD 2.14 on Compute Canada platform
(A1.16). The simulation was run in four steps; energy minimization, heating, equilibration,
and production. Periodic boundary conditions were applied with a cut-off of 10 A, as the
Particle Mesh Ewald (PME) was used for the for full-system periodic electrostatics. The
group-based pressure was selected to control the periodic cell fluctuations. In the
minimization step, the temperature was set to 310 K. The initial coordinates were taken
from the provided PDB file and the velocities were randomly initiated from a Boltzmann
distribution. The integration time step was set at 2fs; as the length of bonds involving
hydrogen atoms was fixed. Non-bonded forces must be calculated at least every 2fs, which
was the case here, and the electrostatics forces were measured every other step. NPT
ensemble was used and Langevin dynamics was employed to bring the system to the set
temperature. For the pressure, the Langevin dynamics were applied to the Nosé-Hoover
Langevin piston that was coupled to a heat bath to control the pressure at the required
target. Constraints were applied on the head atoms with a harmonic constraint force
constant of 20 N/m set in the beta column of new PDB file of the solvate in the box. The

minimization was done over 100,000 steps (0.2 ns)
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For the heating step, all was kept the same; however the start was form the last
coordinates in the minimization step. Heating was done through rescaling through 100
iterations with 250 steps at each time. The constraints were also kept the same at this step.
Yet, in the equilibration step, the constraints were gradually decreased and the run was over
5000 iterations with 1000 steps in each. Finally, starting form the final equilibration
coordinates, the production step was run for 1000,000 steps without any applied

constraints.

IIl.  Post-simulation Stage:

The results of the different simulation runs were visualized and analyzed using

VMD and the relevant data was acquired and is depicted in the discussion section.

Results and discussion:

Chylomicrons represent the class of lipoproteins that did not get the same attention
as the other lipoproteins when it comes to molecular dynamic simulations. The focus has
always been on the high-density lipoproteins and the low-density lipoproteins (HDL and
LDL, respectively) due to their association with major health risks such as cardiovascular
diseases (A1.17). Despite being a class of lipoproteins, chylomicrons are unique in the
structural compositions that differ greatly from the HDL and LDL moieties. They are
mainly composed of triglycerides (more than 80%) as shown earlier, while the LDL and the
HDL only contain about 10% and 5%, respectively of the triglycerides in their cores
(A1.18, A1.19). Moreover, coarse-grained simulations have been widely used to study

these lipoproteins in order to overcome the timescale issues of the atomistic models (A1.20,
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A1.21). Such models group the atoms with similar properties into a bead to compute the

different properties from a simplified representation of the studied systems (A1.22-A1.24).

For all of what was mentioned, this project aimed at modeling the chylomicrons
with atomic resolution in an explicit solvent to best represent the actual system. The goal is
to use the simulated model for predicting the lymphatic uptake of drugs which is to best of
our knowledge has not been applied before through a similar approach. For this part

though, only the triglyceride core will be simulated.

Even for the part being simulated at this stage, the triglycerides- most of the
available models were in the absence of solvents and utilized coarse-grained simulations
and united atom (UA) force field (A1.8, A1.20). These approaches were utilized to study
mainly liquid—solid transition involving the crystallization and the melting processes of
triglycerides to obtain the crystal structure of triglycerides using a quenching process
(A1.8) and to study how the length of aliphatic chains and the number and location of

unsaturated bonds would affect the physical properties of the triglycerides (A1.25).

The triglyceride system chosen to be simulated was generated by the charmm-gui
membrane builder as shown in Figure 4. The intended goal is to have a stable system by
the end of the simulation; therefore the focus in the discussion will be on the energy part of
the system as it is the indicator of the system stability. The approach taken to reach the
proposed goal relied on the basics of the molecular dynamic simulations. The energy
minimization step was executed to enable the system to find an arrangement which is more
energetically stable than the starting conformation (A1.26). During this step, the atoms

forming the tripalmitin heads were fixed to make simulation more computationally efficient
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Potential Energy (Kcal/mol)

without sacrificing its accuracy. It was run for 0.2 ns, over a 100,000 steps. As the energy
minimization algorithm usually stops once the first stable set of coordinates (local
minimum) is reached (A1.27), it was observed that in our system no major changes in
energy occurred after the first 8000 steps (0.016 ns). The potential energy of the whole

system was decreased from 28391713 to -308788.8484 Kcal/mol as seen in Figure 5.

Total Steps
(l 20000 40000 60000 80000 100000
-50000 -
-150000 -
-250000 -
-350000 -

Figure 5. Graph displaying the reduction of the potential energy in the energy
minimization step of the simulation. The potential energy of the whole system was

decreased from 28391713 to -308788.8484 Kcal/mol in the first 8000 steps.

Next was heating that was run for 0.05 ns. It was essential to help the system escape
the local minimum and overcome the energy barrier to access the surrounding
conformational space, looking for the most stable arrangement (global minimum) (A1.28).
Here again, the constraints were kept as they were. As the temperature was increasing, so
was the kinetic energy of the system (kinetic energy = 0.5 mass / velocity *2) (A1.29). On
the contrary, the potential energy was decreasing, while the total energy which is the result

of the addition of two was in between as depicted in Figure 6.
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Figure 6. Chart showing the different energies during the heating step. The kinetic energy (green)
was increasing while the potential (yellow) was decreasing as the system was escaping a local

minimum.

In the equilibration step the run was for 0.1 ns. In that step, the system was brought
close to its equilibrium states to assure that the proper conditions for the initiation of a
simulation at the given thermodynamic parameters. The constraints were alleviated
gradually. It was observed that all energies equilibrate for long enough to proceed to the
next step as shown in Figure 7. Other thermodynamic energies were also checked to
confirm the equilibration (A1.30). Temperature and pressure were found to flocculate

within a narrow window as observed in (data not shown).
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Figure 7. Illustration of the equilibration of the kinetic (green), potential (yellow) and total (blue)

energies during the equilibration step.

The final step was the production that lasted for 2ns, over which the energies were
at equilibrium (Figure 8). However with a closer look at the root mean square deviation
(RMSD), which is an indication of the structural difference in the system (A1.31)- it was
noticed that, at the beginning the production the RMSD values were increasing (Figure 9).
Nevertheless, towards the end of the simulation, the fluctuation started to decrease. In the
last 500 steps, the RMSD value was less than 1.4 A indicating that the system might be
approaching the arrangement of the most stable set of coordinates. A definitive conclusion
requires running the simulation for a long time, 1 ps or more might be sufficient to achieve

that.
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Figure 8. Chart illustarting the equilibration of the kinetic (green), potential (yellow) and

total (blue) energies during the production step.
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Figure 9. Graph depicting the root mean square deviation (RMSD) during the production step. At
the beginning the production the RMSD values were increasing, however in the last 500 steps, the
fluctuation in the RMSD value was within less than 1 A indicating that the system might be

approaching the arrangement of the most stable set of coordinates.
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It is worth mentioning that, comparing the system throughout the simulation time, it
was observed that the hydrophilic heads started to group in contact with the water surface
while the hydrophobic tails started to cluster in the middle (video is attached to this link*).
Moreover, the different conformations of the tripalmitin were seen during the simulation,
the trident, tuning fork and chair (Figure 10) (A1.8). Characterizing the proportioned these
confirmations later after the end of the simulation will help determine the polymorph of the
tripalmitin produced in the simulation. That can be added to the analysis that will be done

when a longer production time is applied.

Trident Chair Tuning fork

Figure 10. Illustration of the different tripalmitin conformations (trident, chair and tuning

fork) seen during the simulation which were reported in literature (A1.8).
Conclusion:

Chylomicron-drug association can serve in predicting the in-vivo lymphatic uptake
of drugs. The aim was modeling the triglyceride part of the chylomicrons core which
represents more than 80% of their structure. Tripalmitin was chosen to achieve that and the

modeled system was simulated until equilibration was attained. However, a longer

*Link: https://drive.google.com/file/d/1ngOnjQB3 Axqram 1 XL 2eFmGsfiPNkqZNZ/view?usp=sharing 360
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production time is required to ensure the stability and reproducibility of the simulated
system. This initial step can be followed by simulating the remaining parts of the
chylomicron (both core and surface) and testing the association of selected lymphotropic
drugs with the developed in-silico chylomicrons. Then, validating the model by comparing

the association results with in-vivo data would create a robust model.
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Appendix 2

Development of Flubendazole Nano-structured Lipid Carriers (FLU-NLCs) Utilizing
Precirol® ATO 5, Gelucire®50/13, Maisine® CC, and Lipoid®
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Introduction:

Flubendazole (FLU), chemically known as 5-(4-fluorobenzoyl)-1H-benzimidazole-
2-yl-carbamic acid methyl ester, is a benzimidazole derivative (Figure 1). This compound
was first approved in 1980 to target the gastrointestinal nematode infections for both

human and animal treatment (A2.1).

O

A/

N o
saees
F N F

Figure 1. Structure of flubendazole (PubChem CID: 35802).

FLU imparts its anthelmintic action by altering microtubule structure, hindering
tubulin polymerization, disrupting microtubule function, and impeding the microtubule-
mediated transport of secretory vesicles in the absorptive tissues of helminthes (A2.2,
A2.3). In recent years, it has been reported to exhibit anti-tumor activity in various types of
cancers, including melanoma (A2.4), neuroblastoma (A2.5), lung cancer (A2.6), colorectal
cancer (A2.7), squamous cell carcinoma (A2.8), breast cancer (A2.9), and others (A2.10-
A2.12). The antitumor effect of FLU has been associated with its ability to inhibit the
tumor cell cycle, proliferation, and growth (A2.11). Ongoing research continues to explore

the different mechanisms in greater detail.

FLU is classified under the Biopharmaceutics Classification System (BCS) as a
Class II drug, which is characterized low aqueous solubility (0.005 mg/mL @ 25 °C) and

high permeability (log P = 3) (A2.13). This classification accounts for the limited oral
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bioavailability of FLU; even with an oral dose of 2 g in humans, the maximum plasma

concentration of FLU remained below 5 ng/mL (A2.11).

To improve bioavailability, flubendazole has been reformulated into an amorphous
solid dispersion (ASD) oral preparation (A2.14), nanocrystals (A2.15), nanoemulsions
(A2.16), PEGylated nanoparticles (A2.17), as well as other nano-based systems (A2.18,
A2.19). To the best of our knowledge, there are no documented reports of FLU being

formulated into nanostructured lipid carriers (NLCs).

NLCs consist of a lipid phase, an aqueous phase, and surfactant(s). The lipid phase
is a blend of solid and liquid lipids (oils) that are generally recognized as safe (GRAS)
(A2.20). This combination creates an imperfect lattice structure, which provides high drug
entrapment efficiency and minimizes the risk of drug expulsion, making NLCs an
improvement over solid lipid nanoparticles (SLNs) (A2.20, A2.21). Moreover, NLCs share
the advantages of other nano-based systems including biocompatibility and safety,
protection of the drug from enzymatic degradation, suitability for large-scale

manufacturing, and controlled drug release (A2.20).

In addition to the previously mentioned advantages of NLCs, they offer further
benefits related to being lipid-based formulations. These formulations can enhance
bioavailability by stimulating enterocytes to form chylomicrons, which are then absorbed
into the intestinal lymphatics rather than the portal blood (A2.22). This process helps evade
first-pass metabolism, thereby increasing bioavailability (A2.23). Furthermore, intestinal
lymphatic uptake can offer therapeutic advantages for drugs that treat diseases originating

or spreading through the lymphatic system (A2.23). Flubendazole is such a drug, with both
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anthelmintic and specific anti-leishmanial properties, and has demonstrated antitumor
activity (A2.8). Leishmaniasis spreads by infecting immune cells that travel through the
lymphatic system. In its visceral form, the disease affects internal organs, leading to
complications like persistent lymphadenopathy (enlarged lymph nodes) and lymphedema
(swelling due to lymphatic obstruction) (A2.24). Additionally, cancers often spread through
the lymphatics, which have wider vessels, lower pressure gradients, and higher

permeability (A2.23).

The development of NLCs entails a complex, multistage production process with
numerous formulation variables (A2.20), makes it challenging to manage these variables
through multiple experiments. Therefore, a systematic approach such as the Quality by
Design (QbD) is advantageous. QbD helps in recognizing and understanding critical
quality attributes (CQAs). These CQAs are the vital properties and characteristics that must
be controlled within specified limits to ensure that the final product achieves the intended
quality, safety, and efficacy, consistent with the Quality Target Product Profile (QTPP)

(A2.25).

The objective was to develop nanostructured lipid carriers for flubendazole using a
QbD-based approach, specifically targeting delivery through the intestinal lymphatics via

the chylomicron pathway.

Materials and Methods:

Materials:

The various solid lipids used in this study were generously provided by IOI Oleo

Chemical (Germany) and Gattefossé (France). Table 1 details their chemical compositions
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as specified in the technical documents. Lipoid® S100 (phosphatidyl choline from soybean)
was kindly donated by Lipoid GmBH (Brazil). Dimethyl sulfoxide (DMSO) was procured
from Sigma Aldrich (Darmstadt, Germany), and ultrapure water was obtained from the
Milli-Q® Plus (Gradient 10 system, Millipore® USA).

Methods:

Selection of lipids:

For the selection of solid lipids, the lipids listed in Table 1 were tested by adding a
specific amount of flubendazole to known weight of the lipid, which was heated to 10
degrees above its melting point. Only clear mixtures were considered to indicate successful
drug solubilisation. For the liquid lipids, prior work by Yukuyama et al. (A2.16) identified

the suitable liquid lipid options for the FLU-NLCs.

Table 1. List of tested solid lipids for developing the nanostructured lipid carriers of flubendazole
(FLU-NLCs).

Solid Lipids Chemical Composition
Compritol® 888 ATO** Mono-, di- and triglycerides of behenic acid (C22)
Precirol® ATO 5** Glyceryl palmito-stearate (C16-C18)
Softisan ® 154* Hydrogenated Palm Oil

Dynasan® 116* Tripalmitin (C16)

Dynasan® 118* Glyceryl Tristearate (C18)

Dynasan® P 60 F** Palmitic (C16)/stearic (C18)triglycerides
Witepsol® E85* Hard fat

IMWITOR" 900 K* Glycerol Monostearate (C18, 40-55%)
Gelucire® 50/13%* Stearoyl (C18) macrogol-32 glycerides
Gelucire ® 44/14** Lauroyl (C12) macrogol-32 glycerides

* These lipids were kindly donated by IOI Oleo Chemical (Germany), ** These lipids were kindly donated by
Gattefossé (France), # Dynasan P 60 F is no longer being produced.
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Preparation of nanostructured lipid carriers of flubendazole (FLU-NLCs):

Formulations totaling 50.0 g were prepared, incorporating the chosen liquid lipid
(Maisine® CC), along with the selected solid lipids (Precirol® ATO 5, Gelucire® 50/13),
and Lipoid® S 100. Initially, the oil and aqueous phases were heated to 80-85°C using an
RTC basic IKA® magnetic stirrer at 300 rpm until complete dissolution was achieved.
Subsequently, the oil phase was dispersed into the aqueous phase and homogenized using a
mechanical homogenizer at 8000 rpm (Ultraturrax, IKA from Sigma-Aldrich® (Merck
KGaA, Darmstadt, Germany)) for 5 min. The resulting coarse emulsion underwent further
processing through a high-pressure homogenizer, specifically the Nano DeBEE® (BEE

International, Inc. USA), employing five consecutive cycles at 600 bar.

Optimization of the prepared nanostructured lipid carriers of flubendazole (FLU-

NLCs):

To generate a mathematical model to study the effects of the independent variables
on the produced NLCs, central composite design (CCD) was used. The average particle
size (z-average, nm) was selected as the dependent or the response variable. Based on the
preliminary experiments, the independent variables were identified to be the ratio of
Precirol® ATO 5 to Gelucire® 50/13 (A), the percentage of Lipoid® S 100 (w/w) (B), the
amount of flubendazole in the formulation (mg/g lipid) (C). Also, the levels of these input
variables were determined to be as listed in Table 2. With this design, a total of 20 runs

were designed using Minitab® 22.1 (State College, PA, USA).
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Table 2. The Input variables with their upper and lower levels incorporated in the central

composite design for developing nanostructured lipid of flubendazole (FLU-NLCs).

Independent Variable Levels
Lower Level (-1) Upper Level (+1)
A Precirol® ATO 5 : Gelucire® 50/13 0.4 2.5
B % Lipoid® S 100 (w/w) 1 1.5
C Amount of Flubendazole (mg/ g lipid) 1 3

Measurement of particle size, polydispersity index (PDI) and potential zeta:

The z-average of the NLCs was measured through dynamic light scattering
technique (DLS) via Ultra Malvern Ultra Zeta Sizer (Malvern, UK) at an angle of 173° and
25 °C. This device employs a 10 mW, 632.08 nm HeNe laser, an adaptive correlation
algorithm, and an avalanche photodiode (APD) detector. The samples were diluted with
ultrapure water with each being run 3 times in quintuplicate. The obtained particle sizes

along with the polydispersity index (PDI) were noted as mean + standard deviation (s.d.).

Zeta potential was measured using the same instrument via the electrophoretic light
scattering technique (ELS). To do so, ultrapure water with a conductivity adjusted to 50
uS.cm—1 was prepared by adding NaCl 0.2 % (w/v) and used to dilute the samples before

measurement (n=5). Obtained values were quoted as mean + s.d.

Assessment of Entrapment Efficiency (EE) and Drug Loading (DL):

To determine the entrapment efficiency (EE) and the drug loading (DL), FLU-
NLCs were centrifuged in 0.5 mL-Amicon® Ultra Centrifugal Filter units (Sigma-Aldrich®,
Merck KGaA, Darmstadt, Germany) with a molecular weight cut-off of 10 KDa.

Centrifugation was done at 25 °C, 10,000g for 30 min in Eppendorf® Centrifuge 5427R
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(Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany). The resultant filtrate was diluted
and using equations 1 and 2, the entrapment efficiency and the drug loading were

calculated, respectively.

Amount of Flubedazole in the Formulation — Flubendazole Amount in the Filterate
EE (%) = ! : : x 100 (Eq.1)
Amount of Flubendazole in the Formulation
Amount of Flubedazole in the Formulation — Flubendazole Amount in the Filterate
DL (%) = ! x 100 (Eq.2)

Total Amount of Lipids in the Formulation (mg)
Drug concentration analysis — Sample preparation and calibration curve:

A stock solution of FLU was prepared by dissolving 0.0025 g of FLU in 25 mL of
DMSO in a volumetric flask, resulting in a concentration of 100 pg/mL. Working standard
solutions were then prepared through serial dilutions of the stock solution with DMSO. A
calibration curve (R? = 0.994) for flubendazole was constructed using Evolution™ 201
UV-visible spectrophotometer (Thermo Fisher Scientific Inc., MA, USA) at a wavelength
of 310. The resultant equation was as follows:

Absorbance = 96.526 (Flubendazole conc. mg/mL) + 0.0244 (Eq.3)
Results and Discussion:
Selection of formulation components: Solid and liquid lipids and surfactants:

For the selection of solid lipids, the results obtained with different lipids are
presented in Table 3. Due to the discontinuation of the best option, Dynasan® P 60 F, the
second-best lipids were considered. Gelucires emerged as the second-best choice, known
for their widespread application in formulations to improve solubility, dissolution, and
bioavailability of drugs (A2.26). However, Gelucires, primarily being surfactants

composed polyethylene glycol (PEG) esters, a small glyceride fraction, and free PEG
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(A2.26, A2.27), require other solid lipids to form the core of nanostructured lipid carriers
(NLCs). Preliminary studies confirmed that Gelucires would produce heterogeneously

distributed NLCs (PDI > 0.3).

Gelucire® 50/13, is mainly used for the preparation of solid dispersions to improve
the aqueous solubility of hydrophobic drugs (A2.26). It was selected due to its content of
long-chain fatty acids which are known to be incorporated into chylomicrons, thereby
facilitating lymphatic uptake (A2.28). The preliminary studies also revealed that NLCs
prepared with Gelucire® 50/13 fell within the desired size range, which will be discussed in
detail later. Specifically, these NLCs had sizes of 151.70 £ 1.36 nm when compared with
those prepared using Gelucire® 44/14 that had a size of and 245.00 + 1.64 nm. Gelucire®
50/13 has a hydrophilic-lipophilic balance (HLB) value of 11-13 and a melting point of 50
°C (A2.26, A2.29). Its incorporation into NLCs have been reported to enhance the drug
loading of hydrophobic drugs, especially those with poor affinity for solid lipids, and

stabilize the resultant NLCs (A2.30).

Precirol® ATO 5 was identified as the best solid lipid for incorporation to form the
NLC core, considering its composition of esters of long-chain fatty acids (A2.31). It has a
melting point (50-60 °C) and HLB of 2 (A2.31) that make it suitable for improving the
bioavailability of many drugs incorporated into NLCs (A2.32) and through the intestinal

lymphatics (A2.33).

For the liquid lipids, Maisine CC® demonstrated the highest solubilization capacity,
measured at 0.34 mg/g, as reported by Yukuyama et al. (A2.16) and presented in Table 4.

Interestingly, Maisine CC®, a glyceryl monolinoleate, is particularly advantageous for
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lymphatic targeting due to its long-chain fatty acid content. This compound has been

incorporated into formulations due to these beneficial properties (A2.34, A2.35).

Table 3. Results of flubendazole solubilisation in the tetsed solid lipids for developing the
nanostructured lipid carriers of flubendazole (FLU-NLCs).

Solid Lipids Flubendazole Solubilisation Flubendazole Solubilisation
@ 1 mg /g lipid @ 0.5 mg / g lipid

Compritol® 888 ATO** NO NO
Precirol® ATO 5%* NO YES
Softisan © 154* NO NO
Dynasan® 116* NO NO
Dynasan® 118* NO NO
Dynasan® P 60 F** YES YES
Witepsol® E85* NO B
IMWITOR® 900 K* NO B
Gelucire® 50/13%* YES YES
Gelucire ® 44/14%* YES YES

Table 4. List of tested liquid lipids considered for developing nanostructured lipid carriers of

flubendazole (FLU-NLCs) adopted from Yukuyama et al. (A2.16).

Liquid Lipids Flubendazole Solubilisation @ 1 mg / g lipid
Maisine CC® 0.34
Labrafac Lip. WC1349® 0.21
Miglyol 812° 0.16
Captex 8000 0.17
Captex 300° 0.13
Captex 355" 0.13

However, both the solid and liquid forms tested showed low FLU solubilization (<
1 mg/g). Consequently, Lipoid® S 100 was investigated for its potential to solubilize

flubendazole. The use of the phosphatidylcholine product (Lipoid® S 100) achieved three
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key outcomes: it increased the amount of solubilized flubendazole by nearly 15 times (15
mg/g), acted as a surfactant, and facilitated targeted delivery to the lymphatics via
chylomicrons. In the gastrointestinal tract, phosphatidylcholine was reported to be
incorporated into chylomicrons upon reaching the enterocytes. It specifically assembles
with apolipoprotein B (apoB-48) in the endoplasmic reticulum to merge into the

triglyceride-rich core of chylomicrons (A2.36).

FLU-NLCs Development and Optimization:

Based on the recommendations of International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use (ICH) Q8 guidelines,
experimental judgment, and previous reports, a QbD-based approach was used for
developing and optimizing FLU-NLCs. The QTPP for these NLCs included nano-
structured particles with a z-average of 80.00-200.00 nm, a PDI < 0.30, and physical

stability at 4°C £ 2°C over 3 months.

CCD was chosen to model both linear and quadratic effects in the studied FLU-
NLCs. CCD is known for its robustness in experimental design and optimization. By
incorporating both factorial and axial points, along with center points, CCD enables
accurate estimation of interaction effects and curvature in the response surface. This

ensures a comprehensive understanding of the behavior of the studied system (A2.37,

A2.38).

Using the chosen components and selected variables, the experimental formulations
based on the CCD were prepared. Table 5 provides detailed information on these

formulations and the results obtained, including the selected response (z-average) as well as

377



two other physicochemical parameters (zeta potential and PDI). Measured particle size

peaks of the produced formulations are shown in Figure 2.

Table 5. Formulations (F1-F20) of the central composite design (experimental matrix) used to

study and optimize the nanostructured lipid of flubendazole (FLU-NLCs).

Precirol  Gelucire® Maisine® Lipoid® Purified Flubendazole z-average PDI +s.d. Zeta Potential

®ATO 5 50/13 CC S100 Water Amount (nm = s.d.) (mV £s.d.)

(%ow/w) (%ow/w) (Yowiw)  (Yow/iw)  (Yow/w) (mg/g lipid)
F1 5.91 4.09 1.00 1.25 88.75 3.00 209.08 +2.27 0.19£0.02 -16.26 £ 0.81
F2 5.91 4.09 1.00 1.00 89.00 2.00 166.60 + 1.68 0.14+0.02 -15.33 £0.53
F3 5.91 4.09 1.00 1.50 88.50 2.00 235.10+2.59 0.17£0.02 -19.29+£1.01
F4 5.91 4.09 1.00 1.25 88.75 2.00 311.90+2.84 0.23+0.01 -17.74 £ 0.95
F5 5.91 4.09 1.00 1.25 88.75 2.00 275.60 £2.25 0.19+£0.02 -16.40 £ 0.20
F6 2.87 7.13 1.00 1.25 88.75 2.00 58.40 £ 0.41 0.14 £0.02 -8.19+1.79
F7 7.13 2.87 1.00 1.50 88.50 3.00 226.40 = 1.56 0.25+0.01 -16.80 £ 0.60
F8 2.87 7.13 1.00 1.00 89.00 1.00 99.26 £0.82 0.11+0.01 -11.98 £0.54
F9 2.87 7.13 1.00 1.00 89.00 3.00 314.60 = 10.94 0.49 +0.08 -15.50 £ 0.87
F10 2.87 7.13 1.00 1.50 88.50 1.00 582.80 +22.91 0.41+0.10 -14.78 £ 0.95
F11 2.87 7.13 1.00 1.50 88.50 3.00 91.86 +£0.81 0.12+0.03 -7.30+0.67
F12 5.91 4.09 1.00 1.25 88.75 2.00 237.30+4.11 0.20+0.01 -16.67 £0.47
F13 5.91 4.09 1.00 1.25 88.75 2.00 312.30+3.82 0.21+0.01 -20.06 £ 0.74
F14 7.13 2.87 1.00 1.00 89.00 3.00 249.10+2.04 0.25+0.02 -17.38 £ 0.84
F15 7.13 2.87 1.00 1.25 88.75 2.00 457.70+£32.83  0.85+0.09 -31.40+£1.27
F16 7.13 2.87 1.00 1.50 88.50 1.00 219.90 +1.33 0.25+0.01 -18.12 £1.02
F17 7.13 2.87 1.00 1.00 89.00 1.00 205.00 = 1.63 0.25+0.02 -20.22 £0.32
F18 5.91 4.09 1.00 1.25 88.75 1.00 359.10 +6.00 0.25+0.01 -18.50 £ 0.75
F19 5.91 4.09 1.00 1.25 88.75 2.00 849.70 £129.00 0.21+0.11 -16.17 £1.59
F20 5.91 4.09 1.00 1.25 88.75 2.00 635.00+61.35  0.20+0.08 -26.68 £ 1.04

The values for formulations 9, 10, 15, 19, and 20 were excluded from the statistical model due to high

standard deviations.
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Upon analyzing the obtained results, a second order (quadratic) polynomial model
was obtained. The p-value for the lack of fit (0.469) was greater than the significance level
(o = 0.05), indicating that the model fitted the data well and there was a strong functional
relationship between the independent variables and the response variable. The analysis of
variance (ANOVA) of the model is depicted in Table 6. A strong relationship between the
model and the response variable (z-average) was demonstrated by a coefficient of
determination (R?) of 95.67%. Additionally, the adjusted coefficient of determination
(R?*(adj)), which accounts for the number of predictors relative to the number of data points,
indicated an excellent model fit (R%(adj) = 93.94%). Moreover, the predicted coefficient of
determination (R?*(pred)) of the model demonstrated its sufficient capability to make
accurate predictions for new observations (R*(pred) = 88.82%).

Table 6. Analysis of variance of the size quadratic model of the nano-structured lipid carriers of

flubendazole (FLU-NLCs).

Source DF Adj SS Adj MS F-Value P-Value
Model 4 92764 23191.0 55.29 0.000
Linear 3 73179 24393.1 58.15 0.000
Precirol® ATO 5: Gelucire®50/13 1 44800 44800.3 106.81 0.000
Lipoid % m/m 1 10658 10658.2 25.41 0.001
Flubendazole Amount (mg/g lipid) 1 23933 23932.8 57.06 0.000
Square 1 38033 38033.3 90.67 0.000
Lipoid % m/m*Lipoid % m/m 1 38033 38033.3 90.67 0.000
Error 10 4195 419.5
Lack-of-Fit 7 3121 445.8 1.25 0.469
Pure Error 3 1074 358.0
Total 14 96959
Model Summary
R’ 95.67
R*(adj) 93.94%
R%(pred) 88.82%

DF: Degrees of freedom, Adj SS: Adjusted sum of squares for a term, Adj MS: Adjusted mean squares, R%:
Coefficient of determination, R? (adj): Adjusted coefficient of determination, R? (pred): Predicted coefficient

of determination.
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The normal probability plot of residuals indicated homoscedasticity and a normal
distribution of the residuals. The residuals versus fits plot displayed points randomly
distributed around zero, confirming that the residuals are randomly distributed and exhibit
constant variance. Additionally, the residuals versus order plot showed no discernible

pattern, suggesting that the residuals were independent (Figure 3).

2)
Normal Probability Plot i
i Versus Fits
°
20
90 L
L ]
10{ e od
: =
50 - 3 | "
g L]
=4
L ]
10 -10
]
1 -207 L]
L ]
50 50 L |
Residual 100 200 300 400
Fitted Value

Versus Order

Residual

2 4 6 8 10 12

Observation Order

Figure 3. Normal probability plot (1), residuals versus fits plot (2), and residuals versus order plot

(3) of the obtained quadratic model of nanostructured lipid carriers of flubendazole (FLU-NLCs).

The statistically significant factors (p < 0.05) were identified as the ratio of
Precirol® ATO 5 to Gelucire® 50/13 (A), the percentage of Lipoid® S 100 (w/w) (B) and its
quadratic term, and the amount of flubendazole in the formulation (mg/g lipid) (C). The p-
values were 0.00 for all factors except for the quadratic term of the percentage of Lipoid® S

100 (w/w) (BB), which had a p-value of 0.001.

According to the regression equation of the model (Eq. 4), increasing the amount of
Precirol® ATO 5 and the percentage of Lipoid® S 100 would result in an increase in

particle size. Conversely, increasing the amount of the drug in the formulation would lead
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to a decrease in particle size. Additionally, Lipoid® S 100 exhibits a quadratic effect, where
the particle size decreases up to a certain point before increasing again. The same effects

can be seen in the counter plots (Figure 4).

Z-average (nm) = -2536 + 79.95 Precirol® ATO 5: Gelucire®50/13 + 4367 Lipoid® S 100 % w/w -
56.49 Flubendazole Amount (mg/g lipid) - 1687 Lipoid % w/w*Lipoid % m/m (Eq. 4)
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Figure 4. Contour plots showing the effects of the selected variables (Precirol® ATO 5:
Gelucire®50/13, Lipoid® S 100 % w/w (or m/m), and Flubendazole Amount (mg/g lipid)) on the z-

average (nm) of the nanostructured lipid carriers of flubendazole (FLU-NLCs).

From the obtained model, increasing the amount of Precirol® ATO 35, or conversely
decreasing the amount of Gelucire® 50/13, results in an increase in the particle size of the
NLCs. As previously mentioned Gelucire® 50/13 acts as a stabilizer (A2.26, A2.30); thus,
reducing its concentration in the formulation leads to larger NLC particles. Additionally,
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both lipids exhibit polymorphic forms, influencing their interaction and the resulting NLC
matrix structure (A2.33). It has been reported that heating Precirol® ATO 5 at 85°C alters
its polymorphic nature. Precirol® ATO 5 exists in a single p-polymorphic form prior to heat
exposure but transforms into a mixture of a- and B-polymorphic forms following heat
exposure (A2.39). Polymorphism is linked to gelation, as encountered in at least one of the
experimental matrix formulations. As solid lipids transition to another polymorphic form,
insufficient surfactant is available to fully cover the lipid phase, promoting particle
aggregation through hydrophobic attraction. (A2.40). In this scenario, the transformation of
the main core lipid, Precirol® ATO 5, may result in inadequate surfactant coverage,
particularly as the amount of Precirol® increases. Additionally, it has been reported that
incorporating Gelucire® 50/13 with Precirol® ATO 5 causes an interaction that suppresses
the polymorphic transitions of both components at specific ratios (A2.30, A2.33). This

interaction is potentially evidenced by some of the formulations obtained in the design.

Additionally, the model indicates that increasing the percentage of Lipoid® S 100
results in an increase in particle size. Typically, surfactants support emulsifying the lipid
phase within the aqueous phase, stabilizing the particles, and preventing aggregation up to
a certain concentration. Beyond this concentration, the opposite effect occurs (A2.41). The
specified range for the used stabilizer (Lipoid® S 100) potentially encompasses both
scenarios, which is evidenced by the quadratic term in the model referring to this

phenomenon.

The reduction in particle size with increasing concentrations of flubendazole was
likely due to its influence on lipid packing. Flubendazole may have interacted with the

core-forming lipids, leading to tighter lipid packing, which results in smaller particle sizes.
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Alternatively, it could have inhibited the crystallization of the core-forming lipids,
promoting a more disordered (amorphous) lipid structure, which also contributes to size
reduction. To confirm this, further analysis of the formed NLCs using appropriate methods

is required.

In developing the model, it is important to note that more than 25% of the data were
either excluded or adjusted. To assess the effectiveness of the model in describing the
developed FLU-NLCs, the predicted values of the formulations within the design space
have to be compared with the observed values. If the predicted and observed values did not
align, this would suggest that the model is inadequate and that additional factors should be
considered for improved accuracy. These factors likely pertain to process parameters, as

formulations with identical compositions (central points) produced different responses.

For validation purposes, a z-average value of 120 nm, within a range of 100-140 nm
was selected. This target value was given a weight of 1, highlighting its importance. The
drug amount was maximized at 3 mg/g lipid, while other input variables were kept
consistent with the original design. With a desirability score of 1, five formulations were
proposed, each with different ratios of solid lipids and 100% w/w Lipoid® S 100. All
proposed formulations were of 120 nm, as shown in Table 7 and Figure 5. Getting

comparable observed results would guarantee the model robustness.

Among the CCD formulations, F11 was identified as the one meeting the desired
QTPP and containing the highest drug concentration. Consequently, F11 was selected for
evaluating entrapment efficiency, which was found to be 99.05%, with a drug loading of

0.29%. The stability of F11 was monitored by measuring the size, PDI, and zeta potential
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values weekly over a period of 28 days. Size and PDI served as the primary indicators of

the stability of F11 (Table 8).

Optimal e Prze-;i{r)ol Li;;oiscé% Flu t;e;da
) ig i i |
D:1.000 0o [1.8144] [1.01 3.0]
Low 0.40 1.0 1.0
/_/_\\

Size (nm
Targ: 120.0 /
y=1200 F———————— = ————- e e —

d = 1.0000 W

Figure 5. Optimization plot showing the values of the selected variables (Precirol® ATO 5:
Gelucire®50/13 (Precirol), Lipoid® S 100 % w/w (Lipoid %), and Flubendazole Amount (mg/g
lipid) (Flubenda)) which would result in the target response (size, nm) of the developed
nanostructured lipid carriers of flubendazole (FLU-NLCs) with a desirability of 1.

Table 7. Values of Precirol® ATO 5: Gelucire®50/13 and Lipoid® S 100 % w/w (Lipoid %) which
would result in the target response (z-average, nm) of the developed nanostructured lipid carriers of

flubendazole (FLU-NLCs) that have 3 mg/g lipid of flubendazole.

Precirol® ATO 5:  Lipoid ®S 100 FlubendazoleAmount Size Composite

Gelucire®50/13 % wiw (mg/g lipid) (nm)_Fit Desirability
1 1.81440 1.00000 3.00 120.00 1.00
2 0.87138 1.50000 3.00 120.00 1.00
3 0.55059 1.13057 3.00 120.00 1.00
4 0.44688 1.44311 3.00 120.00 1.00
5 0.45105 1.14564 3.00 120.00 1.00
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Table 8. Stability of the best produced formulation (F11) for 28 days at 4°C indicated by its size

and PDI.
Days Size (nm = s.d.) PDI =+ s.d.
7 Days 91.86 +0.81 0.12+0.03
14 Days 91.02£0.75 0.13+0.05
21 days 91.55+1.05 0.10+0.01
28 days 92.26 £0.82 0.12+0.02
Conclusion:

Nanostructured lipid carriers of flubendazole (FLU-NLCs) were successfully

produced using Precirol® ATO 5, Gelucire®50/13, Maisine® CC, and Lipoid®, achieving the

desired attributes to be potentially taken up by the intestinal lymphatics via chylomicrons.

These carriers demonstrated stability for a one-month period. To further refine the process,

testing the developed statistical model will help identify the optimization space within the

design space. This will facilitate the selection of formulation variables necessary to achieve

the desired quality target product profile for the FLU-NLCs before progressing further to

in-vitro and in-vivo tests.
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Appendix 3

Upholding or Breaking the Law of Superposition in Pharmacokinetics: An Overview
A version of this appendix is published in:

Biomedicines. 2024;12(8),1843. DOI: 10.3390/biomedicines12081843
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1. Introduction:

Although there are some drugs that can be taken acutely as a single dose such as
anti-migraine drugs (1-4) or hypnotics (5-8) for a limited period of time, the vast majority
of drugs such as antibiotics (9-12), anti-diabetics (13-15) and blood pressure medication
(16-18) are designed to be repeatedly administered orally. Chronic disease states often
require a multiple dose regimen to enable accumulation of drug and attain steady-state
concentrations (19-21). The Law of Superposition or sometimes referred to as the Principle
of Superposition enables the pharmacokinetics understanding of a drug after a single dose
to be accurately predicted at steady-state conditions after repeated dosing or potentially
vice versa (22, 23). While some scientists particularly in the pharmaceutical industry may
have training during Pharmacy education in pharmacokinetics, others have a varied
biomedical background and are less versed in the underlying pharmacokinetic theorems. In
the 21st century drug development there are a myriad of pharmacokinetic technology
programs and simulation software that will enable investigators to take and input single-
dose pharmacokinetic concentration time data and predict steady-state concentrations after
a specific dose regimen. Modeling programs offer the advantages of large data handling
capacities and execution speed; however, the conceptual and mathematical limitations to

this modeling and interpretation of the results must be clearly understood and delineated.

The Law of Superposition is a fundamental aspect of pharmacokinetics and it is
often dealt within a cursory manner in textbooks. Few articles have tried to deal with a
conceptual understanding of superposition in a practical pharmacokinetic manner to
demonstrate the application of the principle (19, 22-32). In this article, we first present a

review of the principle of superposition and then discuss its application to multiple dosing.
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Finally, we apply this principle through simulations to an understanding where the Law of
Superposition does not hold and illustrate the non-linearity in processes that can in fact

overturn this law.

1.1.  Law of Superposition:

Pharmacokinetically, the body can be considered to be a construct function that in
mathematical terms converts the input (dose rate) into output or response (plasma
concentration of drug) as a function of time (32-34). A linear system is characterized by
input-output relationships that are completely defined by one or more linear equations,
exhibiting properties of homogeneity and additivity. Linear systems applications to the
field of pharmacokinetics were explored by Cutler (24, 25) where the differential equations
involved define a function. The most important feature of a linear system is that it is
additive and obeys the law of superposition, where the output of a linear system equals the
sum of the outputs of separately applied inputs (23). The application of a linear model is
contingent upon the condition that the concentrations involved are within a range where
saturation effects are absent, indicating a limited scope of inputs (34, 35). For a specific
inputs range, the linearity of the system can be experimentally tested to either reject or

disprove the null hypothesis.

Simply put, the Law of Superposition is a mathematical concept that enables
pharmaceutical scientists to predict concentration-time data (36, 37). It has, however, an
underlying assumption that the preceding dose of a drug and its pharmacokinetics does not
alter or affect in any way subsequent doses of a drug and the expressed pharmacokinetic
profile (38-40). In practice, the plasma concentration time data after the first, second, or n

dose will be superimposed by the plasma concentration reached after the (n — 1) dose (39).
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For practical purposes the area under the plasma concentration time curve after a single
dose is equal to the area under the plasma concentration time curve after multiple doses
when steady-state concentrations are attained (39) (Figure 1).
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Figure 1. Concentration time profile after a single dose and multiple dosing when reaching steady

state.

The Law of Superposition allows the pharmacokineticist to project the plasma drug
concentration—time curve of a drug after multiple consecutive doses based on the plasma
drug concentration—time curve obtained after a single dose (39, 40). This is important in
clinical setting to have the patient exposed to the target drug concentration without
excessive fluctuation and drug accumulation outside of the therapeutic window (37).
Following a single dose, the extent of overall drug exposure over time can be quantified by
estimating the area under the concentration-time curve from zero to infinity (AUCo.»).
During multiple dosing, the area under the concentration-time curve over a steady-state
dosing interval (AUCy..) serves as a measure of overall drug exposure. When the clearance
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(CL)—the aggregate of all elimination processes—remains constant (i.e., it does not
change with increasing drug concentrations), the AUCy.; at steady state will be equivalent

to the AUCy. following a single-dose administration (39, 41).

In the analysis of AUC data in pharmacokinetics, the Law of Superposition
provides a simple test for detecting the presence of non-linear processes that do obey the
law, i.e., processes which are first-order (34). Practically, a greater than or less than
response in area under the drug concentration-time curve (AUC) with repeated doses is the
expressed result of involvement of zero-order processes (39). An AUC equivalence
presumes that the dose administered as a single dose matches the dose given in a multiple-
dose. This is useful for determining pharmacokinetic parameters (23, 27, 42). For example,
after a single IV bolus dose, the total body clearance (CL) can be computed using equation

1.

__ Dose
T AUCy_o

CL (equation 1)

AUC equivalence enables the estimation of clearance under steady-state conditions
using the same equation but using AUCy.; instead of AUCo-.. The latter clearance estimate
is often referred to as steady state clearance (CLss). In the case of a single oral dose, AUC is
calculated taking into consideration the bioavailability (F) of the drug when using CLiotal
(equation 2) or taking into consideration the fraction unbound in blood (fu) when using

intrinsic clearance (CLint) (22) (equation 3).

F XDose

AUC = Clovat (equation 2)
F XDose .
AUC = m (equatlon 3)
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It becomes readily apparent in Figure 2 that in multiple dosing the concentrations
oscillate at steady state between minimum concentration at steady state (Cssmin) and
maximum concentration at steady state (Cssmax) and that an average steady state

concentration Cay,ss can be calculated (19).

sS
Cmin

Figure 2. Concentration time profile of an ideal scenario after a multiple dose regimen
administered at the same time interval and reaching steady state. Modified from Wang et al. (19)

with permission.

The drug clearance can be determined by dividing the dose by either of the afore-
mentioned two AUC values, or by dividing the dosing rate by the average steady-state
concentration (Cay,ss). The Cayss is calculated by dividing either of the two AUC values by
the dosing interval (Tau, T) (27). Thus, the average steady-state plasma level (Cpss) can by

calculated by equation 4.

Cpss = AUC% (equation 4)

Superposition is based on mathematical equations describing linear processes (34,

35). Both experimental data and drug development results can uphold or refute the
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mathematical relationship (43). Pharmaceutical development that relies solely on equations
or theoretical superposition can be misleading or incorrect. There are observational limits
to when superposition occurs and when it may deviate from linearity. Ab initio
superposition involves multiple untested assumptions that might not hold for a particular
drug in a particular disease state, as discussed in further detail below. Modeling approaches
required for predictive analytics, including superposition, can utilize simple inductive
reasoning and are only sometimes correlative with observational findings (30). Further, a
causally-based understanding of drugs is achieved through deductive reasoning and the

application of the scientific method.

The Law of Superposition would predict that for a drug the AUC after a single dose

is equal to the AUC at steady state. Therefore, equation 5 would hold true.

AUCSingle Dose __ 1

AUCss (equation 5)

This is independent of a compartmental model and is simply a function of linearity.
Furthermore, the CL (after IV administration) or CL/F (after oral administration) following
a single dose will equal the clearance values at steady state. In the case of oral
administration, the bioavailability remains constant between a single dose and steady state.

The AUC at steady state (AUCss) can be defined as in equation 6.

AUCss = lim f;nﬂ C, (Odt (equation 6)

Non-linearity can cause that the AUCss to differ from the AUCsingle Dose (32, 43), this

will be later discussed in the section Breaking the Law of Superposition. Most drugs will
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exhibit some deviation from the ideal accumulation as described (37). Nevertheless,
comprehending the principle of superposition permits reasonable predictions of the
pharmacokinetic behavior of drugs under repeat-dose conditions for a broad range of
compounds. This understanding proves especially beneficial when transitioning from
single-dose studies to repeat-dose studies during the initial stages of drug development.
Additionally, this knowledge facilitates the design of repeat-dose regimens that achieve the
desired drug concentrations efficiently and reliably within a clinically acceptable
timeframe. When determining multiple-dose regimens, it is crucial to assess whether
successive doses will impact the effects of previous doses. The principle of superposition
assumes that earlier doses do not influence the pharmacokinetics of later doses. As a result,
the blood levels following the second, third, or nth dose will overlay those achieved after
the (n — I)™ dose (39). In addition, the AUCo. following single-dose administration is
equal to the steady-state area between doses (Figure 1). The disposition processes after an
oral dose are absorption, distribution, metabolism and excretion (ADME). Therefore, the
superposition principle is applicable when the ADME processes exhibit linear or first-order
kinetics. With this approach, concentrations after multiple doses can be determined by
summing the concentrations from each dose (24, 25, 42). Furthermore, doubling the dose
will result in proportional doubling of the concentrations at each time. However, this

principle does not apply when any of the disposition processes are non-linear (24, 25, 34).

Mathematically a single-dose concentration-time curve C(?) is a function over time
denoted as a function over time f{z) (42). Multiple dosing occurs when the administered
doses remain constant over the time, where the drug is administered at fixed time intervals

(tau) (Figure 3). The concentration at time ¢ after n doses is equal to the sum of the
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concentration at ¢ after n - / doses and the single-dose concentration at ¢ - #, (from the last
dose) (22). Therefore, the contribution of the last dose can be superimposed to that of the

first n - 1 doses (22). The concentration-time curve Crn(t) is described in equations 7 and 8.

C,(t)=Cp_1() +f(t—t,) (equation 7)

C.(t) = Y. f(t—t) (equation 8)

Figure 3. Representation of a concentration time profile after six sequential doses ad-ministered at

the same time interval to steady-state. Modified from Wang ef al. (19) with permission.

2. Modeling A Hypothetical Drug “Canadamycin”:

2.1  Pharmacokinetics After a Single Intravenous Dose:

For practical purposes we named our hypothetical drug as Canadamycin, which was
to be administered via intravenous (IV) route at a dose of 100 mg. It has a volume of
distribution of 5 L, a half-life of 4 hours, and dosing interval (tau) of 8 hours. Therefore, it
is a typical three times daily dosing (TID). The Co was estimated to be 20 mg/L (png/mL)

after dividing the dose by the volume of distribution (100 mg/5 L).
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A direct intravenous bolus injection into a vein results in nearly an instantaneous
achievement of Co, followed by a first-order reduction in the concentration. This route is
frequently employed for drugs administered in hospitals clinic or emergency settings,
where a quick onset of action is critical. Pharmacokinetics textbooks typically utilize this
approach to elucidate key concepts associated with drug accumulation(37, 39). Regardless
of the administration route, as the number of doses progressively increases during a
therapeutic drug regimen, drug concentrations within the dosing intervals (tau) will
eventually stabilize, forming a plateau (42). This phenomenon consistently occurs under
the Law of Superposition when conditions exhibit constant total clearance. At this plateau,
the rate of drug administration matches the rate of drug elimination. When this equilibrium

is achieved, plasma concentrations are considered to be at a steady state (42).

After a single IV bolus dose administration the concentrations of drug will begin to
decline and will be removed (cleared) and eliminated by the body. The concentrations will
decrease over time in terms of half-life (the time required for concentration to decline by
50%). Canadamycin has a half-life of 4 hours meaning that eight hours post-dose we would
observe a concentration of 5 mg/L, a concentration of 1.25 mg/L at 16 hours post-dose, a
concentration of 0.3124 mg/L at 24 hours post-dose, etc. (Table 1). If no further doses are
administered, the concentration will continue to decline by an additional 50% every 4
hours. In this scenario, each subsequent dose is given before the previous dose is fully
cleared from the body. As a result, the concentration at the beginning of the next dose is the
sum of the drug amount remaining in the body (Cmin, denoted as Ct above), plus the Cax

from a single IV bolus dose (or Co). This cumulative effect of drug concentrations from
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previous doses and additional doses is the principle of superposition, which implies that

each dose will additively influence overall concentrations.

Table 1. Concentration of Canadamycin (a hypothetical drug) in mg/L before each subsequent

multiple dose to be administered.

Dose Canadamycin Start Trough Time (h) C(.mcentratio.n lost
(mg/L) Multiple End (r) during dosage interval
1 20.00 20.00 5.0 8 15.00
2 5.00 25.00 6.25 16 18.75
3 1.25 26.25 6.56 24 19.69
4 0.3125 26.56 6.64 32 19.92
5 0.078125 26.64 6.66 40 19.98
6 0.01953125 26.66 6.67 48 19.99
7 0.004882812 26.67 6.67 54 20.00

Drug accumulation has a limit because, as plasma concentration increases, the
amount of drug eliminated (1-r) during the dosing interval also grows. This is due to the
fact that the elimination rate is directly proportional to the drug amount in the body,
multiplied by the rate constant for first-order elimination (21, 42). As seen above,
accumulation will occur if dosing interval is less than 6 half-lives. Accumulation is
inversely proportional to the fraction of the dose lost in an interval. The accumulation
factor is equal to 1 over the fraction of the dose lost in a dosing interval = 1/(1-fraction
remaining) (21, 42). If a drug is given once every half-life, in the case of Canadamycin

every 4 hours, the accumulation of the dose is 2 [1/(1-0.5)]. If Canadamycin is
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administered every 8 hours (or 2 half-lives), the accumulation factor is 1.33 [1/(1-0.25)]

since there would be a 25% of the drug remaining.

When a drug is administered at a fixed dose and a regular interval, as in multiple-
dose regimens, the amount of drug in the body will increase and then plateau at a mean
plasma level higher than the peak concentration (Co). If the second dose is administered
before the previous dose is entirely eliminated, drug accumulation will occur. This
accumulation is quantified by the R index and is influenced by the elimination constant and
the dosing interval, but it is independent of the dose itself (21, 42). For a drug administered
in repeated oral doses, the time required to reach steady state depends on the elimination
half-life of the drug. This time is independent of the size of the dose, the length of the
dosing interval, and the number of doses (39). For instance, if the dose or dosing interval of
a drug is modified, the time needed to reach steady state remains unchanged, but the final
steady state plasma level adjusts proportionately. Consequently, the blood concentrations
after the second, third, or nth dose will superimpose the blood concentrations attained after

the (n -1)" dose.

The principle of superposition allows for the prediction of the plasma drug
concentration-time profile after multiple consecutive doses by utilizing the plasma
concentration-time data from a single dose. This method is based on two key assumptions:
that the drug follows first-order elimination kinetics, and that its pharmacokinetics remains
unchanged with repeated dosing. As a result, plasma concentrations after multiple doses
can be forecasted from those observed after an initial dose. The first-order

pharmacokinetics can apply to multiple dosing, consider equation 9 to describe the plasma
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concentration at any time after a single IV bolus drug administration dose that follows

linear pharmacokinetics.
C(t)= Y1Ae /I =3YrAe Yt (equation 9)

Where, A; is the concentration coefficient, tj is a time constant and a; is a rate

constant (a; = 1/ 1j).

The concentration at the end of the first dosing interval (tau) is described in equation
10. Equation 11 describes the concentration at the start of the second interval, while

equation 12 describes the concentration at the end of the second dose interval.

T1= Cpy e ket (equation 10)

Cpy = Chy+Cpy = Cpy et 4 €, (equation 11)

T2 =€y e7kett + €5, ] emkert (equation 12)
As described in Table 1 there is fraction of the initial plasma concentration
remaining at the end of the dosing interval. Intuitively there is both a fraction lost (R) and a
fraction remaining in the body (1-R) every dosing interval. The remaining fraction in the

body before the next dose depends only on the first order rate constant of elimination and

the time after the dose as described in equation 13.
R = e ket (equation 13)

Thus, replacing R in equation 12 to describe the concentration at the end of the second
dose interval is shown in equation 14. Equation 15 describes the concentration at the start

of the third dose interval.
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52 = Cp1R + Cp R? (equation 14)
ng = 621 + CglR + CglR2 (equation 15)

These fractions of drug that remain in the body before the next dose mathematically
form a geometric series of remaining concentrations with each term R times the preceding
term. This leads to drug accumulation. In the case of multiple dosing, it appears that the
concentration profiles of the individual doses can be totaled or summed up over time
(Figure 4). The steady-state can then be calculated by addition of areas, without the need to

use any pharmacokinetic model, provided that first-order linearity holds (34)

5T

Concentration (mg/L)

Time (h)

Figure 4. The Law of Superposition used to generate the concentration profile of multiple dosing
from profile of the single dose. The area of the first dose in the interval of the second dose adds to

the area of the second dose, and so on. Modified from Van Rossum and de Bie (34) with

permission.
2.2 Pharmacokinetics After Multiple Intravenous Dosing:
In linear pharmacokinetic systems, the drug concentrations achieved by a second

dose are comparable to those produced by the first dose. For instance, when a second 100

407



mg IV dose of Canadamycin is administered at the 8-hour mark, 5 mg/L of the drug
remains from the first dose, as shown in Table 1. Consequently, the plasma concentration
(Cp) immediately after the second dose would be 25 mg/L, consisting of the 5 mg/L
remaining from the initial dose and an additional 20 mg/L from the new dose. This results
in a combined concentration of 25 mg/L. In linear systems, each subsequent 100 mg dose
will generate concentrations similar to those of the first dose. However, the resulting
concentrations will be the sum of the residual concentrations from all prior doses and the
concentration from the most recent dose. For example, administering a third dose at the 16-
hour mark will also produce an initial concentration of 20 mg/L. The concentration
remaining from the second dose would be 5 mg/L, and the concentration remaining from
the first dose would be 1.25 mg/L. When these concentrations are combined, the observed
total concentration will be approximately 26.25 mg/L, calculated as 20 mg/L (from the
third dose) + 5 mg/L (remaining from the second dose) + 1.25 mg/L (remaining from the
first dose). This additive process of combining concentrations from multiple doses to

determine the observed concentration exemplifies the principle of superposition (21, 42).

The described pattern of superposition assumes that each dose behaves similarly
despite increasing concentrations. While simple additive superposition is generally
applicable to most drugs, it is important to note that the superposition of exposures can
become more complex if the pharmacokinetic behavior of each dose changes with
increasing concentrations. This complexity arises in drugs with saturable clearance, such as
phenytoin, where the pharmacokinetics does not remain consistent as concentrations
increase (44). For the remainder of this review, the simple additive superposition scenario

will be used.
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Consecutive multiple doses of a drug will lead to increasing concentrations in the
body until a plateau, known as steady state, is reached. At steady state, the amount of drug
administered with each dose is balanced by an equivalent amount of drug eliminated from
the body between doses, resulting in a constant rate of drug input and output (rate in = rate
out) (39). For the majority of drugs, reaching steady state typically takes about five half-
lives. The time required to attain steady state in a repeat-dose regimen is governed
exclusively by the half-life of the drug and the dosing interval, as accumulation and the
remaining fraction are influenced by specific pharmacokinetic equations. Although
changing the dose or dosing interval can influence the concentrations at steady state, it does
not affect the time needed to reach steady state. Some drugs have prolonged half-lives,
ranging from days to weeks or even longer. In such cases, waiting for five half-lives to
achieve the desired steady-state concentration may not be necessary. When time is critical,
as in the administration of antibiotics for critically ill patients, a loading dose can be used to

reach steady state more quickly (39).

For our hypothetical drug, Canadamycin the Cnax and Cmin values using equation 16

and 17, respectively, can be estimated taking into consideration the following calculations:

0
C — Cpl — 20
max — (1_pR) (1-0.257)

=26.92mg/L (equation 16)

0
Conin = (Cl"_l:) = Cpax R =26.92x0.257 = 6.92 mg/L (equation 17)

Dose =100 mg
Va=5L
t’2=4hr
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t=38 hr

Co =20 mg/L

kel =0.693 /4 =0.693/4h=0.17 h’!
R = e ket ==017x8 = () 257

Therefore, the plasma concentration will fluctuate between 26.92 mg/L and 6.92

mg/L during each dosing interval when steady state was reached.

2.3 Pharmacokinetics After Multiple Oral Dosing:

For oral dosing, the equations are more complex, but it is possible to model and
predict concentrations with repeated doses and to estimate plasma concentrations and
dosing regimens using superposition. The Cnax value corresponds to the concentration at
the peak time (tpeak) after reaching steady state. In the case of Cpin is estimated based on
the assumption that the plasma concentration has peaked and e™*®!is close to zero and that
the next dose is administered once the absorption phase is complete, which is described in

equation 18 and a simplified version in equation 19.

FxDose xky [ e kel” .
Crmin =3, % (ka—kop) [1_e-kezr] (equation 18)
Conin = A| ] (equation 19)

The relationship between loading dose and maintenance dose and thus drug
accumulation during multiple dose administration can be examined by analyzing the ratio
between the minimum concentration at steady state and the concentration one dosing

interval (t) after the first dose, as demonstrated in equation 20.
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Cmin __ 1 1

€ty 1-e k™ T (1-R)

(equation 20)

Equations have been developed which facilitate calculation of the plasma
concentration achieved following multiple oral administration. To start the plasma
concentration achieved following a single oral dose that does not have flip flop kinetics

(45) can be described by equation 21.

C. = FxDosexk, [e—kel‘l' _ e—ka‘l']

P 7V x(ka—ke) (equation 21)

An intriguing outcome of this equation is that the average plasma concentration
remains the same whether the dose is given as a single dose every dosing interval (t) or

divided into shorter dosing intervals. .

For multiple oral dosing we will use our hypothetical drug, Canadamycin, with an
oral dose of 300 mg every 12 hours, bioavailability (F) of 100%, volume of distribution of

30 liters and half-life of 6 hours.

Dose =300 mg

Va=30L

t/2 =06 hr

t=12 hr

kel =0.693 /t/2=0.693/6h=0.116 h'!

We will estimate the required dose (maintenance dose) to be administered every 12

hours to achieve an average plasma concentration of 15 mg/L using equations 22 and 23.
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__ FxDose
p— Vxkegxt

C (equation 22)

CpxVxkext _ 15x30x0.116 x 12

- . =624 mg (equation 23)

Dose =

The loading dose can be calculated using equation 24, with the use of the R value.

R = g ket — —0116x12 _ () 25

Maintenance Dose 624 — 832 mg (equation 24)

Loading Dose = =
1-R 1-0.25

To estimate the fluctuations in plasma concentration, the Cmin can be calculated

using equation 25.

_ FxDose[ e kel” ] _ 1x624[ 0.25
1

Conin == ] = [ 255 | — 6,93 mg/mL (equation 25)

—e”

Therefore, the plasma concentration would likely fluctuate between approximately
7 and 23 mg/L with an average concentration of around 15 mg/L. In this case, the average
concentration can be estimated using an approximation of C™** = [Cay + (Cay — Cmin)] or [23

=15+ (15-7)].

Alternatively, half the maintenance dose (312 mg) could be administered more

frequent (half the original tau) every 6 hours, as calculated using equation 25.

_ FxDose[ e kel” ] _ 1x312[ 0.5

Conin = 228 [E | = L32[ 23 | = 10.4mg/mL  (equation 25)

Thus, the plasma concentration would fluctuate between about 10.4 to 20 with an

average of 15 mg/L.

412



3. Breaking the Law of Superposition:

Law of Superposition applies when all disposition processes are linear or first order,
this include absorption, distribution, metabolism, and elimination (ADME) (23, 32, 34, 42,
43). Thus, concentrations after multiple doses can be calculated by adding together the
concentrations from each dose. The assumptions underlying the Law of Superposition are:
1. The dosing is in a range where the pharmacokinetics are linear and dose proportional.
2. The rate and extent of absorption and average clearance are the same for each dosing
interval.
3. Each dose acts independently of one another, and the sum of all these dosing events

provides the total concentration of the drug in circulation.

There are many situations, however, in which the superposition principle does not
apply. In these cases, the pharmacokinetics of the drug change after multiple dosing due to
various factors, including (changing pathophysiology in the patient, saturation of a drug
carrier system, enzyme induction, and enzyme inhibition) (43). Drugs that follow non-
linear pharmacokinetics generally do not have predictable plasma drug concentrations after
multiple doses using the superposition principle. When the Law of Superposition is broken
prediction of pharmacokinetics, efficacy and toxicity can become more complicated (23,
32, 34, 42, 43). As described above the underlying theorem is that AUC single dose will
equal AUC at steady state. However, the AUC after an oral dose can be affected not only
by absorption but also by protein binding and elimination (43). Therefore, the AUC at
steady state (AUCss) can either be higher or lower than the AUC after single dose
(AUC:single Dose)- Figure 5 demonstrates the linearity of pharmacokinetics and the validity of

superposition, as well as instances where non-linearity in pharmacokinetics causes the
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breakdown of the superposition principle. An overview of possible causes related to

various ADME processes, along with examples, is provided in Table 2.

Table 2. Primary potential causes for deviations from the Law of Superposition in various ADME

processes, with examples.

ADME Process Main related causes of non-linearity Examples
. . Gabapentin (46),
Carrier-mediated transport Metformin (47)
Absorption Gut metabolism Verapamil (48)
Saturable pre-systemic loss
First-pass metabolism Propranolol (49)
Saturable plasma protein binding Paclitaxel (50)
Distribution
Saturable tissue binding Imipramine (51)
Saturable metabolism Theophylline (52)
&  Metabolism ' ' .
'§ Enzyme induction Carbamazepine (53)
é Saturable renal excretion Saturable active secretion Zidovudine (54)
m
Excretion Saturable reabsorption Methotrexate (55)
Saturable biliary excretion Tetracycline (56)
Saturable metabolism |
Saturable excretion
~ Linear kinetics —~
%) : g
2 2
E E p , — ~ Saturable absorption
= T e Saturable distribution
Dose Dose
(a) (b)

Figure 5. Linearity of pharmacokinetics and the validity of the superposition principle, along with

scenarios where non-linearity in pharmacokinetics leads to the breakdown of this principle.
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3.1 Less than proportional increase in AUC (AUCss < AUCSingle Dose):

We first consider saturable processes such as absorption, distribution and
elimination. There are at least three processes that can affect drug absorption to saturate;
dissolution rate, GI transit time, and the ability or inability of drugs to cross intestinal
barriers (43). While most drugs are absorbed through passive diffusion, some utilize
specific transport processes in the small intestine. When passive diffusion plays a minor
role, a less than proportional increase in the area under the curve (AUC) may occur due to
saturation of the active transport process. Drug absorption can be described by a
combination of Michaelis-Menten kinetics and first-order kinetics (23, 32, 34, 42, 43). This
situation does not always hold. It remains that absorption of most drugs follow linear
kinetics, and pharmacokinetic parameters describing absorption of a drug do not change
over the therapeutic dose range. However, there are cases where transporters are involved
in absorption and when high doses are utilized (or in overdose situations) the linear range
may be exceeded (43). Sorafenib is an oral tyrosine kinase inhibitor that has been approved
for treating advanced renal cell carcinoma and hepatocellular carcinoma. It has been found
that the administration of sorafenib at doses exceeding 800 mg/day would result in a less
than proportional increase in the area under the curve (AUC) of sorafenib with respect to
repeated doses. This phenomenon was attributed to the saturation of the absorption of
sorafenib at higher doses. This study has systematically considered and excluded all
plausible contributing factors. It has also been demonstrated that partitioning of the daily
dose into three discrete administrations would ameliorate the absorption saturation and lead
to higher drug exposure at higher drug doses compared with once or twice daily doses at

which the absorption saturation was more notable (57).
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Since the concentration of a drug after oral dosing depends on both absorption and
elimination, the area under the curve (AUC) represents the combined outcome of these
processes. Elimination (clearance) influences this relationship, as a less than proportional
increase in AUC at steady state may result from both increased elimination and decreased
absorption. It is generally accepted that only the unbound drug can diffuse across
membranes, enabling distribution between the vascular and tissue compartments.
Accordingly, changes in drug-protein binding in plasma and tissues can impact the
distribution of drugs within the body (32, 34, 43). Drug distribution is often measured by
the volume of distribution, usually defined as the ratio of amount of drug in the body to its
plasma concentration. The most basic quantitative expression relating the volume Vd of

distribution to binding in plasma and tissue is provided by equation 26.

Va=V,+ZV, " (equation 26)

Where, Vq is the volume of distribution to plasma, V, is the plasma volume, V is
the tissue volume, and f, and f; are the fraction of unbound drug in the plasma and tissue,
respectively.

It is clear that the volume of distribution depends on plasma protein binding but
also on tissue binding. For drugs with low-clearance, protein binding significantly
influences drug elimination, and total body clearance is directly proportional to the
unbound fraction in plasma (23, 34, 39, 43). A drug can exhibit concentration-dependent
protein binding, with the unbound fraction changing (43). A less than proportional
increase in AUC due to saturation of protein binding sites in plasma, may result in an in-
crease in free fraction will resulting in enhanced clearance. The AUCss would be in-

creased less than proportionally and the bioavailability reduced; thus, AUCss would be
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less than AUCsSingle Dose. Assuming a drug binds to n discrete sites on a protein molecule,
with all sites having the same affinity for the drug and acting independently, the fraction

of unbound drug, fu, can be described by equation 27.

Kq+Dy

fu=

= de‘H)f (equation 27)

Where Kg is the dissociation constant at equilibrium, Dr and pt are concentrations of
unbound drug and total protein (bound and unbound), respectively, and n is number of
binding sites on the protein molecule. The binding of a drug to a protein is determined by
four factors: the drug concentration, protein concentration, the number of binding sites per
protein molecule, and the dissociation constant (43). Irrespective of the affinity, the
maximum possible binding capacity is the product of the molar concentration of protein
and the number of binding sites per protein molecule. Mathematically, it can be observed
that with multiple dosing, an elevated unbound fraction in plasma, fu, becomes apparent in
plasma. This results in an increased volume of distribution, lowered plasma
concentrations, and a less than proportional increase in AUC. Vismodegib (Erivedge™,
GDC-0449; Genentech, South San Francisco, CA, USA) is an approved drug in the United
States for the treatment of advanced basal cell carcinoma (BCC). An evaluation of
intravenous pharmacokinetic (PK) parameters following both single and multiple oral
dosing regimens showed increased clearance and volume of distribution, with values 81%
and 63% higher, respectively, following repeated dosing. Moreover, a significant
reduction in bioavailability (77% lower) was observed with multiple doses. Intriguingly,
continuous daily dosing of Vismodegib led to a 2.4-fold increase in the unbound fraction
compared to a single dose (58).
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In tissues, drugs can bind to non-specific binding proteins, enzymes, and receptors
(43). Enzymes and receptors are particularly important pharmacologically, as they
contribute to the therapeutic effect. However, distinguishing these from non-specific
binding sites is challenging because the binding capacities of enzymes and receptors are
often low and overshadowed by non-specific binding. Similar to plasma protein binding,
tissue protein binding can become saturated as drug concentrations increase over time,
resulting in changes in the volume of distribution. However, saturation of tissue binding

and of plasma protein binding can occur simultaneously (43).

The volume of distribution is directly related to plasma protein binding and
inversely related to tissue binding, so changes in one type of binding can counterbalance
the other. This complexity is further compounded by the fact that different tissues may not
become saturated to the same extent. Consequently, the volume of distribution of a drug
may not be significantly affected by changes in tissue binding, depending on the degree of
non-linear tissue binding. Thus, it is essential to evaluate the non-linearity of tissue
binding by examining the ratio of the drug concentration in a given tissue to that in
plasma. At equilibrium, the tissue/plasma concentration ratio should match the ratio of
unbound fraction in plasma to the unbound fraction in a non-eliminating tissue (43). In
eliminating tissues, it is more complex; the ratio may be influenced by blood flow to the
tissue and the eliminating process. Moreover, elimination could also be impacted by
changes in intrinsic clearance (CLint’). Enzyme autoinduction is a time-dependent
phenomenon where the elimination of a drug increases with multiple doses (43). Thus, an
AUCss less than AUCsingle Dose may be observed. One such example is the anticonvulsant

carbamazepine (CBZ), that is known to auto-induce its own metabolism. Throughout the
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course of multiple 200mg doses of CBZ, the daily trough CBZ levels consistently
declined, reaching their lowest point after two weeks. Notably, the observed CBZ
concentration was only 53.9% of what had been predicted under the assumption of no
autoinduction. Furthermore, the total CBZ clearance following multiple doses was higher
than after a single dose. Digging deeper into CBZ pharmacokinetics, considerable increase
in the AUCs of CBZ metabolites during multiple-dose administration were noted. These
changes were accompanied by increased urinary excretion of these metabolites compared

to CBZ, all due to the phenomenon of autoinduction (59).

Phenytoin serves as another illustrative case, akin to carbamazepine. Like
carbamazepine, phenytoin, an antiepileptic medication, also exhibits violation of the Law
of Superposition due to enzyme autoinduction. In the case of phenytoin, after the third
dose, the calculated AUC was found to be statistically significantly smaller than that
observed after the initial dose. This phenomenon was attributed to the ability of phenytoin
to induce its own metabolism. Consequently, this autoinduction led to an increased rate of

elimination, which in turn resulted in a reduction in AUC following multiple doses (60).

3.2 More than proportional increase in AUC (AUCss >AUCsSingie Dose) -

A pharmacokinetic situation in which an increase in AUC at steady state is greater
than after a single dose is also possible. In this case, lack of proportionality is more likely
due to a decrease in elimination than to an increase in absorption (43). However, in certain

instances, absorption can increase with higher doses due to specific mechanisms.

The more than proportional increase in AUC is likely due to non-linear

clearance. This disproportionate increase in the AUC is most likely attributable to
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decreased elimination clearance after multiple doses (32, 43). For drugs with a high
extraction in the liver, a significant first-pass effect occurs. If this first pass effect
diminishes with multiple dosing, it can lead to a disproportionate increase in AUC. This
increase is due to both a decrease in elimination and an increase in bioavailability, the latter
resulting from the saturation of hepatic metabolism during the initial passage of the drug
through the liver (43). The disproportionate increase in AUC with multiple oral doses can
be linked to enhanced bioavailability resulting from a reduced first-pass effect. The effects
of capacity-limited metabolism are more apparent under steady-state conditions than after a
single dose. This is exemplified by the relationship between the plasma phenytoin
concentration at steady state and the administered dose. At steady-state, plasma
concentration of phenytoin increases more than proportionally to the rate of input (29, 44).
Verapamil, a drug used to treat cardiovascular conditions, exhibits low oral bioavailability,
primarily due to extensive pre-systemic (first-pass) liver elimination. When the
pharmacokinetics of verapamil was assessed, it was observed that the AUC at the steady
state (1999 + 435 ng/mL < hr) exceeded that recorded after the initial dose (788 + 224
ng/mL ¢ hr). That increase in AUC was attributed to the saturation of the first-pass effect
that occurred with multiple dosing. As the first-pass effect became saturated, a greater
proportion of the drug managed to evade pre-systemic elimination. That, in turn, led to the

accumulation of verapamil and an increase in its AUC with multiple doses (61, 62).

Drugs are eliminated from the body through various processes, including
biotransformation and excretion. The efficiency with which the body eliminates a drug is
commonly expressed as total clearance, which is the sum of the individual clearances of

different organs, occurring simultaneously. CLint is the intrinsic clearance, a measure of
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the intracellular removal of drug, described by the Michaelis-Menten equation where V, is
the capacity of the enzyme or carrier systems, K, is the Michaelis constant and C, is the
unbound drug concentration (39). It is evident that the CLint remains constant when the
concentration is lower than K, with a limited value of V/K. However, non-linearity arises
when the drug concentration approaches the value of K. Since drug elimination typically
involves multiple processes, determining whether elimination is linear or non-linear
becomes increasingly complex as the number of these processes increases (43). Depending
on the relative contribution of saturable pathways to overall elimination, non-linearity may

not be easily discernible.

When saturation occurs, we will get accumulation of the drug greater at steady
state than predicted from a single dose (21, 42, 43). Drug elimination often exhibits zero-
order kinetics at high concentrations and first-order kinetics at low concentrations, a
phenomenon known as concentration-dependent kinetics. At multiple doses, which lead to
higher plasma concentrations, zero-order kinetics are observed. Conversely, at lower doses,
the kinetics are linear, or first-order. This pattern is particularly common with drugs that
are extensively metabolized (43). A typical characteristic of enzymatic reactions and active
transport is their limited capacity. The liver has a finite amount of enzymes, establishing a
maximum rate at which metabolism can occur. Additionally, the rate of metabolism can be
further constrained by the limited availability of co-substances or co-factors necessary for

the enzymatic process (43).

Most of our understanding of enzyme kinetics comes from in vitro studies, where
the concentrations of substrate, enzyme, and co-factor are meticulously controlled. In

vivo numerous factors are involved, making it difficult to isolate each one in detail.
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Nevertheless, the fundamental principles of enzyme kinetics are applicable to
pharmacokinetics. At single dose concentrations, where Km > Cp, Kim + C;, is approximately

equal to Km as described in equation 28.

OCp_V_m

5 — k. Cr (equation 28)

Where, the Vi/Kn is a first order elimination rate constant and the whole equation

now looks like that for first order elimination.

Therefore, at low plasma concentrations following a single dose, first-order kinetics
would be expected. This is a typical situation for most drugs, as the K, is usually larger
than the plasma concentrations achieved. However, a high concentration at multiple dosing
is achieved that is Cp, > Ky, then Ky + G, is approximately equal to C, leading to a zero-

order elimination process as described in equation 29.

a‘% = V"‘C—’;C" =V (equation 29)

At high steady state plasma concentrations, zero order or concentration independent
kinetics occurs. The presence of saturation kinetics can be significant when multiple doses
of certain drugs are given, or in cases of overdose. At steady state, the effective elimination
rate constant is reduced, leading to excessive drug accumulation if saturation kinetics is not

properly understood.

The renal excretion of drugs usually involves three processes: glomerular filtration,
renal tubular secretion, and reabsorption from the renal tubular lumen (43). Glomerular

filtration is a passive process that depends on the unbound concentration of drug in plasma.
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The relationship between renal clearance CLR and these processes is described in equation

30.

CLR =f ,xGFR+ CL (equation 30)

Where GFR, CL, and CLR are glomerular filtration rate, secretion clearance, and

reab-sorption clearance, respectively; and f, is the unbound fraction of drug in plasma.

When the CLR and GFR of a drug is much greater than one, it indicates that renal
tubular se-cretion of the drug is occurring (43). Conversely, when the ratio is much less
than one, it suggests reabsorption of the drug from the tubular lumen. Renal tubular
secretion is a specialized and saturable process, whereas tubular reabsorption can occur
through passive diffusion or active transport, while active reabsorption being also saturable
(43). In addition, there are processes whose rates are affected by pharmacological actions
of the drug itself. Elimination could also be affected through changes in intrinsic clearance
(CLint’). Enzyme inhibition can be a time-dependent phenomenon in which the elimination
clearance of a drug decreases following multiple doses and the decrease in clearance is
significant compared to a single dose (43). Thus, AUCss would be higher than AUCsingle
pose. Propranolol and itraconazole provide examples of how changes in intrinsic clearance
(CLint") can affect elimination. When administered in multiple doses, these drugs have
been found to inhibit their own metabolizing enzymes. That inhibition resulted in a
decrease in their hepatic clearance and led to an increase in their AUC at the steady state

(63, 64).
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3.3.  Other Factors Affecting Adherence to the Law of Superposition:

The reasons discussed in the previous two sections pertain to situations where the
Law of Superposition may not accurately characterize drug behavior due to drug-related
factors. However, in other instances, a variety of factors can play a role. Patient-related
causes that can lead to deviations from the Law of Superposition include non-compliance,
irregular dosing schedules, and inconsistent dosing amounts (19, 20, 65). If the patient
does not take the prescribed dosing amount or does not adhere to the dosing schedule, the
drug concentration time curve can exhibit an increase in fluctuation. Similarly, variations in
the dosage amount taken by the patient may result in varying drug levels in the body which
can impact the pharmacokinetic behavior of some drugs. Inconsistent dosing sizes may
result in varying drug levels in the body, which can lead to appearance of the Superposition
principle not being upheld. In all described cases, the variability in drug administration may
cause deviations from the expected linear pharmacokinetic behavior described by the Law

of Superposition.

When patients take medications, some drugs may interact with specific components
in the food they ingest or those released during the digestive process, leading to a reduction
in their anticipated absorption (66, 67). When patients deviate from prescribed dosage
instructions, these interactions can impact the expected pharmacokinetic behavior of drugs,
especially when multiple doses are involved. The impact of meals on drug absorption is
multifaceted. In particular, the concurrent administration of certain drugs with food has
been shown to enhance their absorption. This phenomenon is particularly relevant for drugs
that rely on surfactants to facilitate their absorption (66). Also, lipophilic drugs when taken

with a fatty meal can follow another absorption pathway, bypassing the traditional portal
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vein route and instead entering the systemic circulation via the lymphatic system, alongside

absorbed dietary fats (68, 69).

Drug-drug interactions stand as another influential factor that can disrupt the
adherence to the Law of Superposition for certain drugs. When certain drugs are co-
administered with others, several intricate interactions can come into play, ultimately
impacting their pharmacokinetic behavior. One common scenario involves competitive
interactions, where co-administered drugs may compete for the same transporters
responsible for drug absorption or elimination (70). This competitive struggle for
transporters can lead to deviations from the expected linear pharmacokinetics of the
involved drugs. Furthermore, drug interactions can also affect metabolizing enzymes (71).
Some drugs may induce or inhibit these enzymes, which play critical roles in processes like
pre-systemic first-pass metabolism and overall liver clearance (72, 73). These enzyme-
related changes can significantly influence the pharmacokinetic profile of drugs, causing it
to deviate from the anticipated linear behavior described by the Law of Superposition.
Another intricate effect arises from the interaction between co-administered drugs with
high plasma protein binding affinity (74, 75). When two drugs that both extensively bind to
plasma proteins are taken together, they can engage in what is known as protein binding
substitution. This process can influence the distribution and clearance of both drugs as they

essentially compete for available protein-binding sites.

4. Conclusion:

The pharmacokinetics and area under the concentration time curve of the majority
of drugs after administration of a single dose can be described by first-order or linear

processes and can be used to predict a similar steady state area under the concentration time

425



curve exposure and thus follow the Law of Superposition. However, there are a number of
scenarios and situations where drugs could display behaviors after multiple dosing that
leads to capacity-limited or saturation non-linear kinetics and the Law of Superposition is
overruled and not followed. As a consequence, when ADME processes are saturated, the
AUC at steady-state may result in substantial changes in plasma concentrations leading
possibly to changes in pharmacodynamics effect or a toxic effect. Thus, a sound
understanding of the principles and influence of dosing (single or multiple dosing) on
pharmacokinetics is important in the analysis of pharmacokinetic data by analysts in drug

development.
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Appendix 4

Revisiting the Biopharmaceutics Classification System (BCS) for More Representative

Bioequivalence Determination
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According to the Biopharmaceutics Classification System (BCS) developed by
Amidon et al, drugs are categorized into four classes based on their solubility and
permeability characteristics: Class I (high solubility and high permeability), Class II (low
solubility and high permeability), Class III (high solubility and low permeability) and Class
IV (low solubility and low permeability) (A4.1). According to this system, the key drug-
related parameters controlling oral absorption and thus bioavailability are the
solubility/dissolution of the drug in gastrointestinal (GI) fluid and the ability of the drug to
traverse the GI membrane. It is a rule of thumb that for the drug to be absorbed, it has to
dissolve first (A4.2); therefore poor aqueous solubility has been linked to limited oral
bioavailability. Additionally, challenges related to poor stability and membrane

permeability exacerbate the problem of poor bioavailability (A4.3).

As a result, several formulation strategies have been devised for class II drugs to
increase their dissolution rate or sustain solubilization, thereby enhancing their
bioavailability. These strategies encompass techniques such as nanosizing, complexation

and crystal engineering among others (A4.4, A4.5).

However, for a long time, the most effective solution to improve the bioavailability
of BCS class IV drugs has been to revisit the lead optimization phase of drug discovery.
This is because techniques used for BCS class II drugs generally have little impact on the
absorption of class IV drugs due to their limited membrane permeability. Yet, various
strategies have been developed to enhance the bioavailability of BCS class IV drugs. These
include lipid-based drug delivery systems (LBDD), polymeric nanoparticulate systems,
liquisolid technology, self-emulsifying solid dispersions, and P-gp efflux inhibition

strategies to name a few (A4.6, A4.7).
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LBDD represents a promising strategy due to its capacity to improve both
gastrointestinal solubilization and absorption. This is achieved through a pathway that
promotes selective intestinal lymphatic uptake via chylomicrons, as demonstrated in
Chapter 5 (Figures 5.1, 5.2 and 5.4). Moreover, this approach has been proposed to address
additional challenges associated with BCS class IV drug absorption, such as presystemic
drug metabolism related to gut cytochrome P-450 enzymes and the P-glycoprotein efflux
transporters (A4.6, A4.8). LBDD have also been employed to improve the bioavailability
of class II drugs as well, again taking advantage of the lymphatic pathway of absorption

and specifically though the chylomicrons pathway (A4.9, A4.10).

The BCS and its derived classification systems, such as the Biopharmaceutical
Drug Disposition and Classification System (BDDCS), Extended Clearance Classification
System (ECCS), and Extended Clearance Concept Classification System (ECCCS or
EC3S), have demonstrated practical utility in bioequivalence determination and early
prediction of clearance mechanisms. These systems, as detailed by Amidon et al. (A4.1),
Benet (A4.11), Kunze et al. (A4.12), and Varma et al. (A4.13), respectively, have been
instrumental during drug development in formulating approaches to enhance drug

bioavailability and reduce the likelihood of drug-drug interactions.

In Chapter 9, the developed lymph-focused dissolution test highlighted that standard
performance tests and compendia have traditionally focused on the portal absorption
pathway, neglecting the lymphatic pathway and thereby missing a potential absorption
pathway. The equations presented in Chapter 5, Section 5.1.2, demonstrated that a more
representative general bioavailability equation would incorporate the absorption constants

of both the portal and lymphatic pathways. It is now crucial to revisit the BCS and
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reconsider its parameters to include one that reflects the lymphatic absorption pathway,
particularly via chylomicrons. Introducing a subclass that reflects potential lymphatic
affinity would encompass all possible absorption pathways, thereby enhancing the
reliability of this classification in bioequivalence determination. Since lipid solubility is not
the sole factor influencing drug uptake through the lymphatic pathway, and the association

of drugs with chylomicrons is a reliable indicator of this process (A4.14, A4.15).

Using various molecular descriptors that have been correlated with in-vivo lymphatic
uptake can assist in subclassifying drugs based on their potential for lymphatic absorption
via the chylomicron pathway. The significance of these descriptors in influencing
lymphatic uptake follows this order: hydrogen bond acceptors (HBA) > polar surface area
(PSA) > solubility in long-chain triglycerides (SLCT) > logP > melting point (MP) > logD
> molar volume (MV) > density > pKa > molecular weight (MW) > freely rotatable bonds
(FRB) > hydrogen bond donors (HBD). While SLCT, logP, logD, MV, and MW positively
influence drug association with chylomicrons, other molecular descriptors tend to reduce
this association (A4.15). Also, establishing a standardized test to measure this parameter
would be a significant advancement. The developed in-vitro model (Chapters 7 wand 8)

serves as a starting point for this endeavor.
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