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Improving oral absorption of poorly absorbed drugs has always been a major focus in
drug delivery research. When poor intestinal epithelial permeability is associated with high
polarity or low water solubility, absorption promoters could be used to overcome epithelial
absorption barrier. Penetration enhancers have been studied for almost five decades to
improve oral drug absorption. Two important aspects of studies involving penetration
enhancers are evaluation of efficacy and safety. Many studies have established thé efficacy of
penetration enhancers in causing drug absorption enhancement. But, safety has always been a
concern with penetration enhancers. The possibility of increasing v‘absorption of toxic
substances especially the endogenous endotoxins due to the local action of penetration
enhancers has deterred the regulatory bodies from approving them for human use.

In this study, we have attempted to address this issue by evaluating kinetics of
mucosal recovery by measuring absorption of poorly absorbed markers and morphological
changes. We developed a pharmacokinetic tool to evaluate functional recovery of
gastrointestinal mucosa dynamically, after administration of a penetration enhancer. We

found that it is possible to achieve absorption enhancement with temporary and reversible
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alteration of mucosal barrier properties. The changes noted in absorption of marker
molecules as a result of treatment with a penetration enhancer and the subsequent recovery
were in accordance with morphological changes observed using microscopy techniques.
After treatment with a penetration enhancer for 14 days, no permanent changes in absorption
kinetics and morphology were observed. These results hopefully will help to improve the
design of future studies involving the use of penetration enhancers and in a better

understanding of their effects on the mucosal membrane.
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Chapterl: Introduction




I. The Gastrointestinal Tract- Overview

The oral route is the most common and convenient route for drug administration with
84% of thé top 50 drugs sold in the US and Europe in 2001 being orally administered [1]. In
order to design an effective oral drug delivery system, it is crucial to understand the
functional anatomy and physiology of the gastrointestinal tract (GIT). In the gastrointestinal
tract, the small intestine is the major site for digestion and absorption of nutrients, water and
electrolytes and drugs. It is divided along its length, into three portions: duodenum, jejunum
and ileum. In man, the entire length is approximately 6 meters, with the duodenum
comprising about 5%, the jejunum 45% and the ileum 50%. Most absorption occurs in the
duodenum and the proximal half of the jejunum. The absorption of water and electrolytes

also occurs in the lower part of the small intestine and the large intestine [2].

A. Structure of the digestive tract

The wall of the gastrointestinal tract is composed of four basic layers or tunics, the
mucosa, submucosa, muscularis externa and the serosa [3] (Figure 1-1).°

Tunica serosa is the outermost protective covering of the digestive tube. It consists of
a thin layer of loose connective tissue and houses vascular and nerve supplies to the digestive
tract. It also helps to protect the intestine from trauma.

Tunica muscularis consists of an inner layer of circularly aligned and an outer layer of
longitudinally oriented muscle fibers. It is the sequential contraction of these muscle layers
that is responsible for generating the peristaltic waves that propel the food along the GIT.

Tunica submucosa, immediately beneath the mucosa, is a layer of loose to dense
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connective tissue containing blood and lymphatic vessels. It contains fibroblasts, adipocytes,

macrophages, lymphocytes, basophils, neutrophils, eosinophils, monocytes, plasma and mast
cells, which play an important role in the barrier function of mucosa.

Tunica mucosa is the innermost layer of the digestive tube and lines the lumen. It
functions to secrete mucus, digestive enzymes and hormones, and absorb soluble digestion
products from the lumen into the blood stream. The mucosa is composed of three sublayers:
epithelium, lamina propria, and muscularis mucosae.

The epithelial cells cover the mucosa in a monolayer and are thus in direct contact
with the lumen. Beneath the epithelium is the lamina propria — a layer of loose connective
tissue through which course blood vessels and lymphatics that supply the epithelium.
Beneath the lamina propria is a thin layer of smooth muscle (muscularis mucosae), which
permits the mucosa to dynamically move and fold [4, 5].

The mucosa of the small intestine has various structural features. Since this is the site
of interest for drug absorption, it is crucial to understand its anatomical and functional

organization.

B. Structure of the small intestinal mucosa

The absorptive surface of the small intestine is greatly increased by its complex
folding as illustrated in Figure 1-2. In general, due to the presence of plicae circulares, villi
and microvilli, the total surface area of the small intestine in humans is approximately
200 m?, which represents an increase in surface area by 50,000-fold [6, 7].

The crypts of Lieberkiihn are located between the intestinal villi. Undifferentiated

cells close to the bottom of the crypts regenerate the epithelium with a turnover time of 4-5
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days. The surface layer of the intestinal mucosa is a continuous sheet of columnar epithelium,
which contains enterocytes, goblet cells and a few endocrine cells. Enterocytes are the most
common and are involved in drug and nutrient transport. These cells are polarized, i.e. they
have distinguishable apical and basolateral membranes separated by a tight junctional
complex. The tight junction constitutes a selective but variably efficient ionic barrier, sealing
the intercellular space from the outside environment.

The goblet cells are present throughout the intestinal surface. The mucin secreted by
the goblet cells form a gel coat exterior to the microvilli, often referred to as the glycocalyx.
It extends 200 um from the tips of the microvilli and is composed of complex glycoproteins.
The function of the mucin coat appears to be to protect the underlying mucosa from injury
and to lubricate, thereby aiding in passage of food.

The lamina propria contains the lymphocytes, eosinophils, mast cells, macrophages
and plasma cells associated with the lymphoid tissue. Lymphocytes form 20% of the total
cell population of the intestinal mucosa and are associated with defense mechanisms of the

gastrointestinal barrier [2, 8].
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II. The Absorption Barrier in the Gastrointestinal Tract

A. Anatomy and physiology of the absorption barrier

The gastrointestinal mucosa forms a barrier between the body and the luminal
environment [9]. The gastrointestinal barrier is often discussed as having two components
(Figure 1-3):

The intrinsic barrier, which is composed of the epithelial cells lining the digestive tube
and the tight junctions that tie them together
The extrinsic barrier consists of secretions and other influences that are not physically

part of the epithelium, but which affect the epithelial cells and maintain their barrier function

The Intrinsic Gastrointestinal Barrier

The mucosal lining of the gastrointestinal tract is composed of a relatively rapidly
proliferating and continually renewing sheet of epithelial cells that serve a variety of
specialized physiological functions including selective absorption of nutrients, immune
surveillance and the formation of a permeability barrier between the lllminal environment
and the body interior. The epithelial cells are derived from a population of rapidly
proliferating stem cells located in the crypts. Over the course of a 4- to 6-day lifespan,
undifferentiated crypt cells migrate out of the proliferative crypt zone along the so-called
crypt-villus axis, where they mature and acquire phenotypic characteristics before
undergoing apoptotic cell death and extrusion at the villus tip [10-16]. The epithelial cells in
the stomach and intestines are circumferentially tied to one another by tight junctions, which

seal the paracellular spaces and thereby establish the basic gastrointestinal barrier.
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Throughout the digestive tube, maintenance of an intact epithelium is thus critical to the
integrity of the barrier.

As discussed later in this chapter, a foreign molecule can pass from the gut lumen into
the systemic circulation, by crossing the mucosal epithelial lining either across the epithelial
cells (transcellular route) or around the epithelial cells (paracellular route). Since the
materials of concern i.e: toxins and allergens are water-soluble macromolecules, they are
most likely to take the paracellular route for passive diffusion. The paracellular route is
normally guarded by the tight junctions [17-22]. Microscopically they appear as a series of
discrete membrane contacts of adjacent cells which consist of a cluster of protein species
such as zonula occludens 1, 2 and 3, cingulin, 7H6 and transmembrane proteins such as
occludin and claudin (Figure 1-4). Occludins and claudins are the major sealing proteins.
Tightness of the tight junctions is physiologically controlled by their degree of
phosphorylation. In the small intestine of humans the width of the paracellular pathway at the
tight junctions is estimated to be 4-8 A°, sealing the gap effectively for molecules larger than
500 D [23]. When injured, they can be repaired within 30 minutes in vitro [24].

Another important cell type that forms the intrinsic barrier is; T-cells. T-cells are
located in the loose connective tissue of the lamina propria (lamina propria lymphocytes) and
are interspersed among the epithelial layer (intraepithelial lymphocytes). The surveillance
system formed by the T-cells along with M-cells of Payer’s patches is responsible for

recognition and eradication of pathogens and antigens [25, 26].
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The Extrinsic Gastrointestinal Barrier

Mucus and Bicarbonate

Thé entire gastrointestinal epithelium is coated with mucus, which is synthesized by
goblet cells that form part of the epithelium. The 200 um mucus layer is the primary barrier
limiting the passage of hydrophobic substances [27]. Mucus serves an important role in
mitigating shear stresses on the epithelium. A thick layer of mucus on the gastric epithelium
protects them by retarding back-diffusion of protons [28, 29]. It also serves as a physical trap

for bacteria, preventing them from reaching the epithelial surface [30, 31].

Hormones and Cytokines

Normal proliferation of gastric and intestinal epithelial cells, as well as proliferation
in response to injuries such as ulceration and resection, is known to be affected by a large
number of endocrine and paracrine factors. Prostaglandins, particularly prostaglandin E2 and

prostacyclin, have been known to have "cytoprotective" effects on the gastrointestinal

epithelium [32, 33]. Their cytoprotective effect appears to result from‘a complex ability to
stimulate mucus and bicarbonate secretion, to increase mucosal blood how and, particularly
in the stomach, to limit back diffusion of acid into the epithelium.

Two peptides that have received attention for their potential role in barrier
maintenance are epidermal growth factor (EGF) and transforming growth factor-alpha (TGF-
alpha) [34-37]. EGF is secreted in saliva and from duodenal glands, while TGF-alpha is
produced by gastric epithelial cells. Both peptides bind to a common receptor and stimulate
epithelial cell proliferation. In the stomach, they also enhance mucus secretion. Other

cytokines such as fibroblast growth factor and hepatocyte growth factor have been shown to
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enhance healing of gastrointestinal injuries in rats and mice [38, 39].

Trefoil proteins are a family of small peptides that are secreted abundantly by goblet
cells in the gastric and intestinal mucosa, and coat the apical face of the epithelial cells. A
number of studies have demonstrated that trefoil peptides play an important role in mucosal
integrity and repair of lesions. They cause redistribution of E-cadherin in the cytosol, a
process that must take place before restitution [30, 40, 41, 42]. Mice with targeted deletions
in trefoil genes showed exaggerated responses to radiation and chemical injury and delayed

mucosal healing [43].

Antibiotic Peptides and Antibodies

An important part of barrier function is to prevent transit of bacteria from the lumen
through the epithelium. Paneth cells are epithelial granulocytes located in small intestinal
crypts. When exposed to bacteria, bacterial antigens and endotoxins, they synthesize and
secrete several antimicrobial peptides, chief among them are isoforms of alpha-defensins
known also as cryptidins ("crypt defensin") and type II phospholipase A,. These peptides
have antimicrobial activity against number of potential pathogens, including several genera
of bacteria, some yeasts and Giardia trophozoites. Their mechanism of action is similar to
neutrophilic alpha-defensins, which permeabilize target cell membranes causing eventual
death [44, 45].

In addition to non-specific antimicrobial molecules, barrier function is supported by
the gastrointestinal immune system. One facet of this defense system is that much of the
epithelium is bathed in secretory immunoglobulin A. This class of antibody is secreted from

subepithelial plasma cells and transcytosed across the epithelium into the lumen. Luminal
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IgA and IgM provide an antigenic barrier by binding bacteria and other antigens. This barrier
function is specific for particular antigens and requires previous exposure for development of

the response [46, 47].

B. Disruption of the barrier function

Despite its robust and multi-faceted nature, the gastrointestinal barrier can be
breached. Breaks in epithelial continuity are daily events caused by mechanical strain due to
intestinal motility and physiologic digestive trauma, pathological conditions as well as

chemical factors associated with food and drugs.

Infectious and inflammatory conditions

Diverse insults to the intestinal mucosa, including infectious processes, ischemia and
damaging chemicals, promote infiltration of neutrophils [48]. This common endpoint results
because many types of injuries lead to local production of neutrophil chemoattractants such
as leukotrienes, interleukins and activated complement components. In response to
chemoattractants, neutrophils migrate out of capillaries, infiltrate the Subepithelial mucosa
and often transmigrate through the gastric or intestinal epithelium. In crossing the epithelium,
neutrophils must break junctional complexes between epithelial cells. This "impalement"
through tight junctions necessarily causes a transient increase in permeability. When the
insult is minor, the junctions reseal quickly, but transmigration of large numbers of
neutrophils induces significant damage to the barrier function [49].

In inflammatory bowel disease (IBD), cell death can directly compromise barrier

function of the intestinal epithelium [50, 51]. Alcoholic cirrhosis is another inflammatory
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condition in which barrier integrity has been implicated as a disease mechanism [52]. It was
suggested that exposure to ethanol causes iNOS activation, nitric oxide overproduction,
nitration and oxidation of tubulin, decreased levels of stable polymerized tubulin and

increased levels of disassembled tubulin which leads to disruption of the tight junctions.

Effects of Stress

Stress comes in a myriad of forms and is an integral part of all illness and trauma. The
stress response involves modulation of various hormones and cytokines, as well as
significant effects on neurotransmission. The foremost effect of stress on the gastrointestinal
tract is decreased mucosal blood flow and thereby compromised integrity of the mucosal
barrier [53, 54]. Among other things, reduced mucosal blood flow suppresses production of
mucus and limits the ability to prevent back diffusion of protons. As a consequence,
significant stress is almost always associated with mucosal erosions, particularly in the

stomach.

Wear and tear of the gut by food and drugs

Wear and tear in the gastrointestinal tract by normal food ma‘;erials and drugs is a
common phenomenon. Myers et al showed that red and black pepper caused mucosal
inflammation in the stomach of healthy human volunteers [55]. Paprika and cayenne pepper
were found to significantly decrease TEER in a human intestinal epithelial cell line, HCT-8
and increase permeability of 10, 20 and 40-kDa dextrans [56]. Raw garlic powder is known
to cause ulcer-like erosions in the gastric mucosa. In a study by Hoshino et al, boiled garlic

powder was shown to cause reddening/inflammation of the stomach in dogs. In the same

study, the authors further showed effects of an enteric-coated dietary supplement
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formulation, which contained garlic powder. 3 hours after administration of the formulation,
the small intestine of the dog was isolated and observed under a scanning electron
microscope. The micrographs showed ruptured villi, indicating loss of epithelial cells [57].
Similar effects were shown by Amagase et al in rats. Garlic extract as well as commercially
available formulations containing garlic powder caused loss of epithelial cells in the ileum of
rats [58]. Kvietys et al studied effect of hydrolytic products of food digestion on jejunal
mucosa in rats. Upon ingestion of fatty food, it is broken down into mono- and di-glycerides

and fatty acids. These hydrolytic food products are subsequently solubilized in the mixed

micelles of bile salts and acids. When the rat jejunum was perfused with emulsified lipids i.e.
20 mM sodium taurocholate and 10-40 mM oleic acid, concentrations being similar to those
in the postprandial chyme, it was found to cause exfoliation at the villus tip. Restitution
occurred within 50 minutes after perfusion with saline at 1 ml/min rate [59]. Bird et al found
that when mice were given a gavage of 0.1 to 0.4 ml beef tallow or corn oil, the damaging
effect of the orally administered fat boluses could be visualized under a light microscope 2-4
hours after administration of fat boluses [60]. The epithelium appeared normal only after 12
hours. :

Alcohol is a popular beverage. When 4.8 0z of 20% ethanol was administered to
healthy human volunteers, ruptured duodenal and jejunal villi were observed with fractures
extending through both the epithelium and the lamina propria within 15 minutes [68]. The
percentage of damaged villi as observed under a light microscope, returned to the control
value in about 2 hours. In yet another study, 25 ml of 50% ethanol caused extensive apical

rupture with shedding of epithelium and release of mucus in the stomach in healthy human

volunteers [69]. After the extensive damage observed, restitution appeared to occur by lateral
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movement of basal processes of the epithelial cells in 15 minutes. After 30 minutes, there
was evidence of extensive repair.

Certain drugs are also used commonly on a recurring basis and have demonstrated
reversible damage in the gastrointestinal mucosa, examples include NSAIDs [172, 173] and
common laxatives. Ricinoleic acid is a component of the cathartic castor oil. Bretagne et al
tested three laxatives, ricinoleic acid, dioctyl sodium sulfosuccinate and magnesium sulfate
on seven healthy human subjects [61]. All the three laxatives were found to induce water and
electrolyte secretion, a rise in intraluminal DNA and enzyme activity, indicative of mucosal
damage. Similar studies have been reported by Moriarty et al [62] and Saunders et al [63]
using human and rat models respectively. Chenodeoxycholic acid, a demonstrated
penetration enhancer [64-66], has been used therapeutically since the early 1970’s for
dissolution of gallstones prescribed in doses up to 20 mg/kg for up to 2 years [67].

In summary, it has been shown in several studies that normal food materials as well
as certain drugs cause damage to the gastrointestinal mucosa; and damage and subsequent
recovery are normal processes that take place regularly in the gastrointestinal tract. Due to
the occasional breaks in the gastrointestinal barrier, endotoxins and baéz[eria translocate from

the gut into the blood [165]. As a result, the portal vein blood generally shows a higher level

of endotoxins as compared to the systemic circulation. The toxins in the portal vein are

cleared by the reticuloendothelial system in the liver in normal humans [166-169].
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C. Restitution and healing after injury

The critical first task following disruption of the gastrointestinal epithelium is to
cover the denuded area and rapidly re-establish the intrinsic barrier. This is accomplished by
a process called restitution, in which, epithelial cells adjacent to the defect flatten and migrate
over the exposed basement membrane. Restitution provides a rapid mechanism for covering
a defect in the barrier and does not involve proliferation of epithelial cells [71-74]. Numerous
factors are involved in this process, which are summarized in Figure 1-5.

Restitution in vivo has been reported to begin as quickly as 15 minutes after injury [70].
The time reported for completion of this process depends upon the type of model used in the
study and the concentration of the chemical used to inflict wounds. For example, when the
rabbit jejunum was treated with 0.5mM chenodeoxycholate for 25 minutes in an in vitro
system, mucosal permeability to lactulose returned to the normal value after 40 minutes [65].
Similarly, when the guinea pig ileum was exposed to 0.06% Triton-X 100 (0.75 mM) for 5
minutes in an in vitro model, it took one hour for the tissue to seal the defect, when observed
under a light microscope [170]. Whereas in an in situ perfusion quel, when the small
intestine of rat was perfused with 20 mM deoxycholate for 30 minutes, it took one hour to
cover the denuded villus tips with epithelium, when observed under a light microscope [70].
In all the three studies listed above, even though recovery time was about 1 hour, it should be

noted that the concentration of surfactant used in the in situ perfusion study was much higher

compared to those used for the in vitro models.
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Morphologic characteristics of epithelial repair

It was recognized by Hudspeth in 1975 that physical removal of a single cell from an
epithelium was followed by a rapid self-sealing response whereby neighboring cells
reestablished cell-cell contact [24]. This process, which was later termed as “restitution”
occurs by migration of still viable remaining epithelial cells from areas adjacent to the
injured surface to cover the denuded area (Figure 1-5).

Under normal conditions, intestinal epithelial cells are polarized. The apical
membrane and the basolateral membrane are delineated by the intercellular junctional
complexes, which exist between adjacent cells. During restitution, cells bordering the zone of
injury flatten and take on squamoid appearance and then begin to spread by extending
pseudopod-like structures called lammelipodia. They lose apical-basolateral polarity and
undergo brush border and junctional disassembly and become polarized along a leading-
trailing edge axis forming a contractile purse-string of actomyosin cables connected via
intercellular adherens junctions. This actin-myosin purse-string serves to draw the flattened
migratory epithelial cells forward over their underlying basal lamina [71-74]. Junctional
complexes between epithelial cells reform upon cell-cell contact. In sevérely damaged villi,
restitution is further facilitated by villus contraction mediated by neurally regulated
myofibroblasts within the injury zone. This process effectively reduces the surface area to be
repaired [70, 75]. Following reestablishment of cell-cell contacts, junctional complexes (tight
junction and adherens junction) between epithelial cells reform, a process critical to the

restoration of epithelial barrier function [76].
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Regulation of epithelial restitution by peptide factors

Numerous cytokines and growth factors are involved in epithelial mucosal repair [30,
42, 77, 78]. These mediators are present both in the lumen (as a result of secretion of these
factors from the epithelial cells) and in the submucosal location (secreted by mucosal and
submucosal cells) (Figure 1-5). Myofibroblasts immediately beneath the defective epithelial
cells secrete hepatocyte growth factor (HGF) and keratinocyte growth factor (KGF). Immune
and inflammatory cells in the submucosa also produce growth factors and cytokines that
affect epithelial repair in a similar way. For instance, macrophages and mononuclear cells
secrete proinflammatory cytokines interleukin (IL) 1 and 2 as well as tumor necrosis factor
(TNF) and transforming growth factors (TGF). Platelets release several growth modulating
factors such as vascular endothelial growth factor (VGEF), epidermal growth factor (EGF),
TGF-B, platelet-derived growth factor, HGF and insulin-like growth factor, in regions of
tissue injury [79]. These growth factors interact with basolateral membrane receptors on
epithelial cells and stimulate both cell migration and cell proliferation. The precise details of
the mechanism remain to be elucidated. HGF is also shown to promote epithelial junction
disassembly and epithelial migration. ‘

In addition to the action of growth factors, other regulatory peptides are also
involved. Intestinal trefoil factor (ITF) is found primarily in the small and large intestine and
is secreted by goblet cells. ITF largely remains in the lumen of the intestine, maintaining
contact with the apical epithelium via interaction with mucus [30, 80]. In response to injury,

local concentrations are elevated by regulated secretion and release from injured goblet cells.

ITF causes loss of the adherens junction protein E-cadherin from the membrane and its

redistribution into the cytosol, a process that must precede restitution [81].
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Interaction of epithelial cells with extracellular matrix during repair

An intact basement membrane is required for cell migration during restitution. A
dynamic interaction between migrating epithelial cells and the basement membrane is
equally important [82]. The major components of the basement membrane are collagen type I
and IV, laminin and fibronectin. The production of these components by epithelial cells and
underlying mesenchymal cells is regulated by growth factors and cytokines. Integrins are the
epithelial cell receptors that mediate cell-basement membrane interactions and their
regulation is critical in mucosal repair. They also play an important role in formation and
degradation of the basement membrane. The population of these receptors is dynamically

controlled by growth factors [42].

Intracellular mechanisms of epithelial repair

The increased interaction of integrins with the basement membrane initiates signaling
events, which affect actin-myosin based cytoskeletal architecture. The actin-myosin
cytoskeletal motor activity is mediated by conventional type II myosin, which is composed of
two heavy chains, two essentially light chains, and two regulatory liglrit chains. Regulated
cyclic phosphorylation of myosin light chain by myosin light chain kinase is required for
migration and for extension of lammelipodia. Actomyosin filaments at the leading edge of
migration undergo a dynamic and tightly regulated process of sequential assembly and
disassembly, a phenomenon known as ‘treadmilling’, which propels the cell forward.
Calcium (Ca®") is required for cell migration because of its effect on myosin light chain
phosphorylation. It is also required for remodeling of the actin cytoskeleton. Villin, an actin

cross-linking protein that is a key structural component of enterocyte microvilli, has been
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shown to serve as an actin-severing protein under the high intracellular Ca** conditions
associated with cell injury. This actin-severing function is critical for apical membrane

remodeling and plasma membrane plasticity required for cell migration [83].

Nonpeptide factors in the regulation of mucosal repair

Polyamines, butyrate and other short-chain fatty acids are known to influence
epithelial repair. Polyamines such as spermidine and spermine regulate cellular myosin II
level as well as its association with actin stress fibers. The mechanism of action of butyrate
and short-chain fatty acids is poorly understood [84, 85].

The factors that regulate the process of restitution are not fully catalogued and their

interrelationships are yet to be elucidated [42, 86, 87].
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Figure 1-3: Gastrointestinal barriers-Intrinsic and Extrinsic (Reproduced from reference 3)
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III. Absorption in the Gastrointestinal Tract

A. Absorption pathways

The major barrier to the movement of solutes from the gut lumen into the blood is the
mucosal epithelial layer. A drug or a nutrient molecule can cross this barrier passively
(transcellular or paracellular) or via transporters (active or facilitated). Alternatively,
substances can be internalized by endo/transcytosis. As shown in figure 1-6, a solute can take
any of these transport mechanisms, depending upon its physicochemical characteristics,
which have been described extensively in literature [88, 89].

In order for drugs to be absorbed by endogenous transport mechanisms, they need to
mimic chemical structures of nutrients that utilize these transporters. The uptake mechanism
by phagocytosis is limited to particulate matter and macromolecules. Due to these
limitations, the most common absorption pathway for drugs is passive diffusion. Passive
diffusion refers to movement of a solute along its concentration and electrical gradient.
Depending upon the physicochemical properties of a drug, it can take either the transcellular
route, which crosses both the lipid bilayer regions and the membrane b;)und protein regions
or the paracellular route, which extends through the water-filled tight junction cha;nnels.

Transcellular absorption requires certain characteristics like aqueous and lipid
solubility, which can be described by its octanol/water partition coefficient (P). An optimum
log P value for a drug is considered to be between 1 and 3. At low P values, drug cannot
penetrate the lipid membrane and at high log P values, diffusion through the unstirred water

layer of the membrane becomes the rate-limiting step in the absorption process. The water-

filled channels at the tight junction offer a diffusion pathway for water-soluble molecules.
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The rate-limiting factor for this paracellular absorption pathway is the size, which is 4-8 A’
in the small intestine, allowing relatively free passage of molecules of molecular weight less
than 500 D. Another rate-limiting factor is the limited surface area of this route itself, which

is less than 5% of the total surface area of the small intestine.

B. Factors affecting absorption (physicochemical factors for drugs and

physiological factors of the GIT)

Oral absorption of drugs is limited by many factors. Physicochemical factors of drugs
associated with poor membrane permeability are low partition coefficient, extensive H-
bonding with water or high polar surface area, low aqueous solubility and high molecular
weight [90]. For some drugs, permeation through the intestinal epithelium is hindered by
metabolism by brush border enzymes (Cyt P450) and efflux by P-glycoprotein (P-gp).
Physiologic parameters include regional pH, mucosal surface area, metabolism and gastric

and intestinal permeability [91, 92].

C. Improvement of drug absorption

Oral absorption of drugs can be improved by modifying the properties of drugs or by
incorporating drugs into suitable vehicles or by modifying the absorption properties of the

membrane itself.

Drug Modification

The physicochemical properties like solubility, stability, and partition coefficient of a

drug can be modified by preparing a suitable analog or prodrug [93, 94]. Prodrugs and
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analogs have also been prepared to target specific absorptive transporters like PepT1 (peptide

transporter), cobalamine, folate, transferrin and biotin transporters, by incorporating substrate
structure features into the molecule for optimum molecular recognition by transportérs [95].
This approach is not always feasible. An analog or a prodrug becomes a new drug entity, and
safety and efficacy of these molecules need to be established. Since specific transporters are
few in number and their transport capacity is limited, targeting these transporters with a

prodrug approach is not always practical.

Formulation Modification

Incorporating drugs of interest in a formulation vehicle is the most commonly used
method. Polymeric nanoparticles/microspheres have been prepared for enhanced uptake of
proteins mainly through M-cells of payer’s patches. The particles protect proteins in the
harsh intestinal environment and their surface properties (mainly hydrophobicity) can be
controlled through polymer chemistry for increased uptake in the gut. Absorption can also be
improved by using lipid based drug delivery systems. Formulation modification is the most
desirable approach, since it does not involve synthesis of new drug entities. There are a few
disadvantages of this approach. Dispersion of the particulate delivery system throughout the
gut may prevent particles from accumulating in sufficient amounts onto the absorbing
surfaces thus failing to trigger the membrane capping for phagocytosis. Low drug loading
capacity of nanoparticles, low transcytosis/phagocytosis efficiency of M-cells, entrapment of
nanoparticles in the mucus are additional disadvantages of the delivery system [96, 97].

Physical instability of liposomal/lipid delivery systems in the intestinal lumen and variability

in drug absorption profile from these vehicles may also pose problems [98, 99].
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Membrane Modification

As'an alternative to modifying the drug or its formulation to increase absorption, the
barrier function of the intestinal epithelium itself can be altered by using penetration
enhancers. Penetration enhancers facilitate movement of administered substances across
biological barriers. They may act by one or more of the following mechanisms that have
been described at length in various reviews [100-107]. These mechanisms are: 1) improve
solubility of drugs through their surface-active action, e.g. surfactants including bile salts and
salts of fatty acids; 2) improve diffusivity of the drug through the mucus layer by the
mucolytic action, e.g. bile salts; 3) inhibit drug uptake by efflux pumps in the apical intestinal
epithelium e.g. glycerides and pluronics, and finally; 4) improve permeability of drugs
through the gastrointestinal epithelium, which is achieved through their action on the plasma
membrane of the epithelial cells and the tight junctions. The fourth mechanism of action is
essentially membrane modification, the details of which are described below.

Transcellular absorption of drugs is enhanced by extraction of membrane components
and/or increasing membrane fluidity. Traditionally, nonionic (Brij, Tweens) and anionic
(Sodium dodecyl sulfate) surfactants as well as bile salts such as deoxycholate,
taurodihydréfusidate and taurodeoxycholate were studied to enhance absorption of drugs.
These classical penetration enhancers mainly act by initial insertion into the membrane and
subsequent solubilization and extraction of membrane components like phospholipids,
cholesterol and proteins, thereby disrupting the lipid bilayer [105, 108-111]. o and B-

cyclodextriﬁs have been shown to selectively extract phospholipids and cholesterol

respectively, thereby increasing transcellular drug absorption [109, 112]. Fatty acids and their
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derivatives act primarily by increasing membrane fluidity [113, 114]. These molecules insert

themselves inside the phospholipid bilayer and disrupt lipid packing. Medium-chain

glycerides act by a similar mechanism. In addition to the effect on the phospholipid bilayer,
fatty acid derivatives also interact with membrane proteins and cause perturbation of the
membrane [115]. The most commonly used fatty acid for this purpose is oleic acid.
Increasing membrane fluidity can improve absorption of small molecules by improving their
diffusion across the lipid bilayer due to reduced viscosity of the membrane. In general, since
the transcellular route accounts for more than 95% of the total surface area in the small
intestine, it becomes an important route for drug delivery considerations.

Paracellular junctions are water-filled channels and the main route of permeation for
highly water-soluble compounds. Paracellular enhancers have been studied in order to
improve permeation of hydrophilic macromolecules like proteins and peptides. Paracellular
absorption enhancers act by disruption of the tight junctions, which restrict passage of
molecules under normal conditions. Ca*? ion chelators like EDTA, EGTA and citrate open

b tight junctions by sequestering Ca™ ions in the extracellular fluid that leads to disruption of
actin filaments and adherens junctions [116, 117]. Sodium salts of fétty acids affect the
integrity of the tight junctions through their Ca* chelating action. Tomita et al showed that
sodium caprate and sodium laurate at 0.25% concentration, increased the pore size in the rat
colon from 8 A’ to 14 A°, whereas sodium taurocholate, sodium caprylate and EDTA
increased it to 11-12 A° at the same concentration [118]. Recently, a lot of research has been
focused on use of chitosans as absorption enhancers. The mechanism of action of these

polymers is not clear yet. But it was proposed that absorption-enhancing effects of chitosans

on epithelial cells are mediated through their positive charges. The interaction of chitosans
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with the cell membrane results in a structural reorganization of tight junction-associated

proteins ZO-1 and F-actin, which is followed by enhanced transport through the paracellular
pathway [119, 120].
Penetration enhancers increase permeability for a wide variety of drugs

nonselectively. They are considered grossly damaging and are not approved for clinical use.
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Figure 1-6: Pathways of absorption A. Passive transcellular B. Passive paracellular

C. Carrier-mediated D. Endo/phagocytosis (Reproduced from reference 164)
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IV. Models and Methods Used in Penetration Enhancer Studies

A. Models'

Two important aspects of studies involving penetration enhancers are testing their
efficacy (enhancement in absorption) and assessing safety (measurement of damage and
recovery). There are three kinds of models used to study different aspects of oral drug

absorption. These are in vitro, in situ and in vivo models.

1. In vitro models

There are numerous in vitro models available to study drug absorption. Everted
intestine preparations, mucosal sheets and cultured cells are the most éommon in this
category [121]. The everted intestinal methods are simple and rapid but have several
shortcomings. Electron microscopy has shown that the integrity of the isolated intestinal
tissue is maintained for only short periods of time (5 minutes) [122, 123]. After one hour,
there was total disruption of the epithelial tissue. The binding of drug to muscularis and

serosal tissues can also alter the diffusion process.

-

The latter disadvantage of everted intestinal model can be eliminated in the mucosal
sheet model, if the mucosal sheets are stripped to remove the serosa and the muscle layers
[124, 125]. If the mucosal sheets are mounted on the Ussing type diffusion chambers,
measurement of the electrical parameters of the membrane is possible to indicate viability of
the tissue, during the course of the experiment. Care should be taken in clamping the tissue
into the chamber. Edge damage can occur during the procedure, which will lead to false

experimental results [126, 127].

Recently, immortalized tumor cell lines like, Caco-2 and HT-29 have been used to
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study drug transport. Caco-2 cells mimic the intestinal absorptive cells in many transport and
metabolism properties. HT-29 cells can be induced to form mucin-producing goblet cells and
therefore offer a cell culture model for the study of the effect of mucin on drug transport
[128, 129]. Cell culture models are easy to work with, once culture conditions have been
established. It is easier to manipulate transport media conditions like pH, ion concentrations,
metabolic inhibitors and experimental conditions like temperature, unstirred water layer. This
allows the mechanisms of transport and metabolism to be more easily probed [127, 130,
131]. Also, relatively clean samples, compared to tissue and blood, can be prepared for
analysis. A very important advantage of cell lines is that they allow the isolation of specific
cell types e.g. enterocytes, crypt cells and goblet cells. This permits delineation of the
importance of different cell populations in the absorption and metabolism of drugs.

In vitro models especially cell culture models are useful in understanding the
mechanism of action of penetration enhancers. The obvious disadvantage of these models is
slow recovery due to lack of blood supply, especially in case of cell cultures, which lack the

basal lamina and other underlying structures.

2. In situ models

A significant advantage of the in situ technique is that even though the animal is
anesthetized, the mesenteric blood flow and the basal lamina are intact [89, 132, 133]. A
major disadvantage of this technique is that results of both absorption enhancement and
damage/recovery depend upon hydrodynamics in the lumen i.e. perfusion rate of luminal

fluid in the open loop method, and variable absorption and secretion of water in the closed

loop method which affect the effective concentration of the drug and penetration enhancers
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in the lumen [134, 135]. It is still an excellent approach to study the factors that are of

importance to drug absorption.

3. In vivo models

Use of intact and conscious animals is important in every stage of drug development,
before testing in humans. From in vivo studies, absolute bioavailability from different drug
formulations can be determined after oral and intravenous dosing, formulation factors can be
optimized to achieve the desired pharmacokinetic profile and pharmacological effects. The
effects of several physiological factors, such as pH, presence of food on drug absorption can
be assessed. For the penetration enhancer approach, a more realistic estimate of absorption
enhancement, damage and recovery could be obtained in intact animals. However, while
choosing an animal model, interspecies differences and limitations should be kept in mind.
Small animals such as mice, rats and guinea pigs cannot be used to test solid dosage forms.
Larger animals such as dogs, pigs and monkeys permit studies on intact solid dosage forms.
Monkeys are closest to humans in terms of evolutionary development and therefore might be
expected to respond to treatments as humans would. But lack of avaiillbility, high cost of
maintenance and specialized handling and housing procedures preclude their use as animal
models [136]. Among other models, pigs are closest in anatomy and physiology of the
digestive of tract to humans. Again, the size, cost and difficulty in handling limit their use as

an animal model [137, 138]. The most commonly used laboratory animal in testing dosage
forms is dog. Dogs have a short GI transit time of 6-8 hours as opposed to 24-72 hours in

humans [139]. The short transit time may cause a problem in testing penetration enhancers,

especially if incorporated in solid dosage forms, since their efficacy, toxicity and reversibility
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of action are contact-time dependent. Rats are the second most commonly used laboratory
animals in oral absorption studies. The GI transit time in rats is 24-48 hours, which is similar
to humans. One important physiological difference is that rats lack the gall bladder and bile is
secreted continuously [140, 141]. Since, the bile salts and acids are natural penetration
enhancers, they may interfere in action of administered penetration enhancers. This problem

can be solved by incorporating appropriate negative control groups in the study.

B. Methods used to evaluate damage and recovery

Methods used to evaluate damage in in-vitro and in-situ models, include measurement
of release of membrane components like proteins, phospholipids, cholesterol, and
intracellular components like cytoplasmic lactate dehydrogenase (LDH), which indicates loss
of plasma membrane integrity [142]. In cell culture studies in addition to above methods cell
viability tests are also used because of the relatively cleaner samples. The MTT assay is a
quantitative colorimetric assay that detects living cells, based on the ability of the live cells to
cleave a tetrazolium salt by mitochondrial dehydrogenase. This reaction does not take place
in dead cells >[142]. Tinctatorial studies are also performed on cell cultuf; models to evaluate
integrity of membrane of cell or cell organelles. The trypan blue exclusion test is used to
indicate plasma membrane integrity. If the plasma membrane remains intact, the cell doesn’t
stain. The neutral-red assay evaluates lysosomal function and membrane damage. Neutral red
dye passively permeates plasma membrane and gets concentrated in the lysosomes of the
viable cells [143, 144]. DNA-propidium iodide staining assay detects damage to the nuclear

membrane by measuring fluorescence induced by intercalation of propidium iodide with

DNA in cells with damaged nuclear membrane [145, 146].
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The most commonly employed method for measuring both damage and recovery for
in vitro models is measuring transepithelial electrical resistance (TEER) to indicate loss and
recovery of tight junction integrity [125]. Recovery is also measured by measuring time
required to 'regain control value of permeability coefficient of marker molecules like
mannitol, phenol red, inulin, polyethylene glycol and FITC-dextran. Histological evaluation
is a valuable tool that has been used traditionally for in vitro, in situ and in vivo models. It
can be made semi-quantitative by assigning histological scores depending upon observations
under light microscopy or electron microscopy. The factors considered are: the amount of
mucus and debris, contraction, swelling or erosion of villi, alignment of epithelial cells,
narrowness of the tight junctions, intactness of the microvilli etc.

In recovery experiments, for in vitro models, the tissue or cells are treated with a
certain concentration of penetration enhancer for a specific period of time, after which it is
replaced by the control medium and then the desired parameters are measured in order to
determine the fime of recovery. For in situ models, an intestinal segment is perfused with a
certain concentration of penetration enhancer for a specific period of time, after which it is
washed off with the control perfusion medium and then the desired pafémeters are measured
in order to determine the time of recovery. The obvious limitation of these two models for
use in recovery experiments is that the resulting recovery time would depend upon the
contact time between the penetration enhancer solution and the tissue/cell model, which is up
to the discretion of the experimenter. For in situ models the additional variable factor is rate

of perfusion. These variables could be avoided and more realistic estimates of recovery times

could be obtained in an in vivo model.
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Penetration enhancers increase permeability for a wide variety of drugs

nonselectively. A disadvantage of this approach is disruption of the epithelial membrane of
the gut by these molecules. Enhancers acting by this mechanism are considered grossly
damaging and are not approved for clinical use. The safety considerations are usually
associated with ulceration caused in the mucosa by enhancer molecules and immunological
concerns arising from enhanced permeation of endotoxins and antigens as a result of
disruption of the mucosal barrier.

It has been shown that restitution, a first-line defense mechanism in concert with
subsequent proliferation repair injuries sustained after intake of various foodstuffs and after
thermal, mechanical or hyperosmolar damage. This raises a question- Is it possible to use
penetration enhancers to increase oral absorption of drugs such that after temporary
alteration, barrier properties of the mucosa are retained after the normal repair mechanisms?
If a penetration enhancer is chosen in such a way that the frequency and extent of
erosions/damage caused is similar to food-induced erosions, it is possible that upon clearance
of the enhancers from the lumen, rapid repair and resealing of the surface epithelium can
reinstate the barrier properties of the brush border. Meanwhile, if endotbxins or antigens are
absorbed in the portal circulation, they can be detoxified by the reticuloendothelial systems
of healthy humans. However, caution should be taken in subjects with impaired hepatic
function or compromised immunity. The main hurdle in putting this approach into practice is
the lack of a quantitative method to measure barrier disruption coupled with subsequent
recovery. If such a method were available, it would be possible to determine the amount of
penetration enhancers that can be used orally to increase drug permeation without causing

irrecoverable damage to the gastrointestinal mucosa.
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Safety has always been a concern when using penetration enhancers and

measurement of damage and recovery is almost an integral part of the study. So far damage
has been evaluated by measuring release of cell membrane components or intracellular
contents and histology in in vitro (excised tissue or cell culture) and in situ models.
Additional methods used for in vitro models are measurement of intracellular enzyme
activity and changes in transepithelial electrical resistance (TEER). Recovery is evaluated by
measuring time required to regain the control value of permeability coefficient of marker
molecules (mannitol, PEG) and morphology for both in vitro and in situ models and
additionally, TEER for in vitro models. A disadvantage of using an in vitro system is that
recovery is slow due to lack of blood supply and basal lamina as in the case of cell culture
models. In in situ models, rate of recovery would depend upon the experimental conditions,
like perfusion rate and the contact time between the mucosa and the penetration enhancer
before the intestinal lumen is washed off with a buffer solution. A whole, live animal model
would give a better estimate of recovery due to the presence of an intact blood supply and the
basal lamina and lack of any external artifacts.

For in-vivo models the commonly employed method is hisfélogical evaluation.
Histological evaluation gives visual evidence of changes in morphology, but it is a semi-
quantitative technique. Since absorption enhancers act by altering the barrier properties of the
membrane, measuring absorption of marker molecules through damaged and recovered gut
will give a more quantitative and dynamic measure of mucosal recovery. To study the
recovery of the barrier function, we propose to use low and high molecular weight markers.
A low molecular weight marker is presumably more sensitive in reflecting changes in

absorption barrier. A high molecular weight water soluble marker is chosen to see how the
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absorption barrier would recover against similar high molecular weight, water soluble, toxic

molecules like endotoxins, exotoxins and allergens. Recovery of the absorption barrier
measured using marker molecules will be complemented with morphological recovery
evaluated using microscopy techniques. These techniques will also be used to evaluate

recovery of the mucosa after repeated exposure to a penetration enhancer.

Hypothesis: Penetration enhancers that cause temporary and reversible loss of absorption
barrier function of the gastrointestinal epithelium can be used to increase drug absorption
without local toxicity, provided recovery is complete and recovery time is less than dosing

interval.
The following specific aims were pursued for the proposed study:

Specific Aim 1: Measure absorption enhancement of marker molecules by a penetration
enhancer.

Specific Aim 2: Measure absorption barrier recovery with marker molecules at different time
points after oral administration of a penetration enhancer. ks

Specific Aim 3: Evaluate morphological recovery with light microscopy and transmission

electron microscopy at different time points after administration of a penetration enhancer.

Specific Aim 4: Measure damage/recovery of the gastrointestinal epithelium after repeated

exposure to a penetration enhancer.
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Selection of marker molecules

The marker molecules chosen are water-soluble, to exclude the possibility of
increased oral absorption of otherwise hydrophobic drugs due to increased solubilization in
the presence of penetration enhancers. Two different molecular weight markers are selected
to see if absorption barrier recovers at the same or at different time points for different
molecular weight markers. The low molecular weight marker chosen is phenol red (PR, 354
D) and the high molecular weight marker is fluorescently-labeled dextran, 10 kD (FD10). A
low molecular weight marker is presumably more sensitive in reflecting changes in
absorption barrier. A high molecular weight water soluble marker is also chosen to see how
the absorption barrier would recover against high molecular weight, water soluble, toxic
molecules like endotoxins, exotoxins and allergens. Both these markers are commonly used

and poorly absorbed when administered orally [110, 147-150].

Selection of penetration enhancer

The criteria for selection of a surfactant were known local toxicity and non-systemic
toxicity. Sodium dodecyl sulfate (SDS) is an anionic surfactant. It is a commonly studied
penetration enhancer, which has been shown to extract epithelial membrane components like
proteins, phospholipids and cholesterol due to its surface-active behavior [108, 110, 142].
Below the critical micellar concentration, it opens up paracellular junctions by chelating Ca™
ions, which are required to maintain the tight junctions [151]. In a 90-day feeding study,
when rats were given 1000 ppm of SDS in daily diet (average consumption of 20 mg of SDS
per day), it was shown to be systemically nontoxic [152]. In a similar study by Fitzhugh et al,

1% SDS was shown to cause no systemic toxicity when administered via diet to rats for two
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years [153]. This was important information since it was crucial to eliminate any interference

from systemic toxicity‘ of a penetration enhancer and to ensure that the changes seen upon
treatment with SDS would result solely from the local action of SDS on the intestinal
mucosa. Based on the reported information, 1% SDS (34 mM) concentration was chosen as
the treatment and 1.5% and 2% SDS (51 mM and 68 mM respectively) concentrations were

used as positive controls.

Animals

Male wistar albino rats (about 300 gm body weight) were used in all the experiments.
The rats were obtained from Harlan, Madison WI. The animals were housed in a temperature
and humidity controlled room and were given standard rat food and water which were freely
available. All the procedures used in this study were approved by the research animal
resources center (RARC), UW. The animals were fasted overnight with free access to water
before experiments, to eliminate effect of food on mucosal damage and recovery.

For all the oral absorption experiments and IV experiments, rats were anesthetized
using isoflurane (administered via a nose cone) using NARKOVET 2 isoflurane machine,
during blood draws. At the end of the experiments rats were euthanized in a carbon dioxide
chamber. |

For all morphological experiments, rats were anesthetized using isoflurane
(administered via a nose cone) during tissue collection and euthanized by excision of the

heart afterwards.
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Assay of marker molecules

Blood samples were collected in blood collection tubes containing 50mM EDTA and
mixed thoroughly. The tubes were stored on ice till they were centrifuged. The blood samples
were spun down at 5000 rpm for 7 minutes. The supernatant plasma was pipetted into sterile
microcentrifuge tubes and stored at —80°C till assays were performed.

Marker molecules were assayed by reverse phase HPLC (Varian Prostar, Model 210)
coupled with a UV (Varian Prostar, Model 320) and fluorescence detector (Varian Prostar,
Model 363). Briefly, plasma proteins were precipitated by adding 20% trichloroacetic acid
and acetonitrile sequentially, in a 2:1:1 proportion to plasma samples. The mixture was
vortexed after each addition and centrifuged at 8000 rpm for 5 minutes. The supernatant was
diluted with mobile phase in 1:1 proportion. The samples were assayed on a C18 column
(Econosil C18, Alltech, IL) using pH 4.0 phosphate buffer (50mM) and acetonitrile (77:23)
as a mobile phase. Phenol red was detected at 430 nm on a UV detector and FD-10 was
detected on a fluorescence detector set at 490 nm for excitation wavelength and 520 nm for
emission wavelength. No secondary peaks were seen either for phenol red or FD-10 in
plasma after intravenous or oral administration, which is consister& with the reported

literature [154, 155]. The recovery of phenol red and FD-10 from plasma were 83% and 99%

respectively whereas the limits of detection were 0.1 and 0.2 pg/ml respectively.
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Statistical analysis

The statistical program SIGMASTAT (Windows version 3.11, 2004, Systat software,
Inc.) was used to analyze the pharmacokinetic data. Parameters obtained for the treatment
groups were compared with the respective parameters from the control group using one-way
ANOVA at 5% significance level. To determine the number of animals to be included in
treatment and control groups, power analysis was performed with §§ at 80% and o at 5%

level. Goodness-of-fit was evaluated for the model fits by using equations described in

Appendix M.

Pharmacokinetic analysis

Two-compartment pharmacokinetic analysis was performed on intravenous bolus and
control oral absorption data for phenol red using WinNonlin 4.1 software (Pharsight
Corporation, 1998-2003). Statistical moment analysis on phenol red data was performed
using WinNonlin 4.1 software. Two-compartment analysis on oral absorption of phenol red
with SDS aﬁd during recovery periods was performed using MATLAB® 5 software. The

details of these models are given in the respective Results and Discussion sections in

Chapter 4.




Chapter 4: Experiments and Results




Chapter 4-A: Oral and Intravenous Disposition of

Phenol Red and FD-10
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1. Materials
All chemicals used were ACS grade. Phenol red (PR) and Fluorescently labeled
dextran- 10 kD (FD-10) were purchased from Sigma Chemicals, St. Louis, MO. Acetonitrile
and trichloroacetic acid were obtained from Fisher Scientific, St. Louis, MO. Isoflurane
(IsoF10®) was ordered from Abbott labs, Chicago, IL. 2 ml EDTA blood collection tubes
containing 50 mM of EDTA were obtained from Midwest-Vet Supply, Madison, WI.
Solutions used for intravenous bolus study were prepared in normal saline solution

and aseptically passed through 0.2 u sterile, pyrogen free filters.

2. Methods

L. Disposition of phenol red after intravenous and oral administration

For an IV bolus study, 0.25 mg of phenol red dissolved in 0.1 ml solution was
administered into the jugular catheter and blood samples (300 pl) were withdrawn at 0, 5, 10,
15, 20, 30, 60, 90, 120, 180 and 240 minutes, using sterile and pyrogen free 23 GA 3/4’
hypodermic needles and 1 ml tuberculin syringes. After administration of dose and after each
blood draw, catheters were flushed with heparin solution (10 IU/ ml*,T dissolved in 50%
glycerin) to prevent clogging due to blood clotting. The plasma was separated and assayed as
described in the methodology section. Pharmacokinetic analysis was performed using
WinNonlin 4.1 software (Pharsight Corporation, 1998-2003).

For oral absorption studies, an oral gavage of phenol red solution (6 mg dissolved in 2
ml) was given to rats using a 3.5” intragastric feeding tube. Blood samples were drawn from

the jugular vein using sterile and pyrogen free 23 GA 3/4 hypodermic needles and 1 ml

tuberculin syringes at 0, 10, 20, 30, 60, 120, 180 and 300 minutes. The plasma samples were




47
separated and analyzed as described in the methodology section. Pharmacokinetic analysis

was performed using WinNonlin 4.1 software (Pharsight Corporation, 1998-2003).

IL. Disposition of FD-10 after intravenous and oral administration
The 1V data for FD-10 was taken from Nishida et al (Table 4-A-3) [156]. The dose
and method followed for oral absorption studies for FD-10 were same as described for

phenol red.

3. Results and Discussion

L. Disposition of phenol red after intravenous and oral administration

The semi-log plot of plasma concentration-time profile of phenol red obtained after
an IV bolus administration was a bi-exponential curve showing that phenol red followed a
two-compartment model (Figure 4-A-1). When the oral absorption plot of phenol red was
overlaid with the IV plot, the terminal elimination phase for the oral absorption curve was
different from that for the IV curve, indicating that phenol red followed flip-flop kinetics i.e.
the oral absorption rate constant (K,) for phenol red is smaller than its elimination rate
constant (K.). The bi-exponential behavior is not apparent in the oral ab;orption plot due to
overlap of the distribution phase with the absorption phase.

The schematic diagram of a two-compartment model is shown in Figure 4-A-2. The
data was fitted to a two-compartment model using WinNonlin software. The model fits are
shown in figure 4-A-3 and the pharmacokinetic parameters determined for phenol red using
both IV and oral study data are listed in tables 4-A-1 and 4-A-2. K>3 and K3, are the
distribution rate constants between the central compartment and the peripheral compartment.

V3 is the volume of the central compartment. K. is the elimination rate constant and total
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clearance from plasma (CL) is calculated by dividing volume of distribution by elimination

rate constant. Since the elimination rate constant (K¢), total clearance (CL) and volume of
distribution in elimination phase (V) obtained in our IV study were comparable to the
reported values (Table 4-A-1), in spite of the higher doses administered in the reported
studies, we assume that no saturation kinetics were achieved in the plasma concentration
ranges obtained in our study.

The first order absorption rate constant (K,) obtained for oral absorption was indeed
lower than the elimination rate constant, showing that absorption is the rate-limiting step in

oral pharmacokinetics of phenol red (Table 4-A-2).

IL. Disposition of FD-10 after intravenous and oral administration

Simulated IV plot was generated using WinNonlin for FD-10 (Figure 4-A-4) with the
reported pharmacokinetic parameters listed in table 4-A-3. FD-10 was reported to follow a
two-compartment model.

After oral administration, FD-10 was not detected in plasma. This observation can be
explained on the basis of size. The hydrodynamic radius of FD-10 is 25 OA whereas the width
of the paracellular junction in the small intestine is 6-8 “A in rats. Hence, FD-10 was
excluded from the paracellular pathway on the basis of size.

Results obtained for oral absorption of PR and FD-10 were used as negative controls

for the subsequent experiments.
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Figure 4-A-1: Plasma concentration-time profiles of phenol red after intravenous bolus and

oral administration.

(IV study: N = 3, Oral absorption study: N = 12, Each point represents Mean = S.E.)
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Figure 4-A-3: Observed and predicted plasma concentrations of phenol red obtained by two-

compartment model fitting.

(Each point represents Mean + S.E. for oral and Mean = S.D. for IV data)



Pharmacokinetic | Estimated values | Reported values References for
parameters the reported
values
K (min™) 0.024 = 0.003 0.0264 [157]
Dose: 250 pg Dose: 600 ug
Ky3 (min™) 0.0138 +0.014
K3, (min™) 0.01 = 0.004
CL (ml/min) 0.84 + 0.084 0.963 = 0.050 [158]
Dose: 250 ug Dose: 3000 pg
V; (ml) 24.27 + 3.88
Vs (ml) 59.16 = 4.089 504 +4.2 [158]
Dose: 250 ug Dose: 3000 pg

-

Table 4-A-1: Pharmacokinetic parameters for phenol red estimated by fitting intravenous

bolus data to a two-compartment model.

(N=3, Each value represents Mean + S.E.)
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Pharmacokinetic parameters Estimated values
Ke (min™) 0.024 = 0.003
K3 (min™) 0.0138 + 0.014
Ka (min™) 0.01 = 0.004
K, (min™) 0.009 = 0.001
F (% Bioavailability) 1.5%=0.10
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Table 4-A-2: Pharmacokinetic parameters estimated for phenol red by fitting oral absorption

data to a two-compartment model.

(N=12, Each value represents Mean = S.E).
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Figure 4-A-4: Simulated plot of plasma concentration versus time generated for FD-10

- using WinNonlin (Adapted from reference 156).
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Pharmacokinetic parameters Reported values
K. (min™) 0.158 = 0.07
Ks; (min™) 0.167 + 0.032
K3, (min™) 0.131 + 0.047
Vi (ml) 16.57 £ 0.52
V; (ml) 29.57 £ 0.58
Dose (mg) 5

Table 4-A-3: Reported pharmacokinetic parameters for FD-10 for an IV bolus experiment

(Reference 156).

(N=4, Each value represents Mean = S.E.)
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Chapter 4-B: Oral Absorption Enhancement of Marker
Molecules by a Penetration Enhancer

(Objective I)

56
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1. Materials

Besides the materials described in chapter 4-A, the additional material used was

sodium dodecyl sulfate (SDS). SDS was obtained from Sigma Chemicals, St. Louis, MO.

2. Methods

The methods used for absorption enhancement experiments were the same as
described for oral absorption of marker molecules in chapter 4-A. The only variation made in
this section was that the gavage solution contained SDS (1%, 1.5% or 2% w/v) with the
marker molecules (PR and FD-10, 6 mg/2ml). Statistical moment (non-compartment)
analysis was performed on phenol red data using WinNonlin (Appendix A) to evaluate
pharmacokinetic parameters for the control and treatment groups. Two-compartment analysis
was further performed on phenol red data using MATLAB® 5 software to estimate changes
in absorption rate constant (K,) with time (programs used are given in detail in Appendices B

through E).

3. Results and Discussion .

L. Oral absorption enhancement of phenol red upon co-administration with SDS

As explained in Chapter 3, 1% SDS was selected as the treatment and 1.5% and 2%
SDS were selected as positive controls. The oral absorption enhancement experiments were
performed to ensure that the concentrations of SDS chosen, indeed caused significant
increase in plasma concentrations for the marker molecules so that further experiments could
be designed to measure absorption barrier recovery. The results of absorption enhancement

experiments for phenol red are shown in figure 4-B-1. SDS led to significantly higher plasma
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concentrations at all the three concentrations used. The area under the plasma concentration-

time curve from time zero to t (AUC.300 min) for each treatment was calculated using linear
trapezoidal rule. The Chax, (maximum drug concentration obtained in plasma), Tax (time
when maximum plasma concentration is obtained) and AUC (area under the plasma
concentration-time curve) values for phenol red are listed in table 4-B-1.

Absorption enhancement of phenol red was SDS dose related. Higher Cpax was
achieved with increasing concentration of SDS. An earlier Ty,.x was obtained and it waS seen
to be about 10 minutes with all the three concentrations of SDS showing that penetration
enhancement action of SDS was quick. Since it was difficult to withdraw blood samples
earlier than 10 minutes, the accurate Tpax for the treatment groups could not be estimated.
The increase in AUC was found to be linear over the SDS dose range used.

Mean residence time (MRT), mean absorption time (MAT) and bioavailability were
determined by performing statistical moment analysis (Appendix A). Mean residence time is
the statistically weighted average amount of time that a molecule spends in the body. For an
IV bolus experiment, it is the average time that a molecule would spend in the central and the
peripheral compartments whereas for oral absorption experiments, it is théi average time that
a molecule would spend in the gastrointestinal tract during the absorption phase and then in
the central and peripheral compartments. Thus, mean absorption time can be calculated by
subtracting MRT for IV from MRT of the respective oral absorption groups. MRT and MAT

plots are shown in figures 4-B-2 and 4-B-3; and the values are listed in table 4-B-2. MRT

values decreased with increasing dose of SDS but never reached the MRT for intravenous

bolus group, indicating that phenol red kinetics were probably not affected by SDS. MAT
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values decreased with increasing dose of SDS showing that the average time needed for

absorption of phenol red decreased when co-administered with increasing amounts of SDS.

Pharmacokinetic evaluation of oral absorption of drugs with penetration enhancers is
traditionally done by statistical moment analysis. In our study, it did show results that one
would expect from a penetration enhancer and provided a way of comparison among the
treatment groups. However, an interesting observation was made when semi-log plots of
mean plasma concentration-time profiles obtained for phenol red with SDS were overlaid
with the IV plot (Figure 4-B-4). The initial slope (from time 0 to about 60 minutes) for oral
absorption curves of phenol red with SDS was similar to that of the IV curve and after 60
minutes, the slopes were similar to that of the negative control plot. It was evident that
initially the K, values were higher than K. and later became smaller than K. This trend could
not be captured with non-compartment analysis and we did not find any reported literature
that utilized pharmacokinetic modeling to show changes in K, with time. Since the
conventional pharmacokinetic modeling softwares could not be used for this purpose, we
used MATLAB to model the oral absorption data by using differential equations, which
describe a two-compartment pharmacokinetic model with a first order aBsorption phase and
the ability to change K, with time.

K. was allowed to change in a stepwise manner. With microscopy, as described later
in chapter 4-D, we saw that damage was caused to the duodenum instantaneously and
maximally. In the jejunum damage occurred later and to a lesser extent. We assumed that as
the oral gavage solution traveled down the intestinal tract, it experienced different K,
depending upon the damage caused to the mucosal wall with maximum K, initially. The

MATLAB programs used are provided in Appendices B through E. The microconstants (Ka,



60
K32, Ke and V3) and bioavailability used for phenol red in these programs are same as those

determined from IV and oral study in Chapter 4-A. The model fits are shown in figure 4-B-5
and residual plots are shown in figure 4-B-6, A through D. Goodness-of-fit statistics was
performed according to the equations shown in Appendix M. The R? values obtained from
the statistical analysis are depicted on the respective graphs. The absorption rate constant
values (K,) used to fit the two-compartment model are depicted in figure 4-B-7 and the
results are summarized in table 4-B-3.

The two-compartment analysis showed that with all the concentrations of SDS, the
absorption barrier was affected most in the first one hour (in the proximal region of the small
intestine) giving large K, values initially. The SDS effect on the absorption barrier became
lesser in later hours (the lower parts of the small intestine), resulting in smaller K, values.
With 1% SDS, K, came back to the control level in 1 hour. With 1.5% SDS, it did in 2 hours.
With 2% SDS it took 4 hours for K, to come down to the control level.

In the residual plots, the residuals were scattered randomly, showing that there was no
bias in the model fitting. The regression coefficients are depicted on the plots to show how
tightly the observed values are spread about the predicted values.

The K, values in the model fitting described above were initially selected manually
through use of a series of decreasing step functions of variable duration. Based on the results
obtained from the step function analysis a two parameter exponential function was chosen to
obtain a best fit continuous time dependent K, function for the 1% SDS, 1.5% SDS and 2%
SDS treatments. The best fit for the two parameter fit of K, was obtained by doing a grid

search for each of the parameters with the goodness-of-fit evaluation accomplished through

the minimization of the sum of the squares of the differences between the predicted and
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observed concentration values. The MATLAB program used is shown in Appendix N

through P. An exponential fitting function was chosen because it, relative to other possible
functional dependencies, allowed for the best correct initial, intermediate and final K, values
to be obtained.

The predicted K, values obtained using a continuous function and a step function are
depicted in figures 4-B-9 through 11. The model fits are shown in figure 4-B-12. The
predicted K, was high initially and decreased with time. As seen in figure 4-B-9 through 11,
the K, values predicted by a continuous function were within those selected in a step
function. They were within 20% of those estimated from a step function analysis near the
recovery times (1 hour for 1% SDS, 2 hours for 1.5% SDS and 4 hours for 2% SDS).

Explaining the changes in K, mathematically is a difficult challenge due to the
complexity of the in vivo system coupled with the sparseness of the existing experimental
data set (only seven data points per animal were obtained). Nonetheless the experimental
data obtained have been able to be adequately fit through the use of a two parameter
exponentially time dependent K, function and validated the K, values estimated by model

fitting with a step function.

IL. Oral absorption enhancement of FD-10 upon co-administration with SDS

The results of absorption enhancement experiments for FD-10 are shown in
figure 4-B-10. FD-10 was not detected in plasma beyond 3 hours when co-administered with
SDS. The area under the plasma concentration-time curve from time zero to t (AUCq.180 min)

for each treatment was calculated using linear trapezoidal rule. The Cpax, Timax and AUC

values for FD-10 are listed in table 4-B-4.
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In the negative control group, FD-10 was not detected in plasma. When

co-administered with SDS, FD-10 was detected in plasma with all the three concentrations of
SDS; Higher Cnax and AUC values and earlier Tmax Were obtained with increasing
concentrations of SDS. No further pharmacokinetic analysis was performed on FD-10
because of the limited data obtained.

Once absorption enhancement profiles were obtained for phenol red and FD-10 with

SDS, recovery studies were performed after oral administration of SDS at 1, 1.5 and 2%

concentrations.
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Figure 4-B-1: Plasma concentration-time profile of phenol red when orally

administered with and without SDS.
(Control: N = 12, SDS treatment: N = 6, Each point represents Mean = S.E.

* Statistically significant difference from the control values at p<0.05)




Treatment Coinx Tuax AUC (t 9-300 min) Enhancement
group (mcg/ml) (min) ratio
Control 0.58 +0.08 60x0 108.74 = 15.72 1
1% SDS 2.73 £0.33* 132 294.22 = 30.44* 2.71
1.5% SDS 469 +0.29* [10+xU.D. | 435.55+23.27* 4.01
2% SDS 7.86£0.75* | 10+U.D. | 66525 +26.03* 6.12

Table 4-B-1: Effect of SDS on oral absorption of phenol red.

(Cmax and Tpnax are the averages calculated from the observed data. AUC was calculated using
the linear trapezoidal rule. Enhancement ratio is the ratio of AUC of the respective treatment
group to that of the control group.

Control: N = 12, SDS treatment: N = 6, Values are expressed as Mean = S.E.

* Statistically significant difference from the control values at p<0.05

U.D.- unable to determine)
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Figure 4-B-2: Statistical moment analysis of oral absorption of phenol red — Mean residence
time (MRT) when orally administered with and without SDS.

(MRT was calculated by extrapolating AUC to infinity.

Control: N = 12, SDS treatment: N = 6, Each point represents Mean + S.D.

* Statistically significant difference from the control values at p<0.05)
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¢ 4-B-3: Statistical moment analysis of oral absorption of phenol red — Mean absorption
time (MAT) when orally administered with and without SDS.

AT is the difference between MRT of the respective treatment group and that after

ntravenous administration.
ontrol: N = 12, SDS treatment: N = 6, Each point represents Mean + S.D.

Statistically significant difference from the control values at p<0.05)
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Treatment group MRT MAT Bioavailability
(min) (min) (%)
Control 208.88 + 8.06 133.07 + 8.06 1.51 £ 0.10
1% SDS 136.04 + 5.2* 60.23 + 5.2* 3.53 £0.23*
1.5% SDS 99.80 = 3.06* 23.99 = 3.06* 4.83 +0.41*
2% SDS 91.30 + 2.78* 15.49 +2.78* 7.26 = 0.69*
v 75.81 £2.28 - 100

~ Table 4-B-2: Statistical moment analysis of oral absorption of phenol red — mean residence
| time (MRT) and mean absorption time (MAT).

~ MRT was calculated by extrapolating the AUC to infinity. MAT is the difference between
MRT of the respective treatment group and that after intravenous administgation.

\

Bioavailability was calculated by extrapolating AUC to infinity.

ll (Control: N = 12, SDS treatment: N = 6, Each value represents Mean + S.E.

* Statistically significant difference from the control values at p<0.05)
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Figure 4-B-4: Overlay of semi-logarithmic plots of plasma concentrations of phenol red after

IV bolus administration and oral administration with and without SDS.
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Figure 4-B-5: Observed and predicted plasma concentrations obtained by two-compartment

model fitting using a step-function analysis for phenol red when orally administered with and

without SDS.
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Figure 4-B-6: Plots of residuals versus time : (A) Control phenol red and

(B) phenol red + 1%SDS
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Figure 4-B-6: Plots of residuals versus time: (C) Phenol red + 1.5% SDS and

(D) phenol red + 2% SDS
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Figure 4-B-7: Change in oral absorption rate constant (K,) of phenol red with respect to time

‘when co-administered with SDS, as estimated by two-compartment model fitting using a

step-function analysis




Treatment group K, (maximum) Time of Recovery
(min™)
Control 0.009 »
1% SDS 0.051 1 hr
1.5% SDS 0.068 2 hrs
2% SDS 0.082 4 hrs
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Table 4-B-3: Comparison of changes in absorption rate constant of phenol red upon

co-administration with SDS
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Figure 4-B-8: Estimation of K, for 1% SDS treatment using a continuous exponential

function

The following equation with two variables a & b were used to model K.
Ka=Kao + A*exp(-a*timeb)

Where K, = predicted absorption rate constant
Kao = control K, (0.009 min-1)
A =0.042 (Taken from step function analysis and held constant to reduce the
number of variables)

a=0.1
b=0.81
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Figure 4-B-9: Estimation of K, for 1.5% SDS treatment using a continuous exponential

function

The following equation with two variables a & b were used to model K,.

Ka=Kao + A*exp(—a*timeb)

Where K, = predicted absorption rate constant
Kao = control K, (0.009 min-1)

A =0.059 (Taken from step function analysis and held constant to reduce the
number of variables)
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Figure 4-B-10: Estimation of K, for 2% SDS treatment using a continuous exponential

function

The following equation with two variables a & b were used to model K,.
Ka = Kqo + A*exp(-a*time”)

Where K, = predicted absorption rate constant
Ko = control K, (0.009 min-1)
A =0.073 (Taken from step function analysis and held constant to reduce the
number of variables)

a=0.08
b=0.7
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Figure 4-B-11: Observed and predicted plasma concentrations of phenol red obtained using
K, estimated from a continuous function

- Each point represents Mean + S.D.
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Figure 4-B-12: Plasma concentration-time profile of FD-10 when orally administered with

and without SDS.
(Control: N = 12, SDS treatment: N = 6, Each point represents Mean =+ S.E.

* Statistically significant difference from the control values at p<0.05)
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Treatment Caisx Tmax (min) AUC Bioavailability
group (mcg/ml) (€ 0-180 min) (%)
Control 0.0 0.0 0.0 0.0
1% SDS 1.53+0.31* 300 141.04 = 14.18* 1.47 = 0.26*
1.5% SDS 1.94 = 0.19* 28 %2 195.45 = 5.10* 2.04 = 0.38*
2% SDS 2.93 £ 0.46* 23+3 269.63 + 18.59* 2.81 = 0.62*

Table 4-B-4: Effect of SDS on oral absorption of FD-10.

(Cmax and Tpnax are the averages calculated from the observed data. AUC v\;as calculated using
the linear trapezoidal rule from the observed data. Bioavailability was calculated by
extrapolating the AUC to infinity.

Control: N = 12, SDS treatment: N = 6, Values are expressed as Mean * S.E.

* Statistically significant difference from the control values at p<0.05)




Chapter 4-C: Evaluation of Absorption Barrier
Recovery Using Marker Molecules

(Objective II)
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1. Materials

Materials used in this section are same as described in chapter 4-B.

2. Methods

Methods employed in this section were similar to those described in chapter 4-B. A
variation was made in administration of oral gavage of surfactant and marker molecules. Rats
were given an oral gavage of 2 ml of 1% SDS. After a specific recovery time that was
assigned to each group of animals i.e. 15 minutes, 30 minutes, 1 hour and 3 hours, rats
received an oral dose of marker molecules (phenol red and FD-10, 6 mg each dissolved in
2ml). After administration of marker molecules blood samples were drawn from the jugular
vein at 0, 10, 20, 30, 60, 120, 180 and 300 minutes. Plasma was separated and assayed as
described before. Pharmacokinetic parameters estimated for recovery groups and were
compared with those of the control group (no prior exposure to SDS).

For positive control, 3-hour recovery experiments were performed using 1.5% and
2% SDS.

Statistical moment analysis and two-compartment analysis was i)erformed on oral

absorption data for phenol red using WinNonlin and MATLAB® 5 (Appendices F through K)

respectively.

3. Results and Discussion

L. Recovery experiments with the small molecular weight marker

As explained in Chapter 3, 1% SDS was selected as a treatment and 1.5% and 2%

SDS were selected as positive controls.
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Results obtained for this experiment with phenol red are depicted in figure 4-C-1.

Crmax> Tmax and AUC values are summarized in table 4-C-1. Since actual experimental values
were obtained till 300 minutes, AUC values were calculated only till 300 minutes and were
not extrapolated to infinity. Cmax and AUC values decreased and Tmax increased with
increasing length of recovery times. After 15 and 30-minute recovery periods, the
pharmacokinetic parameters for phenol red are still significantly different from the negative
control indicating that absorption barrier recovery was partial. After 1-hour recovery time,
the ‘pharmacokinetic parameters are similar to that of the negative control, indicating that the
absorption barrier recovery was complete by this time. This observation was confirmed by
performing 3-hour recovery experiments. Statistical moment (non-compartment) analysis
showed that MRT and MAT values after 1 and 3-hour recovery periods, were similar to those
of the negative control but not for 15 and 30 minutes (table 4-C-2). The results showed that
for low molecular weight molecules, absorption barrier recovery was complete for 1% SDS
in 1 hour.v

The Cmax, Tmax » AUC, MRT and MAT values for 1 hour recovery groups for 1% SDS
were statistically comparable at 5% significance level, when 6 animals were used per group.
This indicated that absorption barrier for phenol red was similar after recovery as compared
to the negative control. To make sure that the difference in data for these groups is solely due
to individual variability and not due to difference in the treatment, power analysis was
performed at 80% and significance level of 5%. The number of animals required for each

experimental group was calculated to be 12. Hence, 12 rats were used each for 1-hour

recovery group with 1% SDS and the negative control group.
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3-hour recovery experiments were done for the positive control SDS concentrations.

Results obtained for this set of experiments for phenol red are depicted in figure 4-C-2. Cpax,
Tmax and AUC values are summarized in table 4-C-3. Cpmax, Tmax and AUC values for 1% and
1.5% SDS after 3-hour recovery are statistically comparable to that of the negative control
whereas for 2% SDS, Cmnax and AUC were significantly higher and Tmax was earlier as
compared to the negative control values. Statistical moment analysis showed that MRT and
MAT values for 1% and 1.5% SDS after 3-hour recovery, were similar to those of the
negative control but not for 2% SDS (table 4-C-4). In summary, for low molecular weight
markers, absorption barrier recovery was complete for 1% and 1.5% SDS in 3 hours but not
for 2% SDS.

Two-compartment analysis was performed on recovery data for phenol red using
MATLAB® 5 software with the freedom of changing K, with time. The model fits are shown
in figures 4-C-3 and 4-C-5. The changes in K, with respect to time are shown in figures
4-C-4 and 4-C-6. The residual plots and regression coefficients are shown in figures 4-C-7, A
through F.

For 1% SDS, after 15 and 30-minute recovery periods, the absorbtion rate constant
(K4) came to the control level in 45 and 30 minutes respectively (total 1-hour each). For the
1-hour recovery group, K, was comparable to that of the control group.

For 3-hour recovery groups, K, was comparable to the control value for 1% and 1.5%
SDS, whereas for 2% SDS it came to the control level in 1 hour for 2% SDS (total 4 hours).

As described in Chapter 4-B, the two-compartment pharmacokinetic analysis on
phenol red data obtained after co-administration with SDS, revealed that for 1% and 1.5%

SDS, the K, came back to the control value in one hour and 2 hours respectively, whereas it
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took 4 hours for 2% SDS. The experiments designed for absorption barrier recovery
confirmed these results.

K., estimated using a step function for 1% SDS-15 min recovery and 30-min recovery
as well as 2% SDS-3 hr recovery, were in accordance with the K,s estimated at the
corresponding time points using both step and continuous functions described in Chapter 4-B

when phenol red was co-administered with SDS.

II. Recovery experiments with the high molecular weight marker

The recovery results for FD-10 are shown in figure 4-C-8 and table 4-C-6. In
absorption enhancement experiments described in chapter 4-B, FD-10 was not detected in
plasma when administered alone. FD-10 could be quantified in plasma when it was co-
administered with 1%, 1.5% and 2% SDS.

With 1% SDS, FD-10 was detected in plasma in the 15-minute recovery group but
not in the 30-minute, 1-hour and 3-hour recovery groups, whereas with phenol red, the
recovery was complete in 1 hour with 1% SDS. FD-10 was not detected in plasma after 3-
hour recovery for both 1.5% and 2% SDS, whereas absorption recovery was not complete
against the small molecular weight marker (phenol red) with 2% SDS after 3 hours. These
results indicate that the absorption barrier possibly recovered against large molecular weight
molecules before it did against small molecular weight molecules. However, this tentative

conclusion needs to be validated by using a more sensitive analytical technique like

radioactivity measurements.
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Figure 4-C-1: Plasma concentration-time profile of phenol red after different recovery

periods upon administration of 1% SDS.

(Control & 1% SDS-1 hr recovery: N=12, other treatments: N=6, Each point represents Mean

~ £S.E,, * Statistically significant difference from the control values at p<0.05)
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Treatment group Cinn Towx AUC
(mcg/ml) (mm) (t 0-300 min)

1% SDS 273033 * 13+£2 294.22 +30.44 *

1% SDS-15 min recovery 1.78 £ 0.17* 24x2 241.60 = 20.81 *
1% SDS-30 min recovery 1.10+0.10 * 316 167.61 = 13.13*
1% SDS-1 hr recovery 0.60 = 0.06 600 110.85 = 11.65
1% SDS-3 hr recovery 0.68 = 0.08 600 130.58 £ 15.56
Control 0.58 +0.08 600 108.74 = 15.72

Table 4-C-1: Oral absorption of phenol red after different recovery periods upon
administration of 1% SDS.

Crmax and Trmax are the averages calculated from the observed data. AUC was calculated using
the linear trapezoidal rule from the observed data.

(Control & 1% SDS-1 hr recovery: N=12, other treatments: N=6, Values are expressed as

Mean + S.E., * Statistically significant difference from the control values at p<0.05)
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Treatment MRT MAT Bioavailability
group (min) (min) (%)
1% SDS 136.04 = 5.2 * 6023 £52* 3.53 £0.23*
1% SDS-15 min 152.07 4.7 * 7627 4.7 * 2.71 £ 0.19*
recovery
1% SDS-30 min 159.86 £ 3.31 * 84.05 +£3.31 * 1.95 £ 0.15*%
recovery
1% SDS-1 hr 208.83 £ 9.4 133.02+9.4 1.55 +0.11
recovery
1% SDS-3 hr 200.43 = 8.76 124.62 + 8.76 1.65+0.14
recovery
Control 208.88 = 8.06 133.07 = 8.06 1.51 £0.10

Table 4-C-2: Statistical moment analysis of oral absorption of phenol red after different
recovery times upon administration of 1% SDS.

(MRT was calculated by extrapolating the AUC to infinity. MAT is the difference between
the MRT of the respective treatment group and that after intravenous administration.
Bioavailability was calculated by extrapolating AUC to infinity.

Control & 1% SDS-1 hr recovery: N=12, other treatments: N=6, Values are expressed as

Mean = S.E., * Statistically significant difference from the control values at p<0.05)
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Figure 4-C-2: Plasma concentration-time profile of phenol red after 3-hour recovery periods

upon oral administration of SDS.

(Control: N = 12, SDS treatment: N = 6, Each point represents Mean = S.E.

* Statistically significant difference from the control values at p<0.05)
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Treatment group Casix Tias AUC
(mcg/ml) (min) (t 0-300 min)
Control 0.58 +0.08 600 108.74 = 15.72
- 1% SDS - 0.68 = 0.08 600 130.58 = 15.56
3 hr recovery
1.5% SDS - 0.76 = 0.08 60 =0 148.28 + 14.86
3 hr recovery
2% SDS - 1.11 £ 0.07* 40+ 7 228.63 = 15.46*
3 hr recovery

Table 4-C-3: Oral absorption of phenol red after 3-hour recovery period upon administration

of SDS.

(Crmax and Trmax are the averages calculated from the observed data. AUC was calculated using

the linear trapezoidal rule from the observed data.

Control: N = 12, SDS treatment: N = 6, Values are expressed as Mean = S.E.

* Statistically significant difference from the control values at p<0.05)




Treatment group MRT MAT Bioavailability
(min) (min) (%)

Control 208.88 = 8.06 133.07 = 8.06 1.51 £0.10

1% SDS-3 hr 201.42 +21.47 125.61 = 21.47 1.65+0.12
recovery

1.5% SDS-3 hr 203.01 £22.49 127.20 £ 22.49 1.71 £ 0.12
recovery

2% SDS-3 hr 159.76 + 13.25* 83.95 £ 13.25% 232+0.14
recovery

Table 4-C-4: Statistical moment analysis of oral absorption of phenol red after 3-hour

recovery upon administration of SDS

(MRT was calculated by extrapolating the AUC to infinity. MAT is the difference between

the MRT of the respective treatment group and that after intravenous administration.

Bioavailability was calculated by extrapolating AUC to infinity.

Control: N = 12, SDS treatment: N = 6, Values are expressed as Mean = S.E.

* Statistically significant difference from the control values at p<0.05)
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Figure 4-C-3: Observed and predicted plasma concentrations obtained by two-compartment

model fitting using a step-function analysis for oral absorption of phenol red after different

recovery times upon administration of 1% SDS.
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Figure 4-C-4: Change in oral absorption rate constant (K,) with respect to time as estimated

by two-compartment model fitting using a step-function analysis for phenol red after

different recovery times upon administration of 1% SDS.



93

1.6 -

ok
N
1

0.8

Plasma concentration (mcg/ml)

o
N
L

0 . .

m  2%SDS-3hr
a 1.5%SDS-3hr
e 1%SDS-3hr
—B—2%SDS-3hr-Predicted
—&— 1.5%SDS-3hr-Predicted
—6— 1%SDS-3hr-Predicted

0 60 120

180 240
Time (min)

recovery period upon administration of SDS.
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model fitting using a step-function analysis for oral absorption of phenol red after 3-hour

Figure 4-C-5: Observed and predicted plasma concentrations obtained by two-compartment
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Figure 4-C-6: Change in oral absorption rate constant (K,) with respect to time as estimated

by two-compartment model fitting using a step-function analysis for phenol red after a 3-

hour recovery upon administration of SDS.

ote: Plots of K, vs. time for control, 1% SDS-3hr and 1.5% SDS-3 hr recovery overlap)
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Figure 4-C-7: Plots of residuals versus time: (A) 1%SDS-15 min recovery and
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Figure 4-C-7: Plots of residuals versus time: (C) 1%SDS-1 hr recovery and

(D) 1%SDS-3 hr recovery
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Treatment group K, (maximum) Time of Recovery
(min™) estimated by curve fitting
Control 0.009 -
1% SDS 0.051 1 hr
1% SDS — 15 min recovery 0.027 45 min (+ 15 min recovery)
~ =1hr
1% SDS — 30 min recovery 0.020 30 min (+ 30 min recovery)
=1hr
1% SDS — 1 hr recovery 0.009 1 hr
1.5% SDS — 3 hr recovery 0.009 <3 hrs
2% SDS - 3 hr recovery 0.014 1 hr (+3 hr recovery = 4 hrs)

Table 4-B-5: Comparison of changes in absorption rate constant of phenol red upon

SDS administration as estimated using a step-function analysis .
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Figure 4-C-8: Oral absorption of FD-10 after different recovery times upon administration of

- 1% SDS.

(Control & 1% SDS-1 hr recovery: N= 12, Other SDS treatments: N= 6, Each point

represents Mean + S.E.

* Statistically significant difference from the control values at p<0.05)
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Treatment group Comax Tmax AUC Bioavailability
(mcg/ml) (min) (t 0-180 min) (%)
1% SDS 1.53 £ 0.31* 300 |141.04 £14.18*% | 1.47 £ 0.26*

1% SDS-15 min recovery | 0.86 + 0.23* 300 72.43 = 8.43* 0.76 £ 0.17*

1% SDS-30 min recovery 0.0 0.0 0.0 0.0
1% SDS-1 hr recovery 0.0 0.0 0.0 0.0
1% SDS-3 hr recovery 0.0 0.0 0.0 0.0
1.5% SDS-3 hr recovery 0.0 0.0 0.0 0.0
2% SDS-3 hr recovery 0.0 0.0 0.0 0.0
Control 0.0 0.0 0.0 0.0

Table 4-C-6: Oral absorption of FD-10 after different recovery times upon oral
~ administration of 1%, 1.5% and 2% SDS

(Crmax and Trax are the averages calculated from the observed data. AUC was calculated using
~ the linear trapezoidal rule from the observed data. Bioavailability was calculated by

extrapolating AUC to infinity.

Control & 1% SDS-1 hr recovery: N= 12, Other SDS treatments: N= 6, Each point represents

- Mean = S.E., *Statistically significant difference from the control values at p<0.05)
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Chapter 4-D: Evaluation of Morphological Recovery

Using Light and Transmission Electron Microscopy

(Objective III)
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1. Materials

Epon resin kit (Embed 812) was ordered from EMS, Hartfield, PA. 400 mesh Nickel

grids were obtained from Ted Pella, California.

2. Methods

3 rats were used per group. The negative control group was given an oral gavage of
water. The treatment groups were given an oral dose of 2 ml of 1% SDS. At specific time
points (10 min, 15 min, 30 min, 1 hr or 3 hrs) rats were anesthetized with isoflurane as
described in chapter 4-A. An incision was made in the abdomen and 1 cm of the duodenum
was collected immediately below the pyloric sphincter. Similarly, 1 ¢cm of the jejunum was
collected, 10 cm from the pyloric sphincter. After tissue collection, the animals were
sacrificed by excision of the heart.

The tissues were immediately washed with cold PBS (pH 7.0) and transferred into the
2.5% glutaraldehyde fixative solution in 0.1% cacodylate buffer (pH 7.0) and cut into small
pieces. The samples were stored in the fixative solution overnight at 4°C. The next day, they
were stained with 1% osmium tetroxide in 0.1 M cacodylate buffer followed by two
washings in 0.1% cacodylate buffer for 20 minutes each. The tissues were serially
- dehydrated in 30%, 50%, 70%, 90% and twice in 100% ethanol for 20 minutes each. The
dehydrated tissues were then washed twice with propylene oxide for 20 minutes each and
infiltrated with propylene oxide: Epon resin mixture (1:1) for 2 hours and with a 1:2 mixture
overnight. The specimens were transferred into fresh resin twice for 3 hours each. The tissues

- were positioned in embedding molds in fresh EPON resin. The resin was then allowed to

polymerize at 65°C for 48 hours. 2pm sections were serially cut from the resin blocks using
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an ultramicrotome (RMC, Arizona) equipped with a diamond knife, stained with 1%

toluidine blue solution and viewed under a light microscope (Zeiss Axiovert 200 M).
Control, 10 min, 15 min, 30 min, 1 hr and 3 hrs recovery sections were observed.

For transmission electron microscopy (TEM), 100 nm sections were cut and treated
with 1% lead citrate solution for 20 seconds and then contrasted with 2% uranyl acetate in
water for 10 minutes. The sections were mounted on 400 mesh grids and viewed under a
transmission electron microscope (Zeiss EFTEM 912). Control, 30 min, 1 hr and 3 hrs

recovery sections were observed.

3. Results and Discussion

L. Light microscopy

Figure 4-D-1 presents a cross section of control rat duodenal villi. Normal intestinal
epithelium is observed, with well-aligned viable epithelial cells and some normal sloughing
of cells at the tips. Figure 4-D-2 and 4-D-3 present cross sections of rat duodenal villi 10 and
15 minutes after administration of 1% SDS, respectively. The duodenal villi show signs of
injury both after 10 and 15 minutes after treatment with the surfactant, implying that the
action of SDS on the intestinal mucosa was quick. The villi are swollen and ruptured with
damage extending to the lamina propria. F igure 4-D-4 presents rat duodenal villi 30 minutes
after administration of 1% SDS. The damaged area on the villi look partially covered by the
epithelial cells as compared to the villi 10 and 15 minutes after the treatment. Figure 4-D-5
presents rat duodenal villi 1 hour after administration of 1% SDS. The villi are covered with

a continuous layer of epithelial cells. Light microscopy (LM) results show complete

morphological recovery after 1 hour of treatment with 1% SDS for the duodenum. The
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results were confirmed by observing morphology 3 hours after administration of 1% SDS.

The results are shown in Figure 4-D-6.

Figure 4-D-7 presents a cross section of control rat jejunal villi. It shows normal
jejunal villi covered with a continuous monolayer of epithelium. Figure 4-D-8 shows a
section of jejunum, 10 minutes after treatment with 1% SDS. The villi still look normal under
light microscopy, showing that the jejunum was still not affected by the penetration
enhancer. Figure 4-D-9 shows abnormal jejunal villi 15 minutes after treatment with SDS.
The intercellular spaces are dilated. Note that damage is not as extensive in the jejunum as it
is seen in the duodenum at the same time. Figure 4-D-10 shows morphology of jejunal villi
30 minutes after administration of 1% SDS, the villi look normal and comparable to the
control villi. Figure 4-D-11 and 4-D-12 present rat jejunal villi 1 and 3 hours after
administration of 1% SDS. In both the figures, the villi are covered with a continuous layer
of epithelial cells. LM results show complete morphological recovery after 30 minutes of

treatment with 1% SDS for the jejunum.

The morphological recovery results were further confirmed with transmission

electron microscopy (TEM).

II. Transmission electron microscopy

Upon a closer look under TEM, the control duodenal epithelium showed a surface
covered with tall microvilli and normal tight junctions and adherens junctions between the
normal duodenal epithelial cells (figure 4-D-13). For duodenal tissues obtained 30 minutes
after treatment with 1% SDS, the epithelia surrounding the area of damage were observed

under TEM. They had fewer microvilli on the surface and there were no defined junctional
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complexes on the epithelial surface facing the damage (figure 4-D-14). This appearance is

consistent with the restitution process that normally happens when damage is incurred by
intestinal epithelium. The epithelial cells surrounding the area of damage lose polarity and
microvilli disintegrate and start to migrate towards the zone of injury in order to cover it
completely. Figure 4-D-15 shows appearance of duodenal epithelium 1 hour after treatment
with SDS. The microvilli have started to regenerate and the paracellular junctions have
started to reform. Even though the microvilli are not as tall as those seen for the control
samples, the plasma membrane looks continuous and covered with microvilli. This means
that the zone of injury is covered with intact epithelia and the transcellular and paracellular
barrier have been re-established. Figure 4-D-16 shows duodenal epithelia 3 hours after
treatment with SDS. The epithelial cells are covered with microvilli and paracellular
junctions are normal.

Figure 4-D-17 shows normal jejunal epithelium covered with normal and tall
microvilli and normal tight junctions and adherens junctions. 30 minutes after treatment with
1% SDS, the jejunal tissues appear normal as shown in Figure 4-D-18. The same observation
was made 1 hour after treatment with 1% SDS for the jejunum (figure 4-D-'19).

The morphological observations were consistent with the theory of restitution. The
epithelial cells damaged by the surfactant, die of necrosis and are sloughed off from the villi
into the lumen. The surrounding viable epithelial cells then disintegrate their junctional
complexes and microvilli, thus losing their polarity and migrate over the zone of injury via
contractile movement of the actin-myosin cable. Once cell-to-cell contact is established,
junctional complexes are reformed and the microvilli start to re-grow [70-74]. This

phenomenon was evident in the duodenum. 10 to 15 minutes after treatment with 1% SDS,
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damage was evident in light microscopy in the duodenum. Discontinuity in the epithelial

layer was probably because of shedding of the necrotized epithelial cells. 30 minutes after
treatment with 1% SDS, partial recovery was seen in the duodenum in light microscopy and
the epithelial cells bordering the zone of injury, did not show junctional complexes and
microvilli in TEM images, which was consistent with the restitution hypothesis. 1 hour after
treatment with 1% SDS, duodenal villi looked completely covered with epithelium in light
microscopy. In TEM images, the junctional complexes were reestablished and the luminal
surface of the epithelium had started to show growth of microvilli.

Sodium dodecyl sulfate (SDS) is an anionic surfactant. It is a commonly studied
penetration enhancer, which has been shown to extract epithelial membrane components like
proteins, phospholipids and cholesterol due to its surface-active behavior [108, 110, 142].
Below the critical micellar concentration, it opens up paracellular junctions by chelating Ca*
ions, which are required to maintain the tight junctions [151]. In the jejunum only the
paracellular spaces looked dilated in light microscopy. The membrane solubilizing action of
SDS on the epithelium was confined to the duodenum due to the large concentration of SDS
administered as an oral gavage. As the gavage solution traveled down to the jejunum the
concentration of SDS was reduced (below the CMC) so that the action was limited to the
paracellular pathway. Hudspeth et al showed that when injured, paracellular spaces could be
repaired within 30 minutes in vitro [24]. In this study we found that it took about 15 minutes
to repair the paracellular junctions in rat jejunum in vivo.

The results from absorption recovery studies were consistent with microscopy

observations. Light microscopy results showed that damage occurred almost instantaneously

(within 10 minutes) upon administration of 1% SDS which is consistent with the oral
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absorption data where Crax Was achieved within 10 minutes with the maximum K, for phenol

red after co-administration with 1% SDS. The epithelial cell layer was disrupted and was
removed from the underlying lamina propria in some places, thus breaking down both the
transcellular and paracellular barriers. 15 minutes after administration of the penetration
enhancer, the mucosa in the duodenum still looked damaged. In the jejunum, only the
paracellular spaces looked affected after 15 minutes. Partial mucosal repair was evident in
the duodenum in 30 minutes as seen under light microscope and transmission electron
microscope. In the jejunum, morphological recovery was complete in 30 minutes as seen in
LM and TEM. This observation is in accordance with recovery data where oral absorption of
markers was remarkably reduced after the 30-minute recovery period. The transcellular and
paracellular repair was complete in the duodenum in one hour as seen under both LM and
TEM. These observations were consistent with 1-hour recovery results where oral absorption

of phenol red was comparable to that of the negative control. Similar observations were made

after 3-hour recovery.
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Epithelium
Lamina propria

Figure 4-D-1: Light microscopy-Control duodenum (Magnification 100X)
Normal intestinal epithelium is observed, with well-aligned viable epithelial cells

covering the surface of the villi.
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Damaged epithelium

Lamina propria

Figure 4-D-2: Light microscopy- Duodenum 10 min after administration of 1% SDS

(Magnification 100X).

The epithelial layer is disrupted at the villus tip, the villus is slightly swollen with damage

extending to the lamina propria.
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Damaged epithelium
Lamina propria

Dead epithelial
cells being
sloughed off

Figure 4-D-3: Light microscopy- Duodenum 15 min after administration of 1% SDS
(Magnification 100X).

The villi are swollen and ruptured with damage extending to the lamina propria. The

damaged epithelial cells are being sloughed off from the villus surface.
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Partially recovered epithelium
*~ Lamina propria

Erl§ithelium
Lamina propria

Figure 4-D-4: Light microscopy- Duodenum 30 min after administration of 1% SDS
(Magnification 100X).
The results are variable with some villi covered with a continuous epithelial layer whereas

some are partially covered by the epithelial cells as compared to the villi 10 and 15 minutes

after the treatment.
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Epithelium
Lamina propria

Figure 4-D-5: Light microscopy- Duodenum 1 hr after administration of 1% SDS

(Magnification 100X).

The villi are covered with a continuous layer of epithelial cells appear normal.
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Epithelium
Lamina propria

Figure 4-D-6: Light microscopy- Duodenum 3 hr after administration of 1% SDS

(Magnification 100X).

The villi are covered with a continuous layer of epithelial cells appear normal.
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Epithelium
Lamina propria

Figure 4-D-7: Light microscopy- Control Jejunum (Magnification 100X)

Villi are normal with a continuous layer of epithelial cells on the surface.
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Epithelium
Lamina propria

Figure 4-D-8: Light microscopy- Jejunum 10 min after administration of 1% SDS

(Magnification 100X).

Intercellular spaces in the epithelium look dilated in some places but the appearance of the

villi is not significantly different from the control.
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Epithelium
. Lamigg.propria

Figure 4-D-9: Light microscopy- Jejunum 15 min after administration of 1% SDS
(Magnification 100X). The intercellular spaces in the epithelium are dilated especially at the

tip of the villi. The effect of SDS on the jejunum is not as drastic as seen in the duodenum.
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Epithelium
Lamina propria

Figure 4-D-10: Light microscopy- Jejunum 30 min after administration of 1% SDS

(Magnification 100X). The villi look normal with a continuous layer of epithelium on

the surface.




118

Figure 4-D-11: Light microscopy- Jejunum 1 hr after administration of 1% SDS
(Magnification 100X).

The villi look normal with a continuous layer of epithelium on the surface.
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Epithelium
Lamina propria

Figure 4-D-12: Light microscopy- Jejunum 3 hr after administration of 1% SDS

(Magnification 100X). The villi look normal with a continuous layer of epithelium on

the surface.
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(A) (B)

Figure 4-D-13: Transmission electron microscopy- Control Duodenum
(A) MV- microvilli and (B) TJ- tight junctions, AJ- adherens junctions
(Magnification 1000,000 X).

The epithelial cell surface is covered with tall microvilli and the junctional complexes look

normal.




121

(A) (B)
Figure 4-D-14: Transmission electron microscopy- Duodenum 30 min after treatment with
1% SDS.
(A) MV - microvilli and (B) lack of intercellular junctions in the cells bordering zone of
injury.
(Magnification 1000,000 X).
The epithelial cell bordering the zone of injury have disintegrated the microvilli from the

surface and lack the junctional complex, a phenomena consistent with the restitution process. 1
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a it

(A) (B)

Figure 4-D-15: Transmission electron microscopy- Duodenum 60 min after treatment with
1% SDS.

(A) MV - microvilli and (B) TJ- tight junctions, AJ - adherens junctions.

(Magnification 1000,000 X).

The epithelial cells at the tip of the villi have started to generate microvilli on the luminal

surface and the junctional complexes with the adjacent epithelial cell.
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Figure 4-D-16: Transmission electron microscopy- Duodenum 3 hr after treatment with 1%
SDS.

MV — microvilli, TJ — tight junctions and AJ - adheres junctions.

(Magnification 1000,000 X).

The microvilli on the luminal surface of epithelial cells at the tip of the villi have grown taller

and the junctional complexes are formed.
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(A) (B)

Figure 4-D-17: Transmission electron microscopy: Control Jejunum.

(A) MV - microvilli and (B) TJ — tight junctions, AJ- adherens junctions.

(Magnification 1000,000 X).

The luminal surface of the epithelium is covered with tall microvilli and the junctional

complexes look normal.
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Figure 4-D-18: Transmission electron microscopy: Jejunum 30 min after treatment with 1%
SDS

MV — microvilli, TJ — tight junctions and AJ - adherens junctions

(Magnification 1000,000 X)

The luminal surface of epithelial cells at the tip of the villi is covered with microvilli and the

junctional complexes are formed.




126

Figure 4-D-19: Transmission electron microscopy- Jejunum 60 min after treatment with 1%
SDS.

(A) MV - microvilli and (B) TJ — tight junctions, AJ - adherens junctions.

(Magnification 1000,000 X).

The luminal surface of epithelial cells at the tip of the villi is covered with microvilli and the

junctional complexes look normal.
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Chapter 4-E: Repeated Exposure Study

(Objective IV)
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1. Materials

Materials used in this section were same as described in chapters 4-B through 4-D.

2. Methods
I. Evaluation of absorption barrier after repeated exposure

12 rats were given an oral gavage of 2 ml of 1% SDS everyday for 14 days. On day
15, animals were given an oral dose of phenol red and FD-10 (6 mg each dissolved in 2 ml).
Blood samples were drawn and plasma samples were assayed as described previously.
Statistical moment (non-compartment) and two-compartment pharmacokinetic analysis was
performed using WinNonlin and MATLAB® 5 respectively, as described in chapters 4-B

through 4-C.

II. Evaluation of morphology after repeated exposure
For morphology experiments, 3 rats were used. All experimental methods were same

as described in chapter 4-D.

3. Results and Discussion

I. Evaluation of absorption barrier

Results obtained for this experiment with phenol red are depicted in figure 4-E-1.
Two-compartment analysis is shown in figure 4-E-2. Residual plots are shown in Figure 4-
E-3. Cimax, Tmax, AUC, MRT, MAT and K, values obtained after repeated exposure to 1%
SDS are summarized in table 4-E-1. Since actual experimental values were obtained till 300
minutes, AUC values were calculated from time 0 to 300 minutes for comparison between

treatment and control groups, and were not extrapolated to infinity.
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Cmaxs Tmax, AUC, MRT, MAT and K, values for phenol red after repeated exposure

experiment, are statistically comparable to those for the negative control. The results show
that for low molecular weight molecules, absorption barrier remained unaltered after repeated
exposure to 1% SDS for 14 days.

FD-10 was not detected in plasma samples in any rat. The results indicate that for
high molecular weight molecules, absorption barrier probably remained unaltered after
repeated exposure to 1% SDS for 14 days.

12 rats were used in this study to obtain 80% power for statistical analysis at 5%

significance level for comparison between the treatment and control group.

II. Evaluation of morphology

Light microscopy results showed normal morphology of duodenal and jejunal villi
covered with a continuous layer of epithelium. The results are shown in figures 4-E-4 and
4-E-5. Upon a closer look under transmission electron microscope, the epithelium looked
normal and covered with microvilli (figures 4-E-6 and 4-E-7). The tight junctions and
adherens junctions looked comparable to those of control animals (figures 4-E-6 and
4-E-7). The results from both absorption and microscopy experiments showed that the
transcellular and paracellular barrier were intact after repeated oral gavage of 1% SDS to rats
for 14 days.

In conclusion, no local toxicity was noted after repeated oral gavage of 1% SDS to

rats for 14 days.
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Figure 4-E-1: Oral absorption of phenol red after repeated exposure to 1% SDS.

(N= 12, Each point represents Mean + S.E.)
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Figure 4-E-2: Observed and predicted plasma concentrations obtained by two-compartment
model fitting using a step-function analysis for oral absorption of phenol red after repeated

exposure to 1% SDS.

(N =12, Each point represents Mean + S.E.)
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Figure 4-E-3: Plot of residuals versus time — Repeated exposure study
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Treatment Connx Tonss AUC MRT MAT K,
group (mcg/ml)| (min) | (t 0-300 min) (min) (min) (min™)

Control -PR | 058+ | 60+0 | 108.74 = 208.88 = | 133.07 = 0.009

0.08 V5. 72 8.06 8.06
RE - PR 056+ [ 600 | 10433+ | 202.29 = 127.2 = 0.009
0.04 16.58 13.58 13.58
Control - FD10| 0.0 0.0 0.0 0.0 0.0 -
RE - FD10 0.0 0.0 0.0 0.0 0.0 -

Table 4-E-1: Oral absorption of phenol red and FD-10 after repeated exposure to 1% SDS
(Cmax and Tmax are the averages calculated from the observed data.

AUC was calculated using the linear trapezoidal rule from the observed data.

MRT was calculated by extrapolating the AUC to infinity. MAT is the difference between

the MRT of the treatment group and that after intravenous administration.)
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Epithelium .
Lamina propria

Figure 4-E-4: Light microscopy-Duodenum after repeated exposure to 1% SDS

(Magnification 100X).

The villi look normal with a continuous layer of epithelial cells on the surface.



Epithelium
Lamina propria

Figure 4-E-5: Light microscopy-Jejunum after repeated exposure to 1% SDS

(Magnification 100 X).

The villi look normal with a continuous layer of epithelial cells on the surface.
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(A) (B)

Figure 4-E-6: Transmission electron microscopy-Duodenum after repeate;d exposure to 1%
SDS.

(A) MV - microvilli and (B) TJ - tight junctions, AJ- adherens junctions.

(Magnification 1000,000 X).

The epithelial surface is covered with tall microvilli and the junctional complexes look

normal.
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(A) (B)

Figure 4-E-7: Transmission electron microscopy-Jejunum after repeated exposure to 1%
SDS. (A) MV-microvilli and (B) TJ-tight junctions, AJ-adherens junctions.

(Magnification 1000,000 X).

The epithelial surface is covered with tall microvilli and the junctional complexes look

normal.
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Chapter 4-F: How to Correlate Rat Data to Human Data?

An Experimental Design
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In this study we showed that damage caused by 1% SDS is temporary and reversible.

In order for the penetration enhancer approach to work, it is imperative to show that damage
caused by them is temporary and reversible in humans as well. Extrapolating results from
animals to humans is a huge challenge, especially correlating recovery after use of
penetration enhancers, since it adds additional variables of epithelial cell migration and
repair. In the literature, very few studies have been reported that use penetration enhancers in
humans and almost none on recovery of the human gastrointestinal epithelium after damage
from a penetration enhancer. Few studies have reported recovery from damage caused by
alcohol using microscopy [68, 69]. Alcohol is not a conventional penetration enhancer and it
is not easy to compare microscopy results from one lab to another. Since it was not practical
for us to conduct studies in human volunteers, we are proposing here an experimental design
that may be helpful for other researchers in correlating recovery kinetics between humans

and rats.

1. Materials

Model penetration enhancer

The surfactant selected for this purpose is dioctyl sodium dodecyl sulfate (DOSS),
which is used as a stool softener. It is an anionic surfactant and according to Martindale-the
extra pharmacopoeia, could be used in divided doses up to 500 mg per day [159]. It is taken
on a daily basis by patients with chronic constipation and cancer patients on opiates. Since it
is a surfactant, it is contraindicated for co-administration with other drugs, especially mineral

oil.
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Permeation Markers

Phenol red is selected as a low molecular weight marker (PR, 354 D). Phenol red is a
poorly absorbed marker molecule, which has been used to assess gut permeability in patients
suffering from coeliac disease, patients undergoing gastrointestinal surgery and canéer

patients receiving radiochemotherapy [160-162].

2. Dose calculations

DOSS- Since 500 mg per day is approved for use in humans, 5 different doses selected for
humans are: 100, 200, 300, 400 and 500 mg. Using allometry method (Appendix Q)
[174, 175], corresponding surfactant doses calculated for rats are as follows, 2.6 mg, 5.2 mg,

7.8 mg, 10.4 mg and 13 mg.

Markers- Phenol red dose was calculated to be 230 mg for humans (70 kg body weight) and
6 mg for rats (300 gm body weight). The dose selected for rats is same as used in this work.

The corresponding human dose was calculated using allometry method.

3. Methods

I. Evaluation of absorption enhancement

Administer the markers orally to humans and rats, draw blood samples and generate
plasma concentration-time profiles. Estimate pharmacokinetic parameters (Cpmax, Tmax AUC,
MAT, MRT and K,). This is the negative control, which will be used for comparison with
treatment groups for the following experiments. Measure absorption enhancement for the
marker by administering it orally to humans and rats with 5 different doses of DOSS.

Estimate pharmacokinetic parameters for absorption enhancement groups (Cpmax, Tmax, AUC,
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MAT, MRT and K,). These results are the positive controls for subsequent recovery

experiments.

I1. Evaluation of absorption barrier recovery

Perform absorption barrier recovery experiments in both humans and rats, by
administering DOSS orally and then administering marker at different recovery times.
Recovery times should be selected based on the two-compartment pharmacokinetic modeling
in Section I. Draw blood samples and generate plasma concentration-time profiles. Estimate
pharmacokinetic parameters (Cmax, Tmax, AUC, MAT, MRT and K,) and compare with the
respective negative control values to determine the recovery times for all the five doses of

DOSS in humans and rats.

II1. Evaluation of morphology

Perform morphology experiments in both humans and rats using light and
transmission electron spectroscopy. From human volunteers, the intestinal samples can be
collected using an endoscope as described in the literature [68, 69]. Evaluate morphology at

different recovery times as determined in section II, after administration of all 5 doses of

DOSS.

IV. Correlation between human and rat data
Correlate recovery in humans to rats by plotting human recovery times vs. rat
recovery times for 5 doses of DOSS and performing regression analysis (linear or non-

linear).



142

Using this correlation plot, it would be possible to predict recovery results in humans
if recovery Kkinetics in rats is evaluated for any other penetration enhancer, the underlying
assumption being that once local damage is caused by any penetration enhancer, the

subsequent recovery mechanism remains same.
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Chapter S: Concluding Remarks and Suggested

Future Work




(B

The oral route of administration is the most preferred route due to its convenience and
low cost. However, it is not always possible to incorporate drugs into oral drug delivery
systems if oral absorption of drugs is limited by their poor permeation through the intestinal
mucosa.

This problem is becoming more prominent as more protein and peptide drugs are
becoming available with the advent of biotechnology. Moreover, the newer synthetic
molecules tend to be more hydrophobic. Both these classes of drugs show poor oral
bioavailability due to their low partition coefficient and low water solubility, respectively.
These drugs either have to be administered parenterally as in the case of certain hormones,
antibiotics, antifungal and anticancer drugs increasing the healthcare cost, or are rendered
useless as happens to some new drugs in the pipeline, which are difficult to test due to their
poor water solubility. The third problem associated with poor oral absorption is variability in
bioavailability as in the case of phenytoin and cyclosporin, depending upon fed vs. fasted
state and formulations from one manufacturer to another due to differences in the excipients
used. These problems could be solved to some extent, if oral absorption of these drugs is
improved, which can be achieved by modifying the drug properties or using a suitable drug
delivery vehicle. In the cases where these approaches are not feasible, an alternative is to
modify the mucosal membrane using penetration enhancers.

In spite of huge amount of work that has been done on penetration enhancers over the
last five decades, there is a gap in understanding of recovery kinetics after their action on the
mucosa. In this work, we have attempted to address the issues that will hopefully help in a
better design of future studies involving use of penetration enhancers and better

understanding of their effects on the mucosal membrane.
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After an extensive literature search, we identified the following three areas to explore
further: 1) measuring kinetics of functional recovery through absorption of markers across
- the mucosa, during various stages of recovery, after treatment with a penetration enhancer in
an intact animal, 2) correlating functional recovery (absorption barrier recovery) with
morphological recovery and 3) evaluating effects of a penetration enhancer on the mucosa
after repeated use.

A review of the literature revealed that damage of the intestinal mucosa by food and
some drugs is a common occurrence. We undertook the study with an assumption that if
penetration enhancer-induced local damage is similar to that induced by food, then it is
possible to use penetration enhancers to improve drug absorption.

We were able to show absorption barrier recovery quantitatively by measuring
absorption of markers in terms of their pharmacokinetic parameters (Cmax, Tmax» AUC, MRT,
MAT and K,). The results showed that the local effects of penetration enhancers could be
temporary and reversible. As can be imagined, the time of recovery would be dependent on
the kind and concentration of penetration enhancers. With 1% SDS solution the absorption
recovery took place within one hour for phenol red (a small molecular weight marker). We
also found that the time for absorption barrier recovery was dependent on the molecular
weight of the permeant as well. It was shorter for FD-10 (about 30 minutes with 1% SDS). A
tentative conclusion can be made that the breakdown of absorption barrier by penetration
enhancers would be shorter against large molecular weight toxic molecules compared to
small molecular weight drug molecules. But this assumption needs to be verified by using a
more sensitive analytical technique and if possible, by using the actual toxins as a large

molecular weight marker. Endotoxemia in alcoholism is studied by giving an oral gavage of
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alcohol and endotoxins (up to 10 mg/kg dose) in rats [176]. Similar studies could be

conducted in rats by substituting alcohol with penetration enhancers and measuring
subsequent uptake of endotoxins along with a model drug into the systemic circulation after
an oral gavage.

In the present study, we estimated changes in K, with respect to time by fitting the
phenol red data to a two-compartment model using Matlab software, which was a useful tool
as it allowed measuring functional recovery (absorption barrier recovery) temporally. Two-
compartment modeling of the absorption enhancement data (Objective I) revealed that at all
the three concentrations, action of SDS on the intestinal mucosa was almost instantaneous,
giving rise to the highest K, value in the beginning. The K, reduced with time, as the mucosa
recovered and it came to the control level in 1 hour, 2 hours and 4 hours for 1%, 1.5% and
2% SDS respectively. Experiments designed for absorption barrier recovery studies
(Objective II) confirmed these results.

Morphological recovery evaluated using light and transmission electron microscopy
with 1% SDS showed a good correlation with functional recovery. The damaging effect on
the membrane was immediate (about 10 minutes) as noted both in absorption measurements
of phenol red and in morphology in the duodenum. The epithelial layer was uniformly
disrupted in 15 minutes after administration of SDS. Interestingly, absorption was still
maximum for markers when co-administered with SDS and not after 15-minute recovery.
This is probably because when a penetration enhancer and a drug are presented together to
the mucosal surface, maximum drug can cross the biological barrier upon damage by the

penetration enhancer due to the intimate contact between the drug and the damaged site.
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30 minutes after administration of SDS, there was evidence of repair. The epithelial
layer was discontinuous in few villi whereas it was continuous in others. Concurrently, the
Cmax and AUC values were smaller and Tmax was longer for this recovery period. The effect
of penetration enhancers on morphology was mainly confined to the duodenum, which
accounts for 5% of the total length of the small intestine. The effect in the proximal jejunum
was seen on the paracellular spaces in 15 minutes and the tissue (both the tight junctions and
the microvilli) looked normal within 30 minutes. This observation was consistent with the
pharmacokinetic analysis of phenol red, where absorption rate constant (K,) was highest for
the first 10 minutes and became smaller later as the gavage solution traveled down the
intestinal tract.

Absorption barrier recovered in one hour for phenol red. As seen in light and electron
microscopy, the villi were covered by a continuous monolayer of epithelial cells and the tight
junctions between the epithelial cells had started to reform. The microvilli were intact but
short as compared to the negative control specimen. It was not surprising that at this time, the
absorption profile for a paracellular marker like phenol red was similar to the negative
control, since the paracellular spaces were similar to those in the negative control. It should
be kept in mind that the total transcellular surface area available for absorption in the
duodenum at this time is probably lesser than that in the control tissue. It will be interesting
to see how absorption of a transcellular marker will be affected if it is administered at this
time. The results from these studies will help set guidelines for subsequent administration of
other drugs for patients on a multi-drug regimen.

Finally, a repeated exposure study was performed with 1% SDS for 14 days. No

permanent local effects in terms of permeability and morphology were observed in the small
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intestine. However, longer exposure studies (about 2 years for chronic toxicity) are needed to
establish feasibility of penetration enhancer approach.

Despite decades of work done on penetration enhancers, they have not found practical
utility in formulations due to safety concerns. These concerns originated from lack of
understanding in how penetration enhancers affect the barrier function of the gastrointestinal
mucosa because of inability to quantify the effect. This work was attempted to fill this gap in
understanding by establishing a pharmacokinetic tool to evaluate functional recovery of the

gastrointestinal mucosa after use of a penetration enhancer.



Appendix A

Formulae used for statistical moment analysis (non-compartment analysis) [163]:

e}

AUC=[ C,dt
0

AUMC = C, dt
0

AUMC
MRT =
AUC
MAT = MRT_, - MRT,
AUC_, X Dose,,
Bioavailability =
AUC,, X Dose_,,

Abbreviations

AUC - Area under the curve
AUMC - Area under moment curve
MRT - Mean residence time

MAT - Mean absorption time
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Appendix B

Matlab program used to estimate K, for Control

clear; % PK22.m

n = 300; % Number of steps

kao = 0.009; % ka in min-1

ke = 0.0245; % k in min-1

k23 =0.0138; % K23 in min-1

K32 =0.01; % K32 in min-1

dt = 300/n; % Let experiment run for 300 min and calculate dt from 300 min.

for i = 1:n % Initialize arrays;

t(i) = 0;

kaa(i) = 0;
Acc(i) =0;
Atc(i) =0;
Aac(i) = 0;
Ace(i) = 0;
Ate(i) = 0;
Aae(i) = 0;

end;

Fc =0.015; % Bioavailability of control.

Fe = 0.035; % Bioavailability of experiment.

Vc=25;

Aac(1) = Fc*6000; % Initial control amount at absorption site = 6000 mcg
Acc(1) = 0; % Initial control amount in central compartment = 0 mcg.

Atc(1) = 0; % Intial control amount in tissue compartment = 0 mg.

Aae(1) = Fe*6000; % Initial experiment amount at absorption site = 6000 mg
Ace(1) = 0; % Initial experiment amount in central compartment = 0 mg.
Ate(1) = 0; % Intial experiment amount in tissue compartment = 0 mg.

fori = 1:n-1; % Calculation of Aa (amount at absorption site) and A (amount in body)
t(i+1) = t(i) + dt;
if t(i+1) < 10;

ka=0.051;

elseif t(i+1) >= 10 & t(i+1) < 20;
ka =.020;

elseif t(i+1) >= 20 & t(i+1) < 30;
ka =0.018;

elseif t(i+1) >= 30 & t(i+1) < 45;
ka =0.015;

elseif t(i+1) >=45 & t(i+1) < 60;
ka=0.011;
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elseif t(i+1) >= 60 & t(i+1) < 300;
ka = kao;

elseif t(i+1) >= 300;

ka = kao;
end; ‘
Aac(i+1) = Aac(i) - kao*Aac(i)*dt;
Acc(i+1) = Acc(i) + (kao*Aac(i) - (ke + K23)*Acc(i) + K32*Atc(i))*dt;
Atc(i+1) = Atc(i) + (K23*Acc(i) - K32*Atc(i))*dt;
Aae(i+1) = Aae(i) - ka*Aae(i)*dt;
Ace(i+1) = Ace(i) + (ka*Aae(i) - (ke + K23)*Ace(i) + K32*Ate(i))*dt;
Ate(i+1) = Ate(i) + (K23*Ace(i) - K32*Ate(i))*dt;

end;

Cc=Acc/Vc; %negative control
Ce=Ace/Vc; %1%SDS
Ce

plot(t,Cc,t,Ce); % Plot Plasma conc vs t and Plasma conc vs t;
axis(]0,300,0,10));

grid;

xlabel('Time(min)');

ylabel('Amount');
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Appendix C

Matlab program used to estimate K, for phenol red +1% SDS

clear; % PK22.m

n = 300; % Number of steps

kao = 0.009; % ka in min-1

ke = 0.0245; % k in min-1

K23 =0.0138; % K23 in min-1

K32 =0.01; % K32 in min-1

dt = 300/n; % Let experiment run for 300 min and calculate dt from 300 min.

for i = 1:n % Initialize arrays;

t(i) = 0;

kaa(i) = 0O;
Acc(i) = 0;
Atc(i) = 0;
Aac(i) = 0;
Ace(i) = 0;
Ate(i) = 0;
Aae(i) = 0;

end;

Fc = 0.015; % Bioavailability of control.

Fe = 0.035; % Bioavailability of experiment.

Ve=25;

Aac(1) = Fc*6000; % Initial control amount at absorption site = 6000 mcg
Acc(1) = 0; % Initial control amount in central compartment = 0 mcg.

Atc(1) = 0; % Intial control amount in tissue compartment = 0 mcg.

Aae(1) = Fe*6000; % Initial experiment amount at absorption site = 6000 mcg
Ace(1) = 0; % Initial experiment amount in central compartment = 0 mcg.
Ate(1) = 0; % Intial experiment amount in tissue compartment = 0 mcg.

fori = 1:n-1; % Calculation of Aa (amount at absorption site) and A (amount in body)
t(i+1) = t(i) + dt;
if t(i+1) < 10;

ka =0.051;

elseif t(i+1) >= 10 & t(i+1) < 20;
ka = .020;

elseif t(i+1) >= 20 & t(i+1) < 30;
ka=0.018;

elseif t(i+1) >= 30 & t(i+1) < 45;
ka =0.015;

elseif t(i+1) >=45 & t(i+1) < 60;
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ka = kao;
elseif t(i+1) >= 60 & t(i+1) < 300;
ka = kao;
elseif t(i+1) >= 300;
ka = kao;
end;
Aac(i+1) = Aac(i) - kao*Aac(i)*dt;
Acc(i+1) = Acc(i) + (kao*Aac(i) - (ke + K23)*Acc(i) + K32*Atc(i))*dt;
Atc(i+1) = Atc(i) + (K23*Acc(i) - K32*Atc(i))*dt;
Aae(i+1) = Aae(i) - ka*Aae(i)*dt;
Ace(i+1) = Ace(i) + (ka*Aae(i) - (ke + K23)*Ace(i) + K32*Ate(i))*dt;
Ate(i+1) = Ate(i) + (K23*Ace(i) - K32*Ate(i))*dt;
end;

Cc=Acc/Vc; %negative control
Ce=Ace/Vc; %1%SDS
Ce

plot(t,Cc,t,Ce); % Plot Plasma conc vs t and Plasma conc vs t;
axis([0,300,0,10]);

grid;

xlabel("Time(min)');

ylabel("Amount');
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Appendix D

Matlab program used to estimate K, for phenol red +1.5% SDS

clear; % PK22.m

n = 300; % Number of steps

kao = 0.009; % ka in min-1

ke = 0.0245; % k in min-1

K23 =0.0138; % K23 in min-1

K32 =0.01; % K32 in min-1

dt = 300/n; % Let experiment run for 300 min and calculate dt from 300 min.

for i = 1:n % Initialize arrays;

t(i)=0;

kaa(i) = 0;
Acc(i) = 0;
Atc(i) = 0;
Aac(i) = 0;
Ace(i) =0;
Ate(i) =0;
Aae(i) = 0;

end;

Fc =0.015; % Bioavailability of control.

Fe = 0.048; % Bioavailability of experiment.

Vc=25;

Aac(1) = Fc*6000; % Initial control amount at absorption site = 6000 mcg
Acc(1) = 0; % Initial control amount in central compartment = 0 mcg.

Atc(1) = 0; % Intial control amount in tissue compartment = 0 mcg.

Aae(1) = Fe*6000; % Initial experiment amount at absorption site = 6000 mcg
Ace(1) = 0; % Initial experiment amount in central compartment = 0 mcg.
Ate(1) = 0; % Intial experiment amount in tissue compartment = 0 mcg.

for i = 1:n-1; % Calculation of Aa (amount at absorption site) and A (amount in body)
t(i+1) = t(i) + dt;
if t(i+1) < 10;

ka = .068;

elseif t(i+1) >= 10 & t(i+1) < 20;
ka = .027;

elseif t(i+1) >= 20 & t(i+1) < 30;
ka =0.021;

elseif t(i+1) >= 30 & t(i+1) < 60;
ka = .021;

elseif t(i+1) >= 60 & t(i+1) < 120;
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ka =.014;
elseif t(i+1) >= 120 & t(i+1) < 300;
ka = kao;
elseif t(i+1) >= 300;
ka = kao;
end;
Aac(i+1) = Aac(i) - kao*Aac(i)*dt;
Acc(i+1) = Acc(i) + (kao*Aac(i) - (ke + K23)*Acc(i) + K32*Atc(i))*dt;
Atc(i+1) = Atc(i) + (K23*Acc(i) - K32*Atc(i))*dt;
Aae(i+1) = Aae(i) - ka*Aae(i)*dt;
Ace(i+1) = Ace(i) + (ka*Aae(i) - (ke + K23)*Ace(i) + K32*Ate(i))*dt;
Ate(i+1) = Ate(i) + (K23*Ace(i) - K32*Ate(i))*dt;
end;

Cc=Acc/Vc; %onegative control
Ce=Ace/Vc;, %1.5%SDS
Ce

plot(t,Cc,t,Ce); % Plot Plasma conc vs t and Plasma conc vs t;
axis(|0,300,0,10));

grid;

xlabel("'Time(min)");

ylabel('Amount');

i
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Appendix E

Matlab program used to estimate K, for phenol red +2% SDS

clear; % PK22.m

n = 300; % Number of steps

kao = 0.009; % ka in min-1

ke = 0.0245; % k in min-1

K23 =0.0138; % K23 in min-1

K32 =0.01; % K32 in min-1

dt = 300/n; % Let experiment run for 300 min and calculate dt from 300 min.

for i = 1:n % Initialize arrays;

t(i) = 0;

kaa(i) = 0;
Acc(i) = 0;
Atc(i) = 0;
Aac(i) = 0;
Ace(i) = 0;
Ate(i) = 0;
Aae(i) = 0;

end;

Fc =0.015; % Bioavailability of control.

Fe = 0.072; % Bioavailability of experiment.

Nc=25;

Aac(1) = Fc*6000; % Initial control amount at absorption site = 6000 mcg
Acc(1) = 0; % Initial control amount in central compartment = 0 mcg.

Atc(1) = 0; % Intial control amount in tissue compartment = 0 mcg.

Aae(1) = Fe*6000; % Initial experiment amount at absorption site = 6000 mcg
Ace(1) = 0; % Initial experiment amount in central compartment = 0 mcg.
Ate(1) = 0; % Intial experiment amount in tissue compartment = 0 mcg.

for i = 1:n-1; % Calculation of Aa (amount at absorption site) and A (amount in body)
t(i+1) = t(i) + dt;
if t(i+1) < 10;

ka = 0.082;

elseif t(i+1) >= 10 & t(i+1) < 20;
ka = .04,

elseif t(i+1) >=20 & t(i+1) < 60;
ka = 0.035;

elseif t(i+1) >= 60 & t(i+1) < 180;
ka =0.032;

elseif t(i+1) >= 180 & t(i+1) < 240;




ka=.015;
elseif t(i+1) >= 300;
ka = kao;
end;
Aac(i+1) ='Aac(i) - kao*Aac(i)*dt;
Acc(i+1) = Acc(i) + (kao*Aac(i) - (ke + K23)*Acc(i) + K32*Atc(i))*dt;
Atc(i+1) = Atc(i) + (K23*Acc(i) - K32*Atc(i))*dt;
Aae(i+1) = Aae(i) - ka*Aae(i)*dt;
Ace(i+1) = Ace(i) + (ka*Aae(i) - (ke + K23)*Ace(i) + K32*Ate(i))*dt;
Ate(i+1) = Ate(i) + (K23*Ace(i) - K32*Ate(i))*dt;
end,;

Cc=Acc/Vc; %onegative control
Ce=Ace/Vc; %2%SDS
Ce

plot(t,Cc,t,Ce); % Plot Plasma conc vs t and Plasma conc vs t;
axis([0,300,0,10]);

grid;

xlabel("'Time(min)");

ylabel('Amount');
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Appendix F

Matlab program used to estimate K, for1 %SDS-15 min recovery

clear; % PK22.m

n = 300; % Number of steps

kao = 0.009; % ka in min-1

ke = 0.0245; % k in min-1

K23 =0.0138; % K23 in min-1

K32 =0.01; % K32 in min-1

dt = 300/n; % Let experiment run for 300 min and calculate dt from 300 min.

for i = 1:n % Initialize arrays;

t(i)=0;

kaa(i) = 0;
Acc(i) = 0;
Atc(i) = 0;
Aac(i) = 0;
Ace(i) =0;
Ate(i) = 0;
Aae(i) = 0;

end;

Fc = 0.015; % Bioavailability of control.

Fe = 0.027; % Bioavailability of experiment.

Vc=25;

Aac(1) = Fc*6000; % Initial control amount at absorption site = 6000 mcg
Acc(1) = 0; % Initial control amount in central compartment = 0 mcg.

Atc(1) = 0; % Intial control amount in tissue compartment = 0 mcg.

Aae(1) = Fe*6000; % Initial experiment amount at absorption site = 6000 mcg
Ace(1) = 0; % Initial experiment amount in central compartment = 0 mcg.
Ate(1) = 0; % Intial experiment amount in tissue compartment = 0 mcg.

for i = 1:n-1; % Calculation of Aa (amount at absorption site) and A (amount in body)
t(i+1) = t(i) + dt;
if t(i+1) < 10;
ka = 0.025;
elseif t(i+1) >= 10 & t(i+1) < 20;
ka =.027,
elseif t(i+1) >=20 & t(i+1) < 30;
ka=.017,
elseif t(i+1) >= 30 & t(i+1) < 45;
ka=0.015;
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elseif t(i+1) >=45 & t(i+1) < 60;
ka = kao;
elseif t(i+1) >= 60 & t(i+1) < 300;
ka = kao;
elseif t(i+1) >= 300;
ka = kao;
end;
Aac(i+1) = Aac(i) - kao*Aac(i)*dt;
Acc(i+1) = Acc(i) + (kao*Aac(i) - (ke + K23)*Acc(i) + K32*Atc(i))*dt;
Atc(i+1) = Atc(i) + (K23*Acc(i) - K32*Atc(i))*dt;
Aae(i+1) = Aae(i) - ka*Aae(i)*dt;
Ace(i+1) = Ace(i) + (ka*Aae(i) - (ke + K23)*Ace(i) + K32*Ate(i))*dt;
Ate(i+1) = Ate(i) + (K23*Ace(i) - K32*Ate(i))*dt;
end;

Cc=Acc/Vc; %negative control
Ce=Ace/Vc; %1% SDS-15 min
Ce

plot(t,Cc,t,Ce); % Plot Plasma conc vs t and Plasma conc vs t;
axis([0,300,0,10]);

grid;

xlabel('Time(min)");

ylabel('Amount');
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Appendix G

Matlab program used to estimate K, for1 %SDS-30 min recovery

clear; % PK22.m

n = 300; % Number of steps

kao = 0.009; % ka in min-1

ke = 0.0245; % k in min-1

K23 =0.0138; % K23 in min-1

K32 =0.01; % K32 in min-1

dt = 300/n; % Let experiment run for 300 min and calculate dt from 300 min.

fori = 1:n % Initialize arrays;

ti)=0;

kaa(i) = 0;
Acc(i) = 0;
Atc(i) = 0;
Aac(i) = 0;
Ace(i) =0,
Ate(i) = 0;
Aae(i) = 0;

end;

Fc = 0.015; % Bioavailability of control.

Fe = 0.019; % Bioavailability of experiment.

Ve=25;

Aac(1) = Fc*6000; % Initial control amount at absorption site = 6000 mcg
Acc(1) = 0; % Initial control amount in central compartment = 0 mcg.

Ate(1) = 0; % Intial control amount in tissue compartment = 0 mcg.

Aae(1) = Fe*6000; % Initial experiment amount at absorption site = 6000 mcg
Ace(1) = 0; % Initial experiment amount in central compartment = 0 mcg.
Ate(1) = 0; % Intial experiment amount in tissue compartment = 0 mcg.

for i = 1:n-1; % Calculation of Aa (amount at absorption site) and A (amount in body)
t(i+1) = t(i) + dt;
if t(i+1) < 10;

ka = 0.020;

elseif t(i+1) >= 10 & t(i+1) < 20;
ka = .018;

elseif t(i+1) >=20 & t(i+1) < 30;
ka =.018;

elseif t(i+1) >= 30 & t(i+1) < 45;
ka = kao;

elseif t(i+1) >= 45 & t(i+1) < 60;
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ka = kao;
elseif t(i+1) >= 60 & t(i+1) < 300;
ka = kao;
elseif t(i+1) >= 300;
ka = kao;"
end;
Aac(i+1) = Aac(i) - kao*Aac(i)*dt;
Acc(i+1) = Acc(i) + (kao*Aac(i) - (ke + K23)*Acc(i) + K32*Atc(i))*dt;
Atc(i+1) = Atc(i) + (K23*Acc(i) - K32*Atc(i))*dt;
Aae(i+1) = Aae(i) - ka*Aae(i)*dt;
Ace(i+1) = Ace(i) + (ka*Aae(i) - (ke + K23)*Ace(i) + K32*Ate(i))*dt;
Ate(i+1) = Ate(i) + (K23*Ace(i) - K32*Ate(i))*dt;
end;

Cc=Acc/Vc; %hegative control
Ce=Ace/Vc; %1%SDS-30 min
Ce

plot(t,Cc,t,Ce); % Plot Plasma conc vs t and Plasma conc vs t;
axis([0,300,0,10]);

grid;

xlabel('Time(min)');

ylabel('Amount');
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Appendix H

Matlab program used to estimate K, for1%SDS-1 hr recovery

clear; % PK22.m

n = 300; % Number of steps

kao = 0.009; % ka in min-1

ke = 0.0245; % k in min-1

K23 =0.0138; % K23 in min-1

K32 =0.01; % K32 in min-1

dt = 300/n; % Let experiment run for 300 min and calculate dt from 300 min.

for i = 1:n % Initialize arrays;

t(i) = 0;
kaa(i) = 0;
~Acc(i) =0;
Atc(i) = 0;
Aac(i) = 0;
Ace(i) = 0;
Ate(i) = 0;
Aae(i) = 0;
end;

Fc =0.015; % Bioavailability of control.

Fe = 0.015; % Bioavailability of experiment.

Vc=25;

Aac(1) = Fc*6000; % Initial control amount at absorption site = 6000 mcg
Acc(1) = 0; % Initial control amount in central compartment = 0 mcg.

Ate(1) = 0; % Intial control amount in tissue compartment = 0 mcg.

Aae(1) = Fe*6000; % Initial experiment amount at absorption site = 6000 mcg
Ace(1) = 0; % Initial experiment amount in central compartment = 0 mcg.
Ate(1) = 0; % Intial experiment amount in tissue compartment = 0 mcg.

fori = 1:n-1; % Calculation of Aa (amount at absorption site) and A (amount in body)
t(i+1) = t(i) + dt;
if t(i+1) < 10;

ka = kao;

elseif t(i+1) >= 10 & t(i+1) < 20;
ka = kao;

elseif t(i+1) >=20 & t(i+1) < 30;
ka = kao;

elseif t(i+1) >= 30 & t(i+1) < 45;
ka = kao;

elseif t(i+1) >=45 & t(i+1) < 60;
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ka = kao;
elseif t(i+1) >= 60 & t(i+1) < 300;
ka = kao;
elseif t(i+1) >= 300,
ka = kao;"
end;
Aac(i+1) = Aac(i) - kao*Aac(i)*dt;
Acc(i+1) = Acc(i) + (kao*Aac(i) - (ke + K23)*Acc(i) + K32*Atc(i))*dt;
Atc(i+1) = Atc(i) + (K23*Acc(i) - K32*Atc(i))*dt;
Aae(i+1) = Aae(i) - ka*Aae(i)*dt;
Ace(i+1) = Ace(i) + (ka*Aae(i) - (ke + K23)*Ace(i) + K32*Ate(i))*dt;
Ate(i+1) = Ate(i) + (K23*Ace(i) - K32*Ate(i))*dt;
end;

Cc=Acc/Vc; %onegative control
Ce=Ace/Vc; %1%SDS-60 min
Le

plot(t,Cc,t,Ce); % Plot Plasma conc vs t and Plasma conc vs t;
axis([0,300,0,10]);

grid;

xlabel('Time(min)');

ylabel("Amount');
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Appendix I

Matlab program used to estimate K, for1%SDS-3 hr recovery

clear; % PK22.m

n = 300; % Number of steps

kao = 0.009; % ka in min-1

ke = 0.0245; % k in min-1

K23 = 0.0138; % K23 in min-1

K32 =0.01; % K32 in min-1

dt = 300/n; % Let experiment run for 300 min and calculate dt from 300 min.

for i = 1:n % Initialize arrays;

t(i) =0;

kaa(i) = 0;
Acc(i) =0;
Atc(i) = 0;
Aac(i) = 0;
Ace(i) = 0;
Ate(i) = 0;
Aae(i) = 0;

end;

Fc = 0.015; % Bioavailability of control.

Fe = 0.0165; % Bioavailability of experiment.

WVie=25;

Aac(1) = Fc*6000; % Initial control amount at absorption site = 6000 mcg
Acc(1) = 0; % Initial control amount in central compartment = 0 mcg.

Atc(1) = 0; % Intial control amount in tissue compartment = 0 mcg.

Aae(1) = Fe*6000; % Initial experiment amount at absorption site = 6000 mcg
Ace(1) = 0; % Initial experiment amount in central compartment = 0 mcg.
Ate(1) = 0; % Intial experiment amount in tissue compartment = 0 mcg.

for i = 1:n-1; % Calculation of Aa (amount at absorption site) and A (amount in body)
t(i+1) = t(i) + dt;
if t(i+1) < 10;

ka = kao;
elseif t(i+1) >= 10 & t(i+1) < 20;

ka = kao;
elseif t(i+1) >= 20 & t(i+1) < 30;

ka = kao; ¢
elseif t(i+1) >= 30 & t(i+1) < 45;

ka = kao;

elseif t(i+1) >=45 & t(i+1) < 60;
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ka = kao;
elseif t(i+1) >= 60 & t(i+1) < 300;
ka = kao;
elseif t(i+1) >= 300;
ka = kao;
end;
Aac(i+1) = Aac(i) - kao*Aac(i)*dt;
Acc(i+1) = Acc(i) + (kao*Aac(i) - (ke + K23)*Acc(i) + K32*Atc(i))*dt;
Ate(i+1) = Atc(i) + (K23*Acc(i) - K32*Atc(i))*dt;
Aae(i+1) = Aae(i) - ka*Aae(i)*dt;
Ace(i+1) = Ace(i) + (ka*Aae(i) - (ke + K23)*Ace(i) + K32*Ate(i))*dt;
Ate(i+1) = Ate(i) + (K23*Ace(i) - K32*Ate(i))*dt;
end;

Cc=Acc/Vc; %negative control
Ce=Ace/Vc; %1%SDS-180 min
e

plot(t,Cc,t,Ce); % Plot Plasma conc vs t and Plasma conc vs t;
axis([0,300,0,10));

grid;

xlabel('Time(min)');

ylabel('"Amount');
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Appendix J

Matlab program used to estimate K, for1.5%SDS-3 hr recovery

clear; % PK22.m

n = 300; % Number of steps

kao = 0.009; % ka in min-1

ke = 0.0245; % k in min-1

K23 =0.0138; % K23 in min-1

K32 =0.01; % K32 in min-1

dt = 300/n; % Let experiment run for 300 min and calculate dt from 300 min.

for i = 1:n % Initialize arrays;

(i) =0;

kaa(i) = 0;
Acc(i) =0;
Atc(i) =0;
Aac(i) =0;
Ace(i) =0;
Ate(i) = 0;
Aae(i) =0;

end;

Fc = 0.015; % Bioavailability of control.

Fe = 0.0171; % Bioavailability of experiment.

Ve=25;

Aac(1) = Fc*6000; % Initial control amount at absorption site = 6000 mcg
Acc(1) = 0; % Initial control amount in central compartment = 0 mcg.

Atc(1) = 0; % Intial control amount in tissue compartment = 0 mcg. ;
Aae(1) = Fe*6000; % Initial experiment amount at absorption site = 6000 mcg
Ace(1) = 0; % Initial experiment amount in central compartment = 0 mcg.
Ate(1) = 0; % Intial experiment amount in tissue compartment = 0 mcg.

fori = 1:n-1; % Calculation of Aa (amount at absorption site) and A (amount in body)
t(i+1) = t(i) + dt;
if t(i+1) < 10;

ka = kao;

elseif t(i+1) >= 10 & t(i+1) < 20;
ka = kao;

elseif t(i+1) >= 20 & t(i+1) < 30;
ka = kao;

elseif t(i+1) >= 30 & t(i+1) < 45;
ka = kao;

elseif t(i+1) >= 45 & t(i+1) < 60;
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ka = kao;
elseif t(i+1) >= 60 & t(i+1) < 300;
ka = kao;
elseif t(i+1) >= 300;
ka = kao;’
end;
Aac(i+1) = Aac(i) - kao*Aac(i)*dt;
Acc(i+1) = Acc(i) + (kao*Aac(i) - (ke + K23)*Acc(i) + K32*Atc(i))*dt;
Atc(i+1) = Atc(i) + (K23*Acc(i) - K32*Atc(i))*dt;
Aae(i+1) = Aae(i) - ka*Aae(i)*dt;
Ace(i+1) = Ace(i) + (ka*Aae(i) - (ke + K23)*Ace(i) + K32*Ate(i))*dt;
Ate(i+1) = Ate(i) + (K23*Ace(i) - K32*Ate(i))*dt;
end;

Cc=Acc/Vc; %negative control
Ce=Ace/Vc; %1.5%SDS-180 min
Ce

plot(t,Cc,t,Ce); % Plot Plasma conc vs t and Plasma conc vs t;
axis(]0,300,0,10]);

grid;

xlabel('Time(min)');

ylabel('Amount');
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Appendix K

Matlab program used to estimate K, for 2%SDS-3 hr recovery

clear; % PK22.m

n = 300; % Number of steps

kao = 0.009; % ka in min-1

ke = 0.0245; % k in min-1

K23 =0.0138; % K23 in min-1

K32 =0.01; % K32 in min-1

dt = 300/n; % Let experiment run for 300 min and calculate dt from 300 min.

fori = 1:n % Initialize arrays;

) =0;

kaa(i) = 0;
Acc(i) = 0;
Atc(i) = 0;
Aac(i) = 0;
Ace(i) = 0;
Ate(i) = 0;
Aae(i) = 0;

end;

Fc =0.015; % Bioavailability of control.

Fe = 0.023; % Bioavailability of experiment.

Vce=25;

Aac(1) = Fc*6000; % Initial control amount at absorption site = 6000 mcg
Acc(1) = 0; % Initial control amount in central compartment = 0 mcg.

Atc(1) = 0; % Intial control amount in tissue compartment = 0 mcg. _
Aae(1) = Fe*6000; % Initial experiment amount at absorption site = 6000 mcg
Ace(1) = 0; % Initial experiment amount in central compartment = 0 mcg.
Ate(1) = 0; % Intial experiment amount in tissue compartment = 0 mcg.

fori = 1:n-1; % Calculation of Aa (amount at absorption site) and A (amount in body)
t(i+1) = t(i) + dt;
if t(i+1) < 10;

ka = 0.0122;
elseif t(i+1) >= 10 & t(i+1) < 30;

ka =.014;
elseif t(i+1) >= 30 & t(i+1) < 60;

ka=0.011; {
elseif t(i+1) >= 60 & t(i+1) < 300;

ka = kao;

elseif t(i+1) >= 300;
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ka = kao;
end;
Aac(i+1) = Aac(i) - kao*Aac(i)*dt;
Acc(i+1) = Acc(i) + (kao*Aac(i) - (ke + K23)*Acc(i) + K32*Atc(i))*dt;
Atc(i+1) = Atc(i) + (K23*Acc(i) - K32*Atc(i))*dt;
Aae(i+1) = Aae(i) - ka*Aae(i)*dt;
Ace(i+1) = Ace(i) + (ka*Aae(i) - (ke + K23)*Ace(i) + K32*Ate(i))*dt;
Ate(i+1) = Ate(i) + (K23*Ace(i) - K32*Ate(i))*dt;
end;

Cc=Acc/Vc; %negative control
Ce=Ace/Vc; %2%SDS-180 min
Ce

plot(t,Cc,t,Ce); % Plot Plasma conc vs t and Plasma conc vs t;
axis([0,300,0,10]);

grid;

xlabel('Time(min)");

ylabel('Amount');
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Appendix L

Matlab program used to estimate K, for1%SDS-repeated exposure

clear; % PK22.m

n = 300; % Number of steps

kao = 0.009; % ka in min-1

ke = 0.0245; % k in min-1

K23 =0.0138; % K23 in min-1

K32 =0.01; % K32 in min-1

dt = 300/n; % Let experiment run for 300 min and calculate dt from 300 min.

for i = 1:n % Initialize arrays;

t(i) =0;

kaa(i) = 0;
Acc(i) =0;
Atc(i) =0;
Aac(i) = 0;
Ace(i) = 0;
Ate(i) = 0;
Aae(i) = 0;

end;

Fc = 0.015; % Bioavailability of control.

Fe = 0.015; % Bioavailability of experiment.

Ne=25;

Aac(1) = Fc*6000; % Initial control amount at absorption site = 6000 mcg
Acc(1) = 0; % Initial control amount in central compartment = 0 mcg.

Ate(1) = 0; % Intial control amount in tissue compartment = 0 mcg.

Aae(1) = Fe*6000; % Initial experiment amount at absorption site = 6000 mcg
Ace(1) = 0; % Initial experiment amount in central compartment = 0 mcg.
Ate(1) = 0; % Intial experiment amount in tissue compartment = 0 mcg.

for i = 1:n-1; % Calculation of Aa (amount at absorption site) and A (amount in body)
t(i+1) = t(i) + dt;
if t(i+1) < 10;

ka = kao;
elseif t(i+1) >= 10 & t(i+1) < 20;

ka = kao;
elseif t(i+1) >= 20 & t(i+1) < 30;

ka = kao; 1
elseif t(i+1) >= 30 & t(i+1) < 45;

ka = kao;

elseif t(i+1) >=45 & t(i+1) < 60;
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ka = kao;
elseif t(i+1) >= 60 & t(i+1) < 300;
ka = kao;
elseif t(i+1) >= 300;
ka = kao;
end;
Aac(i+1) = Aac(i) - kao*Aac(i)*dt;
Acc(i+1) = Acc(i) + (kao*Aac(i) - (ke + K23)*Acc(i) + K32*Atc(i))*dt;
Atc(i+1) = Ate(i) + (K23*Acc(i) - K32*Atc(i))*dt;
Aae(i+1) = Aae(i) - ka*Aae(i)*dt;
Ace(i+1) = Ace(i) + (ka*Aae(i) - (ke + K23)*Ace(i) + K32*Ate(i))*dt;
Ate(i+1) = Ate(i) + (K23*Ace(i) - K32*Ate(i))*dt;
end;

Cc=Acc/Vc; %negative control
Ce=Ace/Vc; %repeated exposure
Ce

plot(t,Cc,t,Ce); % Plot Plasma conc vs t and Plasma conc vs t;
axis([0,300,0,10]);

grid;

xlabel('Time(min)');

ylabel('Amount');
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Appendix M

Formulae used to test Goodness-of-fit statistics

SSR SSE
Re= = 1- (Since SST=SSR+SSE)
SST SST

Where SST = Total sum of squares
SSR = Sum of squares of regression
SSE = Sum of squares due to error

n
SSE= I w; (y;-¥)?

i=1

Where, w, = 1/s2 (s? = sample variance)
y", = predicted value

SSR= 3 w,(y", -y )?

i=1

Where, y = mean value

SST= 3 w,(y,-y )?

i=1
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Appendix N

Matlab program used to optimize Ka for phenol red when co-administered with 1% SDS
using an exponential function

clear; % SDS3b.m for 1% SDS

n = 3100; % Number of integration steps

ke = 0.0245; % ke in min-1

k12 =0.0138; % k12 in min-1

k21 =0.01; % k21 in min-1

Dose = 6000; %Dose in micrograms

Ve =25; % V of the central compartment in mL

dt =310/n; % Let experiment run for 300 min and calculate dt from 300 min.
F =0.035; % Bioavailability after oral dose with 1% SDS

b =0.0775;

fori = 1:n % Initialize arrays;
t(i) = 0;
ka(i) = 0;
Aa(i) =0;
Ac(i) =0;
L) =0;
At(i) =0;
end;

Aa(1) = F*Dose; % Initial amount at absorption site.
Ac(1) = 0; % Initial amount in central compartment = 0 mcg.
At(1) = 0; % Intial amount in tissue compartment = 0 mcg.

tt(1) = 10;
tt(2) = 20;
tt(3) = 30;
tt(4) = 60;
tt(5) = 120;
tt(6) = 180;
tt(7) = 300;

Ce(l) =2.731;
Ce(2) = 2.587,
£e(3) = 2.336;
Ce(4) = 1.551;
Ce(5) =0.818;
Ce(6) = 0.548;
Ce(7) = 0.286;
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m = 100;
fori=1:m
a(i) = 0;
b(i) = 0;
end;

fori=1:m;
for j=1:m;
for k=1:7;
Csave(i,j,k) = 0;
end;
end;
end;

da=.001/m;
a(1)=0;
ka(1) = 0.009 + a(1); % initial ka value

db = 4/m;
b(1) = 0.000001;

fork = 1:m-1;

k
b(k+1) = b(k) + db;
forj=1:m-1;

a(j+1) = a(j) + da;
for i = 1:n-1; % Calculation of Aa (amount at absorption site) and A (amount in body)
t(i+1) = t(i) + dt;
ka(i+1) = 0.009 + 0.042*(exp(-a(j)*t(i)"b(k)));
Aa(i+1) = Aa(i) - ka(i+1)*Aa(i)*dt;
Ac(i+1) = Ac(i) + (ka(i+1)*Aa(i) - (ke + k12)*Ac(i) + k21*At(i))*dt;
C(i+1) = Ac(i+1)/Vc; % In micrograms/mL
At(i+1) = At(i) + (k12*Ac(i) - k21*At(i))*dt;
end;

fori=1:n;
if t(i) == t(101);
Csave(k,j,1) = C(i); 1
elseif t(i) == t(201);
Csave(k,j,2) = C(i);
elseif t(i) == t(301);
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Csave(k,j,3) = C(i);
elseif t(i) == t(601);
Csave(k,j,4) = C(i);
elseif t(i) == t(1201);
Csave(k,j,5) = C(i);
elseif t(i) == t(1801);
Csave(k,j,6) = C(i);
elseif t(i) == t(3001);
Csave(k,j,7) = C(i);
end;
end;

end;

end;

fori=1:m,;
for j=1:m;
er(i,j) = (Csave(i,j,1) - Ce(1))*2 + (Csave(i,j,2) - Ce(2))"2 + (Csave(i,j,3) - Ce(3))"2 +
(Csave(i,j,4) - Ce(4))*2 + (Csave(i,},5) - Ce(5))*2 + (Csave(i,j,6) - Ce(6))"2 + (Csave(i,j,7) -
Ce(7)"2;
end;
end;

ERR = 1000;

fori=1:m,;
forj=1:m;
if er(i,j) < ERR;
ERR = er(i,j);
aopt = a(j);
bopt = b(i);
iopt =1;
jopt=j;
ermin = er(i,j);
end;
end;
end; .

ermin
aopt
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iopt
fori=1:7;

Copt(i) = Csave(iopt,jopt,i);
end;

semilogy(tt,Copt, tt, Ce); % Plot Copt vs t and Ce vs t;
axis([0,300,.1,10]);

grid;

xlabel('Time(min)');

ylabel('C ug/mL');

-
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Appendix O

Matlab program used to optimize Ka for phenol red when co-administered with 1.5% SDS

using an exponential function

clear; % SDS4b.m for 1.5% SDS

TIC

n =3100; % Number of integration steps

ke = 0.0245; % ke in min-1

k12 =0.0138; % k12 in min-1

k21 =0.01; % k21 in min-1

Dose = 6000; %Dose in micrograms

Ve =25; % V of the central compartment in mL

dt =310/n; % Let experiment run for 300 min and calculate dt from 300 min.
F =0.048; % Bioavailability after oral dose with 1% SDS

for i = 1:n % Initialize arrays;

t(i) = 0;

ka(i) = 0;

Aa(i) =0;

Ac(i)=0;

Ci)=0;

At(i) =0;
end;

Aa(l) = F*Dose; % Initial amount at absorption site.
Ac(1) = 0; % Initial amount in central compartment = 0 mcg.
At(1) = 0; % Intial amount in tissue compartment = 0 mcg.

tt(1) = 10;
tt(2) = 20;
tt(3) = 30;
tt(4) = 60;
tt(5) = 120;
tt(6) = 180;
t(7) = 300;

Ce(1) = 4.698;

Ce(2) =4.354,

Ce(3) =3.675; :
Ce(4) =2.577; ‘
Ce(5) = 1.154;

Ce(6) = 0.722;

Ce(7) = 0.356;
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m = 100;
fori=1:m
a(i) =0;
bi)=0; -
end;

fori=1:m;
for j=1:m;
for k=1:7;
Csave(i,j,k) = 0;
end;
end;
end;

da=.001/m;
a(1)=0;
ka(1) = 0.068; % initial ka value

db =4/m;
b(1) =0.000001;

fork = 1:m-1;

k
b(k+1) = b(k) + db;
forj=1:m-1;

a(j+1) = a(j) + da; _
for i = 1:n-1; % Calculation of Aa (amount at absorption site) and A (amount in body)
t(i+1) = t(i) + dt;
ka(i+1) = 0.009 + 0.059*(exp(-a(j)*t(i)"b(k)));
Aa(i+1) = Aa(i) - ka(i+1)*Aa(i)*dt;
Ac(i+1) = Ac(i) + (ka(i+1)*Aa(i) - (ke + k12)*Ac(i) + k21 *At(i))*dt;
C(i+1) = Ac(i+1)/Vc; % In micrograms/mL
At(i+1) = At(i) + (k12*Ac(i) - k21*At(i))*dt;
end;

fori=1:n;
if t(i) == t(101);
Csave(k,j,1) = C(i); ¢
elseif t(i) == t(201);
Csave(k,j,2) = C(i);
elseif t(i) == t(301);




Csave(k,j,3) = C(i);
elseif t(i) == t(601);

Csave(k,j,4) = C(i);
elseif t(i) == t(1201);

Csave(k,j,5) = C(i);
elseif t(i) == t(1801);

Csave(k,j,6) = C(i);
elseif t(i) == t(3001);

Csave(k,j,7) = C(i);
end;

end;

end;

end;

fori=
for j

1:m;
=1:m;
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er(i,j) = (Csave(i,j,1) - Ce(1))"2 + (Csave(i,j,2) - Ce(2))"2 + (Csave(i,j,3) - Ce(3))"2 +
(Csave(i,j,4) - Ce(4))"2 + (Csave(i,j,5) - Ce(5))"2 + (Csave(i,j,6) - Ce(6))"2 + (Csave(i,j,7) -
Ce(M)"2;

end;
end;

ERR = 1000;

Jori=1:m;

for j
if

=1:m;

er(i,j) < ERR;
ERR = er(i,j);
aopt = a(j);
bopt = b(i);
iopt =1i;

jopt = j;

ermin = er(i,j);

end;

end;
end;

ermin
aopt




iopt

fori= 17,
Copt(i) = Csave(iopt,jopt,i);
end; -

semilogy(tt,Copt, tt, Ce); % Plot Copt vs t and Ce vs t;
axis([0,300,.1,10]);

grid;

xlabel('Time(min)');

ylabel("C ug/mL");

TOC
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Appendix P

Matlab program used to optimize Ka for phenol red when co-administered with

2% SDS using an exponential function

clear; % SDS5b.m for 2% SDS

TIC

n = 3100; % Number of integration steps

ke = 0.0245; % ke in min-1

k12 =0.0138; % k12 in min-1

k21 =0.01; % k21 in min-1

Dose = 6000; %Dose in micrograms

Vc =25; % V of the central compartment in mL

dt = 310/n; % Let experiment run for 300 min and calculate dt from 300 min.
F = 0.072; % Bioavailability after oral dose with 1% SDS

for i = 1:n % Initialize arrays;

t(i)=0;

ka(i) = 0;

Aa(i) =0;

Ac(i) =0;

C@i)=0;

At(i) =0;
end;

Aa(1) = F¥Dose; % Initial amount at absorption site.
Ac(1) = 0; % Initial amount in central compartment = 0 mcg.
At(1) = 0; % Intial amount in tissue compartment = 0 mcg.

t(1) = 10;
t(2) = 20;
tt(3) = 30;
tt(4) = 60;
tt(5) = 120;
tt(6) = 180;
tt(7) = 300;

Ce(1) =7.857,
Ce(2) = 7.444,
Ce(3) =6.347,
Ce(4) =4.305;
Ce(5) = 1.534;
Ce(6) =0.839;
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Ce(7) = 0.401;

m = 100;
fori=1:m
a@)=0; -

b(i) = 0;
end;

fori=1:m;
forj=1:m;
for k=1:7;
Csave(i,j,k) = 0;
end;
end;
end;

da = 8/m;
a(l)=0;
ka(1) =0.009 + a(1); % initial ka value

db =2/m;
b(1) = 0.000001;

fork=1:m-1;

k
b(k+1) = b(k) + db;
forj=1:m-1;

a(j+1) = a(j) + da; _
for i = 1:n-1; % Calculation of Aa (amount at absorption site) and A (amount in body)
t(i+1) = t(i) + dt;
ka(i+1) = 0.009 + 0.073*(exp(-a(j)*t(i) b(k)));
Aa(i+1) = Aa(i) - ka(i+1)*Aa(i)*dt;
Ac(i+1) = Ac(i) + (ka(i+1)*Aa(i) - (ke + k12)*Ac(i) + k21*At(i))*dt;
C(i+1) = Ac(i+1)/Vc; % In micrograms/mL
At(i+1) = At(i) + (k12*Ac(i) - k21*At(i))*dt;
end;

fori= 1:n;
if t(i) == t(101);
Csave(k,j,1) = C(i); %
elseif t(i) == t(201);
Csave(k,j,2) = C(i);
elseif t(i) == t(301);
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Csave(k,j,3) = C(i);
elseif t(i) == t(601);
Csave(k,j,4) = C(i);
elseif t(i) == t(1201);
Csave(k,j,5) = C(i);
elseif t(i) == t(1801);
Csave(k,j,6) = C(i);
elseif t(i) == t(3001);
Csave(k,j,7) = C(i);
_end;
end;

end;

end;

fori=1:m;
forj=1:m;
er(i,j) = (Csave(i,j,1) - Ce(1))"2 + (Csave(i,j,2) - Ce(2))*2 + (Csave(i,j,3) - Ce(3))"2 +
(Csave(i,j,4) - Ce(4))"2 + (Csave(i,j,5) - Ce(5))"2 + (Csave(i,},6) - Ce(6))*2 + (Csave(i,j,7) -
Ce(7)N2;
end;
end;

ERR = 1000;

fori=1:m;
for j=1:m;
if er(i,j) < ERR;
ERR = er(i,j);
aopt = a(j);
bopt = b(i);
iopt = i;
jopt =j;
ermin = er(i,));
end;
end;
end;

ermin
aopt
iopt

fori=1:7;




Copt(i) = Csave(iopt,jopt,i);
end;

semilogy(tt,Copt, tt, Ce); % Plot Copt vs t and Ce vs t;
axis([0,300,.1,10]);

grid;

xlabel('Time(min)');

ylabel('C ug/mL');

TOC
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Appendix Q

Dose calculations by Allometry [174, 175]:

Dose (Rat) (Rat body weight)™%’

0.67

Dose (Human) (Human body weight)
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