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Abstract

This work has focused on the investigations of carrier and absorption enhancing
systems for the hydrophilic drug metformin when delivered orally.

The influence of both water-in-oil (W/O) and oil-in-water (O/W) emulsions
containing metformin in the aqueous phase on oral metformin bioavailability was studied in
the rat. A water-in-isopropyl myristate emulsion stabilised with sorbitan monooleate (Span
80) and bovine serum albumin (BSA), an O/W emulsion stabilised with cholesteryl poly
(24) oxyethylene ether (Solulan C24) and Span 80 prepared with soybean oil and an O/W
emulsion stabilised with sorbitan monostearate (Span 60) with sesame oil as the
continuous phase were formulated, characterised and tested in vivo. The oral
administration of emmlsions modifies the absorption of metformin in rat. Histological
investigations provided some clues as to the cause of increase in metformin absorption.
Most likely are changes to the intestinal membrane and, in some cases to the junctional
complexes caused by the surface active compounds and fatty acids present in the
formulations. Knowledge of the reversibility of these effects was crucial. Allowmng the
intestinal cells to recover after dosing for three days, suggests that all changes that were
detected were, indeed, reversible.

The effects of the non-ionic surfactants polysorbate 20, 60, 85, Solulan C24 and a
lanolin-based poly(16)oxyethylene ether (Solulan 16) on epithelial integrity of the Caco-2
cells monolayers were studied. The effects of the surfactants on cell permeability were
assessed by measurements of the transport of metformin, transepithelial electrical
resistance (TEER) and tests for cell viability (determined by the diphenyltetrazolium
bromide test). The concentration-dependent effects on TEER correlated with cell viability,
ie. increased TEER and increased cell-monolayer permeability for metformin
corresponded to decreased cell viability. The results indicate that the Solulans and
polysorbates were active as absorption enhancersin quite different concentration ranges,
the former being more effective than the latter. The effects of the surfactants were also
assessed by transmission and scanning electron microscopy. The results prove a
correlation between the increase of metformin transport caused by the surfactants and
toxic effects on cell monolayers. The effects of the most potent surfactants (polysorbate
20, Solulan C24 and 16) were tested in vivo to establish a correlation with in vifro data. It
was concluded that the effects of the surfactants used at certain concentrations on the rat
intestinal membrane were reversible.

Several niosome formulations were prepared in order to assess potential toxic
effect of these systems on Caco-2 cell monolayers. It may be concluded that the toxic
effect of niosomes is due to the amount of free surfactant present i the niosome
suspension.

Novel fluorocarbon and hydrocarbon surfactants as potential absorption enhancers
were also tested on Caco-2 cell monolayers. All hydrocarbon surfactants and one of the
fluorocarbon demonstrated concentration-dependent effects on cell permeability. In
general fluorocarbon surfactants seemed to be less toxic, but less potent as absorption
enhancers, emphasising the affinity between transport enhancement and toxicity.
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1.1 Outline of work

The objective of the work described in this thesis was to explore the possibilities of
increasing the oral absorption of the highly hydrophilic drug, metformin. Metformin
hydrochloride is a biguanide hypoglycaemic agent used in the treatment of non-insulin
dependent diabetes mellitus (NIDDM). Metformin has been on market for more than 20
years and so far all attempts to increase its bioavailability (of 30-50%) have been
unsuccessful. The work was designed to investigate the effects of non-ionic surfactants
and surfactant-based systems such as emulsions on metformin absorption. Their potential
to act as absorption enhancing systems for metformin has been evaluated.

The rationale of using emulsions was to investigate the influence of both
surfactants and oils present in the formulations. It is known that surfactants may affect the
rate of gastrointestinal absorption through different mechanisms, mvolving alteration of the
normal state of biological membranes, in general increasing their permeability. The
influence of oils on the retention time in the small intestine and of fatty acids present in the
oil phases of emulsions has also been considered. The work has demonstrated the difficulty
of using metformin because of three factors: its high water solubility, its high dosage and
its electrolyte character. All formulations were tested in vivo. The question of formulation
impact on intestinal morphology and recovery after dosing was demonstrated.

The potential toxic effects of surfactants on isolated and less complex system such
as Caco-2 cell monolayers was studied. The Caco-2 cell line is the most commonly used in
studies of drug absorption and absorption enhancement, due to its ease of cultivation and
the spontaneous differentiation to enterocyte-like cells under standard cell culture
conditions. Different techniques were used to assess the mteraction of surfactants with the
cell membranes and junctional complexes. Metformin transport across the Caco-2 cell line
allowed the characterisation of the narrow range of surfactant concentrations capable of
increasing metformin transport with minimum toxicity to the cell monolayer. The study
was extended to investigate the effect of nonionic surfactant vesicles containing some of

the surfactants used in the earlier studies. The Caco-2 cell culture system was also used to
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determine the influence of novel fluorocarbon and hydrocarbon surfactants on metformin
transport.

A relationship between the increase in transport caused by surfactants and their
toxicity has been established.

1.2 Absorption of drugs from the gastrointestinal tract

The oral route is the most common and convenient method of drug administration.
However, on oral administration some drugs exhibit relatively low bioavailability. Low
bioavailability may be caused by poor penetration of the intestinal mucosa, precipitation or
binding of the drug in the gastro-intestinal tract or by extensive first-pass metabolism. Oral
administration of drugs often leads to degradation, due to the highly acidic gastric
environment, the enzymes of the mucosa, or by liver before the drugs enter the systemic
circulation.

This work examined reported methods for enhancement of the oral absorption of
highly polar drugs, including polar peptides and proteins. In order to improve the intestinal
absorption of these poorly absorbed drugs, many have investigated the effects of
absorption enhancers, protease inhibitors, prodrugs and analogues, and the use of a variety
of dosage forms.

The anatomical and physiological aspects of the gastrointestinal tract and some
approaches to enhance the ntestinal absorption of poorly absorbed drugs will be discussed
first.

1.2.1 Anatomy and physiology of the gastrointestinal tract

The gastrointestinal tract is a highly specialised region of the body whose functions
may be described by the processes of secretion, digestion, and absorption (Mayersohn,
1979). In order to overcome absorption problems and to enhance the oral absorption of
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the drug molecules, it is important that the anatomy and physiology of the gastrointestinal
tract is thoroughly understood, along with the different uptake mechanisms in the intestine.

The absorption of drug molecules from the stomach is generally not high when
compared with absorption from the intestine, but gastric emptying is an important
physiological event which significantly influences the uptake of drug substances from the
intestine (Kararli, 1989).

The small intestine is composed of the duodenum, jejunum and ileum. In humans,
the duodenum is 20cm long, the jejunum, 275cm long and the ileum about 425c¢m in
length (Rhodin, 1977). The wall of the small intestine is made up of four concentric layers:
the mucosal layer, submucosa, muscularis externa and serosa (Smith, 1986) (Fig. 1.1A).

Three structural specializations increase the surface area of the mtestinal mucosa
to enhance the absorptive process: the plicae circulares (valves of Kercking), intestinal
villi and microvilli (Fig. 1.1B and C). The plicae circulares are large, permanent folds
which consist of the intestinal mucosa with the central core of the submucosa. The more
effective means of augmenting the surface area of the mucosa is the presence of enormous
number of intestinal villi. They cover the entire surface of mucosa. A villus averages 0.5 to
1.5 mm in length and 0.1mm in diameter (Krause and Cutts, 1981). It has been estimated
that there are some 10-40 vill/mm’ of mucosal surface (Bloom and Fawcett, 1975).
Projecting from surface of the villi are fine structures, the microvilli. The surface area of
the small intestine is increased approximately 30-fold by the presence of microvilli (Krause
and Cutts, 1981). The microvilli are about 1pm in length, about 0.1pum in width, and there
are about 2000 per cell (Rhodin, 1977). The microvilli constitute the striated border of the
light microscopy. The area immediately beneath the microvilli, called the terminal web, is
relatively free of organelles except for filaments that extend into the cores of the microvilli
(Moon, 1983). Filaments of the microvilli and terminal web contribute to the cytoskeleton
and give stability to the microvillus border (Fig. 1.1 C and D).

The mucosa is most important to the digestive and absorptive function of the
ntestine. The mucosa consists of villi, intestinal glands, lamina propria, and muscularis
mucosae (Fig. 1.1 B). The villi are covered by tall, simple (i.e. a single layer) of colummar
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absorptive epithelial cells. The nucleus of the absorptive cells is oval and usually located in
the basal one-third of the cell. Mitochondria are scattered throughout the absorptive cells.
Mucus-secreting goblet cells are between the cells and they have the shape of a wine glass
(goblet). Emptying between the bases of the villi are tubular glands called intestinal glands
(Crypts of Lieberkuhn). The intestinal glands represent sites for continual renewal of the
intestinal epithelial cells. Mucous cells and absorptive cells move to the tip of the villus
where they are continually shed (Rhodin, 1977; Krause and Cutts, 1981). The lamina
propria is a loose connective tissue which forms the core of the intestinal villi and surounds
the intestinal glands. Fibroblasts, reticular and collagenous fibrils, lymphocytes,
macrophages, plasma cells and eosinophils make up its cells framework. The lamina
propria of the small intestine contains a great number of lymphatic nodules and groups of
nodules called Peyer's patches. The muscularis mucosae consists of an inner circular and
an outer longitudinal layer of smooth muscle, and provide the means by which villi
contract.

The submucosa forms the core of the permanent plicae circulares. In the ileum it
may contain large aggregates of lymphoid tissue, derived from Peyers patches and in
duodeum, duodenal glands (Brunner’s glands) which secrete a mucus. The muscularis
externa is composed of mner circular and outer logitudinal layers. A serosa surrounds all
parts of the small intestine and consists of loose conective tissue.

The absorptive cells are separeted from the core of the villus by a thin basal lamina.
The base of the cells rests on this basal lamina and apical parts of neighbouring cells are
conected by junctional complexes. Cell junctions can be classified into three finctional
groups: 1) occluding junctions, 2) anchoring junctions, 3) communicating junctions
(Alberts et al., 1994) (Fig. 1.2). Occluding junctions, also known as tight junctions or
zonula occludens, are discussed below (section 1.2.3). Anchoring junctions occur in three
structurally and functionally different forms: adherens junctions ( zonula adherens ), are
connection sites for actin filaments, while desmosomes (macula adherens ) are connection
sites for intermediate filaments between the cells and hemidesmosomes are connection

sites for intermediate filaments between cell and matrix. The combination of zorula
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occludens, zonula adherens and macula adherens is known as a junctional complex
(Wheater, 1995).

The epithelial cells of the entire intestine are covered by a mucous layer, consisting
of water, glycoproteins (mucins), electrolytes, proteins, and nucleic acids. The layer is
bound to the apical cell surface by the glycocalyx, a 500nm thick glycoprotein structure
which is covalently linked to lipids and proteins of the brush border membrane. This
glycoprotein layer which has been termed the surface coat, is resistant both to mucolytic
and proteolytic agents and has a protective function as well as being involved in the
digestive process (Krause and Cutts, 1981). The mucous layer is a part of the unstirred
water layer and it is supposed that the minimal thickness of the unstirred water layer is
about 500pum (Thomson and Dietschy, 1984). Because of its aqueous nature, the unstirred
water layer is considered to form an absorption limiting barrier for the compounds with a
high lipid-water partition coefficient, e.g. aromatic hydrocarbons (Rahman et al., 1986)
and long-chain fatty acids (Thomson and Dietschy, 1981).

The anatomy and physiology of gastrointestinal tract of the humans described so
far is different from that of commonly used laboratory animals. In addition to metabolic
differences, the anatomical, physiological and biochemical differences in the
gastrointestinal tract of the human and laboratory animals can cause significant variation in
drug absorption from oral route (Kararli, 1995). The diameter of the small intestine in the
human is 5cm and in the rats (in our in vivo experiments we have used rats) it is 0.3-
0.5cm. Villi are finger shaped in the mouse, pig and human and tongue shaped in the rats
(Dressman and Yamada, 1991).
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1.2.2 The components and structure of cell membrane

The major structural compound of the cell membrane is the lipid bilayer (Fig. 1.3
A). The major lipid components are phosphatidylcholine, glycolipids, cholesterol,
phosphatidylethanolamine, ~phosphatidylglycerol, phosphatidylserine, sphingomyelin
(Alberts et al, 1994). The composition of the acyl chains of the phospholipids and
glycolipids exhibits heterogeneity, with respect to both chain length and degree of
unsaturation. The polar heads are mainly derived from glycerol conjugated to a
nitrogenous compound such as choline, ethanolamine or serine via a phosphate bridge.
The phosphate group is negatively charged whereas the nitrogenous group is positively
charged. The non-polar tail of the phospholipid molecules consists of two long-chain fatty
acids each covalently linked to the glycerol component of the polar head. In most
mammalian cell membranes, one of the fatty acids is a straight-chain saturated fatty acid
whilst the other is an unsaturated fatty acid which is "kinked" at the position of the double
bond (Wheater, 1995) (Fig. 1.3 B, C, D).

The fluidity of a lipid bilayer depends on both its composition and temperature
(Alberts et al., 1994). The fluidity of the membrane in increased by the presence of the
unsaturated fatty acids which prevents close packing of the hydrophobic chain. Natural
fatty acids influence membrane order due to their cis-double bonds, disrupting
phospholipid arrangement (Stubbs and Smith, 1984). Carrying slight negative charges,
unsaturated fatty acids repel each another, do not easily aggregate and maintain the
membrane in its fluid state. Their negative charge makes them weakly basic and able to
form weak hydrogen bonds with weak acid groups such as the sulphydryl groups found
proteins.

Proteins are embedded in the lipid bilayer by their hydrophobic segments. A
variety of protein molecules make up almost half of the total mass of the membrane.
Because optimal activities of membrane-bound enzymes require fluid-state membranes,
cells maintain their membrane transition temperature (Tm), (the temperature where

26



I & #
*
4
* 1
!
&9 5
6G +
F
-
%
! 14
!
0 $ 69
8 I, 9

%

& $#% # !

67 . , 9

+1!



S$ 8

# B
|

J 679 (

L>K P

J 6*9 8

/

S$



1.2.3 Tight junctions

The tight junction is a narrow belt that wraps apical ends of epithelial cells regions,
separates the intestinal lumen from the paracellular space, and forms a barrier to the
diffusion of the molecules and ions across the epithelial cell layer through the paracellular
pathway (Gﬁmbiner, 1987, Madara, 1988). In freeze-fracture electron microscopy, the
tight junction appears as a set of continuous, anastomosing intramembrane strands This
seal restricts diffusion of small molecules in a charge specific manner. Tight junctions are
cation selective and they have been suggested to be impermeable to cations with a
diameter exceeding 1.1nm or with molecular weight higher than 350 (Madara, 1989; Van

Hoogdalem, 1989). Four tight junction proteins have been identified and include: ZO-1,
Z0-2, cingulin and 7H6 antigen (Stevenson et al., 1988, 1989; Madara, 1989; Hochman
and Artursson, 1994). The tight junction is also important to the organization of the
transcellular pathway, because it participates in the polarization of the epithelial plasma
membrane into the compositionally distinct apical and basolateral domains (Gumbiner,
1987). Only four tight junction proteins have been identified and include: ZO-1, ZO-2,
cingulin and 7H6 antigen (Stevenson et al., 1988, 1989; Madara, 1989; Hochman and
Artursson, 1994). Biochemical structure and regulation of tight junction need more

investigations in order to design more specific way to “loose” tight junctions.

1.2.4 Absorptive mechanisms of drugs across intestinal mucosa

Drugs are transported across the intestinal mucosa by two major mechanisms:
passive diffusion or a carrier-mediated transport system, either by facilitated diffusion or an

active transport mechanisms.
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1.2.4.1 Passive diffusion

Passive diffusion is entirely dependent on the presence of a concentration gradient
across the plasma membrane, from the region of high relative concentration to a region of
lower relative concentration. The transfer of substances across the membranes can be

explained on the basis of Ficks law in the form:

dQdt=-DAK ( Co—C; )h

where Q = the amount of drug at the absorption site, D = diffusion coefficient, A = area
of absorption surface, Co = concentration of drug in the outer phase of membrane, C; =
concentration of drug in the inner phase of membrane and h = thickness of the membrane.
Lipids and lipid-soluble compounds such as ethanol pass freely through plasma
membranes which also offer little barrier to the diffusion of the gases such as oxygen and
carbon dioxide. The plasma membrane is, in general, impermeable to hydrophilic
molecules. Nevertheless some small molecules, including water and urea, and inorganic
ions such as bicarbonate, are able to pass down osmotic and electrochemical gradients

through the membrane via hydrophilic regions.

1.2.4.2 Carrier mediated transport

Facilitated diffusion is also concentration-dependent and involves the transport of
larger hydrophilic metabolites such as glicose and amino acids. This process is passive,
but requires the presence of "carriers” to which the metabolites bind reversibly. In the
small intestine, drugs with structural similarities to nutrients may be taken up by facilitated
diffusion or by active transport. Active transport is not only independent of concentration
gradients but also operates against extreme concentration gradients. The classic example
of this form of transport is the continuous transport of sodium out of cell by the "sodium
pump"; this process requires the expenditure of energy provided in the form of ATP.
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Active transport is mediated by "dynamic pores" consisting of transmembrane
protein systems. Many nutrients such as sugars, bile salts, and vitamins are transported
across the intestinal membrane by this way (Kararli, 1989). The anticancer drug 5-FU
(Schanker and Jefrey, 1961), o-methyldopa (Hu et al., 1989), cephadroxil (Kimura et al,
1983) are also transported by this mechanism.

1.2.4.3 Bulk transport

Bulk transport involves large molecules or small particles being absorbed by the
plasma membrane forming membrane-bound vacuoles (vesicles) within the cytoplasm.
When the process involves the creation of small vacuoles it is known as pinocytosis, and

when large vacuoles are formed it is called phagocytosis.

1.2.5 Pathways of drug absorption

Drugs may be absorbed across the epithelial cell (transcellular) through the lipoidal
membrane or between the cells via the tight junctions and intracellular space (paraceltular)
(Jackson, 1987; Gumbinger, 1987; Madara, 1989). Drugs which are presented in the
lumen can enter the blood stream through three processes: active or facilitated transport,
passive transcellular transport, passive paracellular transport. Lipid-soluble compounds
with low molecular size are believed to pass mostly across the lipoidal barrier of the
epithelium by a passive or carrier-mediated transport system. Ionized or polar organic
solutes are absorbed with difficulty, probably via both permeation routes. The paraceltular
route is considered to be most important for transport of ions and small molecules carrying
a positive charge. There are reports of different classes of compounds which could
increase paracellular route flux, such as calcium chelators, sodium dodecyl suphate,
palmitoylcarnitine, sodium salts of fatty acids and a pentapepide (Pz-peptide) (Hochman
and Artursson, 1994; Yen and Lee, 1994, 1995). Polar macromolecules cannot be
absorbed by either route. ’
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1.3 Methodology to study intestinal transport,

metabolism and absorption enhancement

The methods used to investigate intestinal transport and metabolism can be
classified into three categories: 1) in vitro, 2) in situ and 3) in vivo methods.

In vitro systems include the everted mtestinal segment, everted mtestinal sac,
Ussing chambers, isolated cells (discussed in following part, 1.3.1), brush border
membrane vesicles (BBMV) and basolateral membrane vesicles (BLMV) often from small
rodents such as mice, rats and guinea pigs (Wood and Lawrence, 1991) (Table 1.1). Due
to their simplicity and controllability, these systems have been widely used and have
provided information on transport of drugs and nutrients (Baker et al., 1991). The everted
intestinal segment (also known as the intestinal ring) and everted intestinal sac are the most
common in vitro techniques and in both cases the whole small intestine (colon) is removed
from starved rat and everted onto a glass rod, ensuring that the mucosal face is in contact
with bathing solutions. Alternatively, small sections of isolated intestine (colon) may be
mounted in Ussing chambers. Ussing chambers may be used to study transfer of
macromolecules across Peyer's patches. The major limitation of in vifro methods is the
presence of unnatural absorption barriers (connective and muscle tissue) which is the rate
limiting step to in vitro absorption. /n vivo, the drug will be removed by the vasculature
immediately after crossing the enterocytes (Wood and Lawrence, 1991). Therefore, Wolfe
at al. (1973) proposed a method of stipping the musculature which caused no change in
the integrity of the epithelium. BBMV and BLMV allow the processes by which a
molecule is transferred across each individual membrane barrier to be studied in isolation.
They model only transcellular processes. They are very stable and can be made from fresh
or frozen tissue (usually rat and rabbit), but the techniques can be adapted to allow vesicle
preparation from the small tissue samples obtained with human biopsy and post-mortem
samples. They will only model entry into and exit from enterocyte.
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Isolated intestinal cells are thought to retain some active transport systems (study

of active and passive absorption), but not via paracellular pathway. The isolated cells lose

their polarity and are viable for only 30-60 minutes and therefore they are rarely used for

absorption studies.
Table 1.1 Summary data for in vifro models (from Wood and Lawrence, 1991)
Model Everted | Everted | Ussing BBMV | BLMV | Isolated | Cell
g ¢t |s chamber Cells Mono-
cgmen ac layers
diffusion | Y Y Y Y Y Y Y
active Y Y Y Y Y Y Y
transport
trans- Y Y Y Y Y Y Y
cellular
para- Y Y Y N N N Y
cellular
inte- Y Y Y Y Y Y Y
stinal
colonic Y Y Y N Y ? Y
muscle Y* Y* Y* N N N N
barrier
viability | H H H H H H w

* tissue can be stripped;

Y=yes; N=no; ?=unknown, H=hours; W=weeks

The problems of the in vitro models are largely overcome by in sifu systems with

an intact vasculature and include isolated, perfused and chronic loops (Wood and
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Lawrence, 1991). In these methods, after the animal is anaesthetized, a midline incision is
made and the small intestine exposed. The rate of drug disappearance from the lumen or
its appearance in the portal venous (blood) is a measure of drug transport (Baker et al,,
1991). Solutions do not require buffering, as intestinal tissue retains its natural buffering
capacity throughout the experiment. In in situ methods, although the animal has been
surgically manipulated and anesthesized, the mesenteric blood flow is intact.

In vivo systems include animal and human models and they are, of course, the
most important ones. There are certain situations that allow absorption to be studied in
man such as scintigraphic methods using radiolabelled drug etc. Human absorption
experiments tend to rely on studies involving serial blood, urine and faecal sampling
following oral administration of the tested compound. The understanding of physiological,
anatomical and biochemical differences between the G.I. tracts of different animal species
can lead to the selection of the correct animal model to mimic the bioavailability of
compounds in the human. In general, current data indicate that no single animal can mimic
the G.I characteristics of humans (Kararli, 1995). Therefore, human studies cannot be
substituted by animals, but for a given purpose, selection of the right animal model is
possible.

More than one method has to be adopted to study mechanisms of uptake and to
be able to evaluate the importance of the mechanism in the whole animal. Each method
reported so far has its relative advantages and drawbacks which must be understood if the
results are to give accurate correlations between experimental and in vivo absorption

profiles.

1.3.1 Cell cultures as models for drug absorption studies

Three different strategies have been used to obtain intestinal epithelial cell
cultures: 1) cultivation of normal intestinal cells, 2) cultivation of intestinal explants,
and 3) cultivation of neoplastic epithelial cells derived from human adenocarcinomas

(Artursson, 1991). So far, a human adenocarcinoma cell line has proved to be the best
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way to obtain a source of intestinal epithelial cells, because primary differentiated cell
lines are difficult to maintain. Small pieces of small intestinal mucosa have been
maintained in cell culture for up to 24h, while explants from rat intestine have
survived for longer periods (Artursson, 1991). Isolated intestinal tissues are composed
of the normal complement of epithelial cell types found in that region of the gut, while cell
cultures are typically composed of only one cell type.

Some advantages of cell culture drug absorption model

Advantages of cell culture techniques include the ability to

1) facilitate characterization of drug delivery mechanisms at the molecular/cellular
level

2) allow rapid assessment of potential drug permeability, metabolism and transport

3) allow rapid evaluation of strategies for achieving drug targeting and enhancement
4) achieve absolute control of physicochemical environment, temperature, osmotic
pressure, concentration of solutes, pH

5) achieve good reproducibility

6) make assessments of drug absorption with low drug concentration,
and

7) minimize animal use, but can not completely replace them

Legal, moral and ethical questions of animal experiments are avoided

Disadvantages of cell culture

Disadvantages include:

1) the need to maintain strict aseptic conditions

2) the need to take care in interpretation of results

3) the difficulty in predicting therapeutic benefit from the data

Most studies on drug transport and absorption enhancement have been performed
in a few epithelial cell lines originating either from the canine kidney (MDCK) or human
adenocarcinomas such as the Caco-2, HT29, T84 cells (Anderberg and Artursson, 1994).
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the potential difference between the apical and basolateral sides of the cell monolayer and
is mversely related to the mainly sodium and chloride ions across the monolayer
-(Anderberg and Artursson, 1994). The passive ion flow through the tight junction and the
“active” ion tranport in the cell membrane both contribute to the measured TEER. The
absence of well-developed tight junctions will result in leaky monolayers, detected by
decrease in TEER. Hydrophilic marker molecules permeate the normal epithelial cells
through the paracellular spaces and as a results the permeability of these markers across
intact epithelia is very low. The permeability of the paracellular pathway in Caco-2
monolayers is relatively low, probably due to colonic origin of the cells.

The brush border enzymes are of great importance in mucosal drug metabolism
and include: peptide-metabolizing enzymes such as dipeptidylpeptidase IV and
aminopeptidase N, drug-metabolizing enzyme phenol sulfotransferase, enzymes nvolved
in the detoxication of anticancer drugs ghitathione-S-transferase.

Caco-2 cells form confluent monolayers of polarized epithelial cells joined by tight
junctions and express a bush border. The subepithelial barriers such as the basement
membrane, lamina propria, and the capillary wall are not generally considered to be rate
limiting for the absorption of small drug molecules. With the exception of mucin, the
Caco-2 cell model seems to contain the three major permeability barriers to the
asbsorption of the drugs: a) the “unstirred” water layer, b) the junctional complex, and c)
cell membrane (Artursson, 1990).

Caco-2 cell monolayers have been used extensively to predict intestinal absorption
of drugs such as atenolol, dexamethasone and proteins in human large intestinal tissue,
calcium transport, various vasdpressin analogues, safety of B-cyclodextrins, (Rubas et al,
1996; Surendran et al., 1995, 1996; Artursson and Magnusson, 1990; Brondsted et al.,
1995; Totterman et al., 1997). Starch microspheres induced a pulsed delivery of insulin
across the monolayers of human epithelial (Caco-2) cells in vitro. The pulsed delivery
correlated with a reversible appearance of focal dilatations in the tight junctions between
the .. epithelial cells, indicating enhanced delivery of insulin by the paracellular route
(Bjork et al., 1995). The use of surfactants to enhance the permeability of various drugs
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and markers through Caco-2 cell monolayers will be mentioned i part 1.5.1.1 of
Introduction and in Chapter 3.

1.4 Factors affecting drug absorption

The factors which influence drug absorption are: a) physicochemical factors:
lipophilicity, ionization of drugs, solubility of drugs, stability in the gastrointestinal tract,
food and additives such as surfactants, oils, sugars, alcohol and b) biological factors:
structure of the gastrointestinal tract, gastrointestinal pH, intestmal motility, blood and
lymph flow, gastrointestinal mucin and bile, gastric emptying rate, disease state, drug
metabolism (Mayersohn, 1979).

The primary physicochemical properties of the drug influencing its passive
absorption into and across biological membranes are its oil/water partition coefficient, the
extent of ionization in biological fluids which is determined by its pKa value and the pH of
the fluid. The most important principle of drug absorption is the pH-partition theory,
which treats the intestine membrane as a lipoidal barrier and proposes that the unionized
form of the drug molecule is preferentially absorbed (Shore et al., 1957).

In general, it is well known that a drug molecule, which has a molecular weight of
more than 1000, would not be readily absorbed in an intact form from the gastrointestinal
tract. Polysaccharide (starch), molecular weight around 50000 and inulin, molecular
weight around 5000, have absorption rates pmol/100mg wet wt/h of zero, whereas
pentose,molecular weight 150, has an absorption rate 2.2 umol/100mg wet wt/h
(Wilson, 1962).
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1.5 Enhancement of drug absorption from the

gastrointestinal tract

Many current therapeutic drugs such as antibiotics, peptides and proteins, are
poorly absorbed because of their hydrophilic properties, ionic charge, high molecular
weight and extensive hydrolysis. The question is what kind of methodologies should be
adopted to improve the intestinal absorption of various compounds? Methods for
improvement include: 1) the use of absorption enhancers such as surface active
compounds and protease inhibitors; 2) analogue synthesis-change in the physicochemical
properties of drugs such as lipophilicity, charge, solubility, configuration, chemical
stability, enzymic liability and 3) different dosage forms such as liposomes, niosomes,
emulsions, particulate carriers and novel systems (Hayashi, 1993).

1.5.1 Absorption enhancers

The use of enhancer systems which are directed to change the membrane
permeability is a complex topic and involves a variety of mechanisms. Absorption
enhancers belong to different chemical groups (Table 1.2). Figure 1.5 illustrates three

possible sites of action for enhancers.
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Table 1.2 Classes of enhancers of intestinal drug absorption and some of their

representatives

Surfactants
non-ionic: polyoxyethylene ethers

anionic: sodium laurylsulfate
cationic: quaternary ammonium compounds

Bile salts

dihydroxy bile salts: deoxycholate, taurodeoxycholate, chenodeoxycholate,
glycochenodeoxycholate, ursodeoxycholate

trihydroxy bile salts: sodium cholate, taurocholate, glycocholate

Mixed micelles

glyceryl monooleate, fatty acids+sodium taurocholate

Sodium tauro-24,25-dihydrofusidate (STDHF)

Fatty acids

caprylic,capric, lauric,oleic, linoleic, linolenic acid

Medium-chain glycerides

glyceryl-1-monooctanoate, mono/di-glycerides

Non-steroidal anti-inflammatory drugs and derivatives

sodium salicylate

sodium 5-methoxysalicylate
indomethacin

diclofenac

Chelating agents (Calcium binding agents)
EDTA, citric acid
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1.5.1.1 Non-ionic, anionic and cationic surfactants

The effect of surfactants on drug absorption have been already reported (Florence,
1981; Gibaldi and Feldman, 1970; Attwood and Florence, 1983). Amphiphilic
(amphipathic) compounds are those which possess both polar and non-polar groups and
most amphiphilic compounds are surfactants. Non-ionic surfactants possess a polar
“headgroup”, often a polyoxyethylene chain and a non-polar hydrocarbon chain. Most
commercial polyoxyethylated non-ionic detergents are polydisperse in the length of
polyoxyethylene chain, and some in relation to their hydrophobic chain length. It has been
generally accepted that surfactants which are too hydrophobic to be water soluble are poor
enhancers, while surfactants which are very hydrophilic cannot partition effectively into the
hydrophobic environment of the lipid bilayer (Attwood and Florence, 1983).

Surfactants which increase cellular permeability generally do so by disturbing the
membrane (Fig. 1.6). When a small amount of detergent is present, the molecules of
detergent are incorporated into the membrane without breaking, but changing the physical
properties of the cell membrane. At high surfactant concentrations in the plasma
membrane surfactant-surfactant contacts occur, and the membrane can be dissolved into
surfactant-membrane mixed micelles. Mixed protein-lipid-detergent micelles are
equilibrium with detergent micelles and free detergent molecules. Pure protein-detergent
micelles may be obtained in equilibrium with detergent-lipid and detergent micelles (Gulik-
Krzywicki, 1975; Helenuis and Simons, 1975; Lichtenberg, 1985).

The size and shape of both the alkyl chain and the polar group influence absorption
enhancing capability. Florence et al. (1978) and Walters et al. (1981) studied the influence
of a range of polyoxyethylated non-ionic surfactant upon the transport of paraquat
dichloride across rabbit isolated gastric mucosa. By varying both the alkyl chain length and
polyoxyethylated chain length, the most effective absorption promoter was found to be
Brij 36T (Cy2E 10, while E;o = a polyoxyethylene chain with 10 ethylene oxide units) and
rank order for other surfactants in promoting paraquat absorption was C;g1E;o > Ci6E10 >
CisE10. Florence (1981) found that one unique aspect of the C12 chain is its intermediate
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The effects of surfactants on drug absorption are often correlated with toxic
effects on mucosal integrity, involving epithelial cell loss, release of proteins and lipids, and
unspecified musocal damage (Van Hoogdalem et al, 1989; Anderberg et al, 1993;
Anderberg and Artursson, 1992, 1993; Sugimura, 1974 a, b; Swenson and Curatolo,
1992). Ishizawa et al. (1987) noted that a 1% polyoxyethylene lauryl ether was effective in
increasing fosfomycin absorption. Polyoxyethylene-23-lauryl ether (Ci;Ey) significantly
enhanced the absorption of cefoxitin from the rat rectum, but released protein from the
rectal mucosa (Nishihata et al., 1985).The mtestinal absorption of ergot peptide alkaloids
was enhanced by micellar solutions of polyoxyethylene-24-cholesteryl ether, equivalent to
Solulan C24 discussed later in the thesis (Franz and Vonderscher, 1981).

Polysorbates 20, 21, 40, 60, 80 and 85, (the Tweens") were investigated for their
effect on the permeability of the rat rectal membrane by Nakanishi et al. (1983),
polysorbate 20 being the most potent. When added in aqueous solutions, they did not
significantly affect permeability, while they affected the histological nature of the rectal
tissue and enhanced the permeability of sulfanilic acid when they were added in oils such
as Miglyol and olive oil. Azmin et al. (1982.-and 1985a) demonstrated that polysorbate 80
could increase the absorption of methotrexate from the mouse gastrointestinal tract and
enhance the drug uptake into the brain without a damaging effect on the gastrointestinal
mucosa.

The effect of the anionic surfactant, sodium lauryl sulphate on absorption of
cefadroxil in the rat colon has been studied by Sancho et al. (1995). The well-known
ability of sodium dodecyl sulphate to disrupt membranes and denaturate proteins suggests
its possible role as an absorption enhancer. Heparin absorption has been shown to be
increased by incorporation of sodium dodecyl sulphate in an enteric coated capsule dosage
form in dogs (Engel and Riggi, 1969).

The effects of different surfactants have been tested on Caco-2 cell monolayers
such as: sodium caprate, sodum dodecyl sulfate, sodium dioctyl sulfosuccinate,
polysorbate 80, polyoxyl 40 hydrogenated castor oil, bile salts (Anderberg et al., 1993;
Anderberg and Artursson, 1993; Nururkar et al, 1996; Anderberg et al., 1992). In

44



general, the non-ionic surfactants of the polyoxyethylene-type exert benign effects on
membrane structure making them interesting for human use, compared to the more toxic
cationic (tertiary and quaternary ammonium salts) and anionic surfactants (Van
Hoogdalem et al., 1989).

Table 1.3 Various kind of surfactants used for absorption enhancement of proteins and
peptides employing intestinal, rectal and nasal route

Surfactants Drugs/Route of administration References
Proteins and
peptides
polyoxyethylene- Insulin, oral, man Galloway and
-20-oleyl ether Root, 1972
polyoxyethylene- Insulm, rectal, rats Bar-On et al, 1981
-20-cetyl ether
polyoxyethylene- LH-RH, rectal, rats ‘Yamazaki, 1984
9-lauryl ether
sodium dodecyl Insulin, rectal, rabbits Ichikawa et al.,
sulphate/ 1980
polyoxyethylene-
9-lauryl ether
sodium dodecyl Insulin, nasal, rats Hirai et al., 1981
sulphate/potassium and 1981a
laurate
sodium laurylsulphate Calcitonin,oral, rats Nakada et al., 1988
sodium deoxycholate
sodium taurodeoxy-
cholate
cetomacrogol 1000  Insulin, intra-jejunally, rats Toutou et al., 1980
cetomacrogol 1000  Insulin rectal, rats Bar-On et al., 1981
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1.5.1.2 Bile salts and mixed micelles

The absorption enhancing properties of bile salts increase with increasing
lipophilicity, which may be explained by increasing affinity for the lipoidal bilayer.
Conjugation reduces the overall hydrophobicity of the bile salts, increasing solubility, and
CMC. Thus, the hydrophobic steroid nucleus is the primary determinant of the effect of
bile salts on mucosal permeability (Swenson and Curatolo, 1992). However conjugated
bile salts retain absorption properties (Murakami et al,, 1984; Feldman et al,
1973). Therefore, dihydroxy bile salts are more damaging morphologically. Relatively low
concentrations of sodium deoxycholate (0.2%) may seriously affect mucosal structure,
whereas comparable concentrations of sodium cholate and taurocholate did not affect
small intestinal nmcosal structure (van Hoogdalem et al., 1989). Similar correlation was
reported after nasal and rectal application of some bile salts.

Mechanisms of absorption enhancement include the perturbation of membrane
such as: solubilization of phospholipid that leads to disruption of the brush border
membrane (Swenson and Curatolo, 1992), release of both phospholipid and protein, and
total phosphorus (in the presence of micellar concentrations of taurodeoxycholate)
reported by Feldman et al. (1973) and alterations in tight junction integrity following
perfusion of chenodeoxycholate at concentration below the CMC (Swenson and Curatolo,
1992).

It has been observed that mixed micelles contaming dihydroxy bile salts are less
toxic, but less effective as absorption enhancers than dihydroxy bile salts alone. Mixed
micelles containing trihydroxy bile salts tend to be more damaging and more effective
enhancers than trihydroxy bile salts alone (Swenson and Curatolo, 1992). The former
observations reveal the mechanistic complexity of mixed micellar solutions as absorption
promoters. The latter can be explained by the fact that the incorporation of fatty acids or
glycerides may increase the absorption enhancement of trihydroxy bile salts. Muranishi et
al. (1977) observed enhanced absorption of heparin from the small and large intestine in

the presence of monoolein and taurocholate or glycocholate mixed micelles compared to
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bile salt alone. Muranishi et al. (1980) demonstrated increased streptomycin absorption
using in situ closed-loop from rat small and large intestine in the presence of taurocholate,
monoolein or fatty acids such as lauric (C12:0), oleic (C18:1), linoleic (C18:2) or linolenic
(C18:3) in the mixed micellar form.

1.5.1.3 Sodium tauro-24,25-dihydrofusidate (STDHF)

Recent studies have demonstrated the efficacy of sodium tauro-24,25-
dihydrofusidate in enhancing the intranasal and rectal absorption of insulin, human growth
hormone (hGH) and other drugs in both animal studies and human clinical trials (Baldwin
et al, 1990; Longenecker et al., 1987, van Hoogdalem, 1989 a). Considering the effective
nasal and rectal absorption enhancing effect of STDHF and absence of nasal toxicity,
STDHF is a promising enhancer of intestinal drug absorption.

1.5.1.4 Fatty acids and medium-chain glycerides

Medmum-chain saturated fatty acids (MCFAs) contain 6 to 12 carbon atoms that
includes caproic (C6), caprylic (C8), capric (C10) and lauric acid (C12). They enhance the
absorption of hydrophilic drugs across the intestinal mucosa. Florence (1981) showed that
C12 chain possesses a configuration which is favourable for membrane destabilization,
having the optimal lipophilicity and size. The effects of carbon chain length on the
enhancement of fosfomycin of sodium salts of saturated medium-chain fatty acids has been
investigated by Ishizawa et al. (1987). The order of the promoting effect on fosfomycin
absorption was caprate (C10) > laurate (C12) > caprylate (C8) i both jejunum and colon.
Caprylate exerted hardly any effect. Ishizawa et al. (1987) has also reported that mixed
micelles consisting of 1% of both sodium taurocholate and unsaturated fatty acids, ie.,
sodium oleate, sodium linoleate or linolenic acid were acting as fosfomycin promoters.
Their effects greatly exceeded that of taurocholate alone.

Lindmark et al. (1995) studied the dose-dependent effects of sodium salts of
medium-chain fatty acids, C6, C8, C10 and C12 in monolayers Caco-2 cells. C12 was the
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most effective, followed by C10 and C8. C12 did not show any clear morphological
changes even at a concentration that enhanced the transport of mannitol up to 100-fold
and remains unexplained.

Sodium caprate results in cytoskeletal changes and structural alterations of the
tight junctions in Caco-2 cells (Andreberg et al,, 1993; Lindmark et al., 1995). Various
fluorescent probes suggested that sodium caprylate can increase the permeability by
perturbing membrane proteins (Kajii et al., 1988).

The Mono-unsaturated fatty acid, oleic acid, solubilized by a nonionic surfactant
enhances the absorption of carboxyfluorescein performed with everted colonic segment of
rats (Murakami et al, 1988). Oleic acid interacted with lipid bilayers and affected the
bilayer structure by disturbing both the interior hydrophobic and exterior polar region.
However, the enhanced permeability caused by oleic acid cannot be entirely explamed by
the disturbance of lipid bilayer. Muranishi and Murakami (1991) studied the complex
mechanism of absorption enhancing effect of oleic acid. For that purpose, the influence of
SH-group modifiers on permeability has been first studied in a colonic perfusion study.
Pretreatment with NEM (N-ethylmaleimide), and diamide, a SH-oxidising agent inhibited
the effect of oleic acid. After treatment with dithiothreitol, which regenerated SH-
functional groups, the enhancement by oleic acid was also recovered.

Colonic brush border membrane vesicles have been used in the study of the effect
of oleic acid on membrane fluidity and the influence of SH-group modifier, NEM on this
effect. Different fluorescence probes such as: NPM [N-(1-pyrene)maleimide], a fluid probe
for protein phase indicated that the fluidity of the protein phase of the membrane is
elevated in the presence of oleic acid; the degree of polarization of DPH (1,6-diphenyl-
1,3,5-hexatriene), a probe for the hydrophobic region of the lipid bilayer decreased in the
presence of oleic acid.

The relationship between tight junction regulation and absorption enhancement
was examined by using calmodulin inhibitors. The results suggested that a calmodulin-

dependent protein is involved in the oleic acid-induced enhancement of mmcosal

permeability.
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extraction of cholesterol from the mucosal membrane (Van Hoogdalem et al., 1989).
Oral, intraduodenal and rectal delivery in various animal species of glycereyl-1-
monooctanoate was reported to enhance ceftriaxone absorption (Van Hoogdalem et al.,
1989). The medium-chain glycerides in fractionated coconut oil do not have promoting
properties itself, but they exert their action after hydrolysis to the corresponding medium-
chain fatty acids. For example, cefoxitin absorption from the duodenum is greater than
from the rectum, due to the presence of pancreatic lipase. Lipase-generated fatty acids or
monoglycerides may be responsible for the permeability increase and the plasma AUC was
maximized at an acyl chain length of 12 (Yoshitomi et al., 1987). The effect of CapMul
MCM (C8/C10 mono-/di-glycerides) on rabbit ileal tissue was investigated in vitro using
the Ussing chamber technique (Yeh et al., 1995). Mucosal addition of CapMul MCM to
ileum enhanced the permeability of mannitol with minimal epithelial disruption. Palin et al.
(1986) demonstrated an enhancing effect of of fractionated coconut oil on cefoxitin
absorption. Self-emulsifying microemulsions consisting of medium-chain glycerides
(C8/C10 mono-/di-glycerides) resulted in significant absorption enhancement of calcein
without macroscopic evidence of tissue damage (Constantinides et al., 1994).

Fatty acid derivatives of camitine such as palmitoylcarnitine increases tight
junction permeability both in rats and Caco-2 cell monolayers (Swenson and Curatolo,
1992). Palmitoylcamitine (2% w/v) was generally the most effective, but lauroyl-,
myristoyl-, and stearoylcamnitine were also effective in absorption enhancement of
cefoxitin, gentamicin, o-methyldopa and a cyclic hexapeptide analog of somatostatin when
dosed duodenally and rectally in the rat (Swenson and Curatolo, 1992; Van Hoogdalem et
al,, 1989).

1.5.1.S Non-steroidal anti-inflammatory drugs (NSAIDs) and
derivatives as absorption enhancers

Administration of sodium salicylate as an enhancer of rectal insulin absorption in
healthy humans produces significant increase in plasma insulin, gentamicin, calcitonin,
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penicillins, cephalosporins, methionyl-human growth hormone (Nishihata et al., 1986; van
Hoogdalem et al., 1989; Moore et al., 1986).

In rats, insuln bioavailability was increased by S-methoxysalicylate when
administered into the small intestine. The rectal absorption of arginine vasopressin, 1-
deamino-8-D-arginine vasopressin gentamicin, pentagastrin, gastrin, 3-lactam antibiotics
were also increased in the presence of this compound (Nishihata et al., 1981 Saffran et al.,
1988; van Hoogdalem et al., 1989). Indomethacin, diclofenac and phenylbutazone proved
to enhance absorption of sulfanilic acid, insulin from the rat rectum (Nakanishi et al., 1984
a; Nakanishi et al, 1985).

Non-steroidal anti-inflammatory drugs appear to have complex modes of action.
Sodium salicylate reduces the length of the glycocalyx in the rectum, which possibly
reduced the barrier function of the mucus layer (van Hoogdalem et al., 1989). Salicylate
proved fo increase lipid bilayer fluidity, either by interacting with phospholipid head groups
or with membrane proteins and sulfhydryl groups causing membrane perturbation of small
mntestinal epithelial cells, which could result in enhanced transcellular transport (Kajii et al.,
1985; Kajii et al., 1986, 1986a; Nakanishi et al., 1984). Depending on the ionic strength
used, sodium salicylate causes epithelial cell loss. The absorption enhancing effect of
sodium salicylate was associated with reduced ghutathione levels of the mucosal tissue, the
mucosal barrier and non-protein thiol levels being restored by cysteamine suppletion (van
Hoogdalem et al., 1989; Nishihata, 1986a).

1.5.1.6 Chelating agents (Calcium binding agents)

Calcium chelators such as EDTA (ethylenediaminetetraacetic acid) and citric acid,
deplete Ca”* and induce global changes in cells including disruption of actin filaments,
disruption of adherent junctions, dimiished cell adhesion and activations of protein kinase
(Hochman and Artursson, 1994). The route of administration influences the efficacy of
absorption promotion by EDTA. The enhancing effect of 1% EDTA-2Na on fosfomycin
absorption was less in colon than jejunum due to the fact that the tight junction of the
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jejunum is more leaky than in the colon (Ishizawa et al., 1987). Jejunal absorption in rats
of phenol red and insulin was increased by EDTA (Van Hoogdalem et al., 1994) and in
rats and dogs EDTA promoted oral absorption of heparin (Windsor and Cronheim, 1961).

1.5.2 Other possibilities of increasing drug absorption

1.5.2.1 Protease inhibitors

Large number of protein/peptide drugs have very low bioavailability due to poor
membrane penetration characteristics and extensive hydrolysis of peptides by digestive
enzymes, including proteases of the gastromtestinal tract (Lee and Yamamoto, 1990;
Banga and Chien, 1988; Robinson, 1993; Lee et al., 1991). Therefore, the use of protease
inhibitors such as trypsin, aprotinin, chymostatin, bestain, pepstatin, o2-Macroglobulin
could reduce the degradation of various peptide and proteins at absorption sites (Mrsny et
al, 1993).

Insulin is first decomposed in the stomach by pepsin, which is active under an
acidic condition and then in the intestines, where a number of enzymes exist, particularty
by trypsin and chymotrypsin. Such enzymatic decomposition of insulin is avoided by
providing an enteric coating and adding an enzyme inhibitor against trypsin and
chymotrypsin (Machida, 1993).

Protease inhibitors do not affect the membrane integrity of the epithelium and
therefore they are suitable for improving the intestinal absorption of the drugs (Raehs et
al, 1988; Gotoh et al., 1995).

1.5.2.2 Prodrugs and analogues
A potential approach to increase drug absorption may be chemical
modification of drugs to produce prodrugs and analogues (Fig. 1.4). Ampicillin is known

to be only 30-40% absorbed from the gastrointestinal tract due to its low lipophilicity, but
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prodrugs synthesized by esterification of carboxyl groups of ampicillin showed higher
bioavailability (Muranishi and Yamamoto, 1994).

Transport of proteins and peptides can be improved by increasing lipophilicity
through conjugation with lipophilic molecules. Mono- and di-palmitoyl derivatives of
bovine insulin have been synthesized and shown to be more lipophilic than native insulin,
but biologically less active (Hashimoto et al., 1989). Chemical modification of insulin, TG
(tetragastrin), TRH (thyrotropin-releasing hormone) with fatty acids, without marked loss
of pharmacological activities, increases the lipophilicity of these peptides, but also reduces
degradation (Muranishi et al., 1991, 1992; Yamada et al, 1992). A more specific way to
increase the intestinal permeability of peptides would be by coupling the drug to a natural
ligand such as bile salt which is absorbed by a specific transport pathway, either by
receptor-mediated endocytosis (as with vitamin B,,) or by a carrier mechanism (Kramer et
al, 1994). Toth et al (1994) have used lipidic amino acids and their homo-oligomers,
lipidic peptides as prodrugs. Prodrugs like enalapril and ramipril have been successful with
increased absorption in humans (Ranadive et al., 1992).

Table 1.4 The use of prodrugs and analogues for improving absorption

Prodrugs and analogues Drugs /Route of administration References
pivampicillin ampicillin, oral, rats Bundgaard
bacampicillin and
talampiciln Hansen, 1981
DN-1417' TRH, oral, rats Yokohama
et al., 1985
Lau-TRH TRH, small ntestine, Muranishi et
rats al., 1991,
1992
azopolymer coating Insulin, oral, rats Saffran et al.,
Vasopressin 1986
Palins-1° + Palins-2’ Insulin, large intestine, rats Hashizume
in polyoxyethylene et al., 1992
hydrogenated castor oil
(HCO 60) micellar system
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Table 1.4 The use of prodrugs and analogues for improving absorption (cont.)

prodrugs of 5-FU" 5-FU, rabbits, oral Buur and
rabbits, rectal Bundgaard,
1987
Cap-TG’ TG, small intestine, rats Muranishi et
Lau-TG® TG al, 1992

! y-butyrolactone-y-carbonyl-L-histidyl-L-prolinamide citrate derivative of thyrotropin-
releasing hormone (TRH);

? B)-monopalmitoyl insulin (Palins-1); > B; , Bys-dipalmitoyl insulin (Palins-2);

* 3-acyl, 1-alkoxycarbonyl, 3-acyloxymethyl derivatives of S-fluorouracil (5-FU);

> caproyl-TG; ¢ lauroy)-TG

1.5.2.3 Particulate carriers

Particulate drug delivery systems are being developed to enhance the oral delivery
of labile drugs. There is considerable recent evidence supporting this uptake phenomenon,
with the Peyer's patches of the Gut Associated Lymphoid Tissue (GALT) (Florence and
Jani, 1993). Hillery et al. (1996, 1996a) have reported a novel poly-n-butylcyanoacrylate
(nBCA) based co-polymer drug delivery system, in which the peptide LHRH is covalently
coupled to the polymeric matrix. Peptide LHRH was conjugated with vinylacetic acid and
the conjugate co-polymerized with nBCA and the co-polymeric system formed particles
(of 100nm average diameter). Microparticles and nanoparticles have been used for oral
delivery of antigens (Eldridge et al.,1987). Particulate antigens are likely delivered from
the gut lumen to M cells in Peyer's patches (Gillian and Po, 1991). Polyalkylcyanoacrylate
nanoparticles have been shown to enhance the oral absorption of msulin (Miche] et al.,
1991).
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1.5.2.4 Emulsions

Various physiological mechanisms have been proposed to explain the effect of oils
on the administration of water insoluble compounds. These include: altered gastromtestinal
motility, increased bile flow, and drug solubilization, increased mucosal permeability and
increased lymphatic absorption (Palin and Wilson, 1984; Palin 1985; MacGregor et al.,
1997). The increased absorption of water soluble drugs following oral administration of
emulsions may be attributed to the mhibitory effect of the oil and / or metabolite (fatty
acid) on gastric emptying, producing a prolonged absorption phase, increased mucosal
permeability and slow release of the drug from the emulsion (Palin, 1985).

It is known that gastric emptying of neutral, isoosmotic solutions is rapid, while
motility records confirm that the lipid content (of a meal) delays gastric emptying by
prolonging duodenal contractions (Phillips, 1993; Bass, 1993). The hibitory effect of
emulsified com oil, sesame oil, isopropyl myristate on gastric emptying process allowed
only small amounts of drug to be emptied into the small intestine (Bates and Sequeira,
1975; Ogata and Fung, 1980; Palin, 1985). Most studies on viscous materials . .
find that a high viscosity slows the rate of gastric emptying. It has been proposed that the
slower emptying rate of viscous meals may be the result of inhibition of gastric motility,
therefore result in an increased extent of absorption (Soci and Parrott, 1980; Gupta and
Robinson, 1994). However, it is difficult to generalize the effect of viscosity on the
absorption and availability of drugs from oral liquids. Hewitt and Levy (1971) for example
showed that, in contrary to expectation, oral administration of thiamine and riboflavin in
highly viscous methylcellulose solutions did not affect significantly their rate and
absorption. Pre-dosing with a drug-free sesame oil-in-water emulsion caused increased
nitroglycerin bioavailability probably due to a sustained release effect (Ogata and Fung,
1980).

Emulsion digestion is likely to have a important influence on the bioavailability of
the drugs from oily drug delivery systems. It is generally assumed that fat emulsions are
metabolized in the same way as dietary fat. Dietary fat is composed mainly of triglycerides,
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which are hydrolyzed by gastric and gastro-intestinal lipases to free fatty acids and
monoglycerides (Borel et al., 1994; Embleton and Pouton, 1997) (Fig. 1.8). Metabolites
from esterified oils and fatty acids affect both physiological processes of GI motility and
permeability. Fatty acids inhibit gastric emptying, the unsaturated molecules are more
effective than the corresponding saturated ones (Palin, 1985). Saturated fatty acids (C2-
C8) have little effect on the gastric retention time, but decanoic (C10) and longer chain
length fatty acids being more effective, the most potent being the 14 carbon chain, myristic
acid (Palin, 1985). Free fatty acids liberated from emulsions by lipases increase absorption
from the small intestinal lumen due to their effect on membrane fluidity. The oral
absorption of cefoxitin increased in the presence of saturated fatty acids from Miglyol 812
emulsion, in particular lauric acid (C12) and palmitic acid (C16), but not caprylic acid
(C8). The results showed that radiolabelled lauric acid was incorporated mto the
membrane, replacing the long chain fatty acids in the phospholipids and producing
“spaces” for the drug to pass through. Lauric acid solubilizes lipophilic constituents of the
membrane such as cholesterol. On the other hand, surfactants which act as emulsion
stabilizers could increase the absorption of the drug mainly by fluidizing cell membranes,
thus increasing the drug absorption, when present at appropriate concentrations.

Besides water-in-oil or oil-in-water emulsions multiple water-in-oil-in-water
(w/o/w) emulsions can be used as absorption enhancers for water soluble drugs.
Omotosho et al. (1990) studied the absorption of 5-fluorouracil orally administered in a
water/ /isopropylmyristate/water emulsion and the suggested mechanism of enhancement
was attributed to the inhibitory effect of isopropyl myristate on gastric emptying process.
Multiple w/o/w emulsions have been studied for potential application to protect drugs
such as insulin, which are normally degraded when given orally (Engel et al., 1968).
Shichiri et al. (1974) showed that infusion of w/o/w insulin emulsions into the jejunum was
three to four times more effective than the administration of aqueous insulin.

The lack of long term stability of multiple emulsions is a drawback.
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gastrointestinal tract following oral administration in mice of different preparations such as
polysorbate 80, niosomal formulations and free methotrexate has shown that when the
drug was given in 6% polysorbate 80, serum MTX concentration was higher than in mice
given the drug without surfactant, confirming the effect of the surfactant on oral
absorption and its role as absorption enhancer. Significantly higher serum MTX levels
were found in mice given niosomes than in mice given drug-polysorbate or drug solution
(Azmin et al., 1985).

After oral administration, many liposome formulations are rapidly destabilised in
the gut, following interaction with bile salts (Gregoriadis and Florence, 1993), although
there are reports that liposome-entrapped insulin administered orally reduces blood-
glucose levels in diabetic rats, whereas the same amount of free insulin has no such effect
(Patel and Ryman,1976).

1.5.2.6 The “ Macrosol “ and Bridgelock™ technology

A proprietary technology designed to solubilized hydrophilic macromolecules in
oil phases in the absence of water has been reported by New et al. (1995), Kirby et al
(1995), New and Kirby (1997). Dissolution of most water-soluble macromolecules in oil
phases is normally impossible, but the "Macrosol™ " technology is said to overcome this
problem by coating each molecule in a sheath of amphiphiles, protecting it from the oil.
The technique employed in "Macrosol ™" is to bring the amphiphile and macromolecule
together in an optimum orientation before addition of the oil. In the final formulation, the
correct orientation of amphiphile is essential to maintain the integrity of the composition
and to keep the macromolecules dispersed, even solubilized throughout the oil medium.

The “Bridgelock™ formulation is prepared by constructing a water-in-oil
emulsion in which the water soluble drug is incorporated within the aqueous phase of the
emulsion (New and Kirby, 1997). Emulsification was carried out by polysorbate 80,
glycerol mono-oleate and phospholipids. The emulsion is spray-coated onto a dry core
(carboxymethyl cellulose, sodium alginate and gelatin) of fine solid particles. During the
process of spray-coating, the water from the emulsion is driven off and the oil associates
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with the core particles to form granules which swell in contact with water. A major
component of the “Bridgelock™” formulation is monosaturated fatty acid, oleic acid,
which is known to increase permeability of intestinal cell membranes.

1.6 Efficacy and potential toxicity of permeability
enhancers for oral drug delivery

The application of permeation enhancers in clinical practice has occurred rarely,
few passing beyond the experimental stage. This failure is partly due to the fact that the
delivery of an effective dose of permeation enhancer is a complex practical problem, and
partly because the safety of the permeability enhancing agent remains in question. Curatolo
and Swenson (1991) defined the major requirements for successful drug absorption
enhancement:

1) In vitro potency. The enhancer in vitro must increase the permeability of e.g.

the intestinal epithelium, the potency can be estimated in a variety of experimental systems
including cell culture, the everted intestinal segment and everted ntestinal sac, Ussing
chambers, BBMV and BLMV.

2) Adequate pharmacokinetics. Penetration enhancers must achieve a threshold

concentration for activity and must maintain this concentration for a sufficient period of
time. For oral dosing with an enteric form, the enhancer will dissolve in the small intestine
in a volume of approximately 50-100ml. It is difficult to design a single unit dosage form
with an enhancer compound greater than about 500mg. This would set the maximum
possible absorption enhancer concentration in the lumen at 0.5-1% (v/w). Taking into the
account dissolution time, interactions between an enhancer and bile in the small intestine,
gastrointestinal transit, spreading, stability and absorption of the enhancer itself, using a
practical quantity of a permeability enhancer may be difficult to achieve.
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3) Minimal toxicity. Concentrations of a surfactant sufficient to increase the
permeability of a cell membrane to a polar drug, are also likely to be sufficient to cause
increased flux of iorganic ions into and out of the cell Treatments which drastically

change these ion gradients are toxic, and may be lethal to the cell. When a cell membrane
has been permeabilized to the degree that macromolecules can pass, the cell is generally
assumed to have undergone lysis which is irreversible. Thus any physical treatment which
increases celtular permeability will have cytotoxic effects. The important issues are: 1) the
degree of cytotoxicity, whether there is temporarily deranged metabolism or total lysis;
and 2) the ability of the tissue to overcome the loss of individual cells.

Systemic toxicity of a permeability enhancer can only be assessed in proper oral
toxicology studies and cannot be predicted on the basis of the toxicity of structurally
similar compounds (Curatolo and Ochoa, 1994). The choice of the absorption enhancers
to be developed into formulations for human use has to be determined only by the safety
profile of the enhancer, ie. the absence of serious damaging effects on the intestinal

mucosa.

1.7 Metformin

Metformin hydrochloride is a biguanide hypoglycaemic agent used in the treatment
of non-insulin dependent diabetes mellitus (NIDDM).

Metformin (N-1,1-Dimethylbiguanide hydrochloride) is a white, hygroscopic,
crystalline powder (Fig. 1.9). Molecular weight (free base) 165.6 (129.2). Soluble 1 in 2
of water and 1 in 100 ethanol, practically insoluble in chloroform, ether, acetone,
methylene chloride. Octanol/water partition coefficient - very low. Dissociation constant -
pKa 2.8, 11.5 (32°C) ( Martindale, 1996; Dollery, 1991; Clarke, 1986).

Under the physiological conditions it is singly protonated on the central imino
group (Hariharan et al., 1989).
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Figure 1.9 Chemical structure of metformin

Metformin reduces elevated blood glucose concentrations in patients with
diabetes, but it does not increase insulin secretion, and does not cause hypoglycaemia.
Target tissues for the antihyperglycaemic effect of metformin include liver, where
gluconeogenesis is reduced (Woolen and Bailey, 1988), the small intestine, where glicose
absorption is inhibited and glicose utilization is increased(Panicaud et al., 1989; Wilcock
and Bailey, 1991; Bailey et al., 1992; Hermann, 1979); and msulin-sensitive peripheral
tissues such as skeletal muscle and adipose tissue, where glucose uptake and oxidation are
increased (Bailey and Puah, 1986; Wilock and Bailey, 1990).

Metformin causes gastro-intestinal adverse effects including anorexia, nausea,
diarrhoea and heartburn (Martindale, 1996; Bailey, 1992). Megaloblastic anaemia due to
vitamin B, malabsorption (Callaghan, 1980) and lactic acidosis were associated with
metformin absorption (Bailey, 1992).

Gas-liquid chromatography (Tucker et al, 1981), high pressure liquid
chromatography (Charles et al., 1981), radiolabelled isotope *C-metformin (Wilcock and
Bailey, 1994; Nicklin, 1996) have been employed for the determmation of metformin

concentrations in plasma, urine or in aqueous medium.
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Metformin is chemically stable and apparently not metabolized (Pentikainen et al.,
1979). It is incompletely absorbed, faecal recovery being about 30% of an oral dose
(Tucker et al., 1981). About 30-50% of an oral dose is excreted in the urine as unchanged
in 24 h (Clarke, 1986). Following single oral doses of 0.5 g and 1.5 g to 4 subjects, peak
plasma concentration of 0.59 to 1.3 pg/ml (mean 1.0) and 1.8 to 4.0pg/ml (mean 3.1),
respectively, were reached in about 2 h (Tucker et al., 1981; Pentikamen et al., 1979). Oral
bioavailability is 50-60% of the dose (after single oral doses of 0.5 and 1.5 g), absorption
is completed within 6 h and seems confined to the upper part of the intestine (Tucker et
al,, 1981; Sirtori, et al., 1978; Noel, 1979). Metformin is not bound to plasma proteins
(Pentikainen et al., 1979). It has a half-life of 1.3 to 4.5 h (Bailey, 1992). Plasma clearance
is about 7 to 10 ml/min/kg, Plasma half-life, after intravenous administration is about 1.5
to 4 h (Clarke, 1986).

Metformin has been used extensively in Europe and was approved for use in the
United States in 1995 (Goodman and Gilman, 1996). Metformin hydrochloride is available
as Glucophage (Lipha, UK) tablets of 500 mg and 850 mg.

1.7.1 Non-insulin dependent diabetes mellitus

Non-insulin dependent diabetes mellitus (NIDDM) accounts for over 80% of
diabetes in Europe and North America and affects 10% of individuals aged over 70
(Williams, 1994). Current treatment targets emphasise the fact that NIDDM, although
defined by hyperglycaemia, is a multifacted disorder and often involves lipid disturbances,
obesity and hypertension (Alberti and Gries, 1988). Hyperglycaemia results mainly
because of poor uptake of glucose by peripheral tissue.

Insulin is present at near-normal to elevated levels in this form of the disease and
the problem is primarily msulin resistance rather than lack of insulin. The defect in these
patients may be at the level of the insulin receptors located on the plasma membranes of
normally insulin-responsive cells, that is hepatocytes, adipocytes, and muscle cells. The
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number of affinity of insulin receptors is reduced in some patients; others have normal
insulin binding, but abnormal postreceptor responses (Harris and Crabb, 1986).

The dyslipidaemia deserves particular mention because it typically comprises
hypertriglyceridemia and the atherogenic combination of low high-density (HDL) and high
low-density lipoprotein (LDL) cholesterol; total cholesterol levels can be deceptively
normal (Garg and Grundy, 1990). Characteristic of NIDDM usually results in an increase
in VLDL without hyperchylomicronemia due to increased hepatic triacylglycerol synthesis
stimulated by hyperglycaemia and hyperinsulinemia, rather than increased delivery of fatty
acids from the adipose tissue (Harris and Crabb, 1986). The ketoacidosis characteristic of
the non-insulin dependent disease is not observed, because uncontrolled lipolysis m the
adipose tissue is not a feature of this disease.

The treatment of NIDDM is based on dietary measures, sulphonylureas, isulin
and biguanides (Lean, 1991; Lebovitz, 1992; Genuth, 1990; Bailey, 1992).
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Chapter 2

Influence of emulsion formulations on

metformin absorption in the rat
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2.1 Introduction

The influence on oral metformin bioavailability of both W/O and O/W emulsions
containing the drug in the aqueous phase has been studied in the rat. The aims were to
assess: 1) the stability of the emulsions together with the in vitro release of the drug; 2)
bioavailability and in vivo absorption of metformin, 3) the histological changes in the rat
small intestine induced by these preparations and their reversibility. We have formulated,
characterised and tested in vivo: 1) a W/isopropyl myristate emmlsion stabilised with
sorbitan monooleate (Span 80) and bovine serum albumin (BSA), 2) an O/W emmlsion
stabilised with cholesteryl poly(24) oxyethylene ether (Solulan C24) and Span 80 prepared
with soybean oil and 3) an O/W emulsion stabilised with sorbitan monostearate (Span 60)
with sesame oil as the continuous phase.

The rationale for the use of W/O systems as a carrier for metformin is the
anticipation of controlled delivery. Although it appears illogical to employ O/W systems,
as the metformin is dissolved in the continuous phase, the O/W formulations when
containing metformin were viscous, stable systems and were used as "controls" for the
effect not of the colloidal system itself, but of the emulsion components.

After oral administration of both W/O and O/W, the emulsions containing “*C-
metformin showed some modification of metformin absorption in the rat when compared
to the solution control (a solution of “C-metformin in water). We have also carried out
histological investigations of the impact of the formulations on intestinal epithelial integrity
as well as measuring metformin levels in the plasma. The histology showed a relation
between the increases in absorption which were noted and the toxicity of formulations to
the intestinal wall. The reversibility of these effects was crucial. Allowing the intestinal
cells to recover, after dosing for three days, by retuming to a normal state suggests that all
the changes in the treated animals were indeed reversible.
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2. 2 Materials

Isopropyl myristate (IPM), hexadecane (HD), sorbitan monooleate (Span 80),
sorbitan monostearate (Span 60), were purchased from Fluka Chemica, UK. Solulan C24
(cholesteryl poly (24) oxyethylene ether) was obtained from Amerchol, UK. Soybean oil,
sesame oil, bovine serum albumin (BSA), hexamethyldisilazane, Sudan III, toluidine blue
and phosphate buffered saline (PBS) were obtamed from Sigma Chemical, UK
Glutaraldehyde and osmium tetroxide were from TAAB, UK. Sodium cacodylate was
from Agar Scientific Ltd., UK. All chemicals were used as received.

*C-metformin hydrochloride with specific activity 66 mCi/mmol was a gift fiom
Lipha Pharmaceuticals, UK. Hionic-Fluor® liquid scintillation cocktail was obtained from
Packard Instrument Company. Hypnoval® and Hypnorm® were purchased from Centaur

Services, Somerset, UK.

2.3 Methods

2.3.1 Preparation of emulsions

Both W/O and O/W emulsions were prepared. Because of the requirement to
mcorporate large amounts of metformin which acts like an electrolyte, stable formulations
were sometimes difficult to achieve, especially for W/O systems.

After numerous experiments to determine stable emulsion formmlations, we
selected the following:

1. A W/O emulsion with isopropyl myristate (IPM) or hexadecane (HD) as the continuous
phase were prepared using 2 parts of IPM or HD containing 6.7% of Span 80 and 1 part
of aqueous phase with 0.5% of BSA (Fig. 2.1 shows W/IPM emulsion). Metformin was

incorporated into the aqueous phase.
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2.3.2 Characterisation of emulsions

These types of emulsions were confirmed by the drop dilution method, staining
tests using the oil-soluble dye, Sudan III and by microscopic examination. The mean size
of droplets was calculated from photomicrographs, measuring an average of 100 droplets.
The droplet size of the W/IPM emulsion was found to be 5-10um, around 10um for the
O/W Solulan C24 and Span 80 emulsion and around 50pm for the O/W Span 60
emulsion.

2.3.3 In vitro release measurements

Cuprophan tubing size 5 (Visking 20/32 in) (Medicell International, London) was
washed several times with distilled water and left to soak in distilled water overnight
before use. Samples (0.5 ml) (the control sample containing only the drug and emulsion
formulations), were transferred into dialysis bags which were then sealed and placed in 20
ml of aqueous solution, at 37°C with constant shaking.

The concentration of metformin in all emulsions and control samples was 25
mg/ml Aliquots of 100 pl of the release medium were analysed spectrophotometrically
(Wallac Compuspec UV/VIS spectrophotometer) at 232 nm, at intervals up to 2 h.

2.3.4 Absorption studies

Male rats (Wistar strain) weighing 200-220g were fasted overnight, but water was
given ad libitum. An adapted needle with a bulb end was used to dose rats orally with 12.5
mg/0.5 ml of metformin (containing *C-metformin) in water (control) or as an emulsion.
0.5 ml of each emulsion and control sample contained 10 uCi of ““C-metformin. Prior to
the oral administration of the emulsion, 100 ul samples were assayed. The rats were
anaesthetised at 1, 2, 3, 4, 6 and 8 h by an intra-peritoneal injection of a
Hypnoval/Hypnorm mixture. The volume of the Hypnoval/Hypnorm mixture was
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calculated from rat weight x 3.3/1000 (ml). The mixture was prepared from 2 ml of water,
1ml of Hypnoval and 1 ml of Hypnorm. Blood samples were collected from the abdominal
aorta into heparinized tubes, and the animals were sacrificed. Plasma was separated by
centrifugation at 2000 g for 10 min (Heraeus Sepatech, Megafuge 1.0). Plasma samples
(0.5ml) were mixed with a Hionic-Fluor scintillation cocktail (10) ml and the radioactivity
was measured (Beckman LS 6000 TA, liquid scintillation system). Each experiment was
repeated three times. The control values from three independent experiments were used to
calculate mean values (control mean + SD, n=9).

After the absorption studies, the effect of an enmlsion treatment on rat intestinal

tissue was evaluated light microscopy.

2.3.5 Recovery experiments

Male rats (Wistar strain) weighing 200-220g were fasted overnight and dosed with
emulsions, using the same procedure as above. After dosing, there was free access to food
and water for 3 days after which the rats were sacrificed and small intestinal segments
processed for histology.

2.3.6 Histological investigation

The tissue samples were obtained from the proximal jejunum at intervals of 2 cm
(3 for each animal). The tissue was left to fix in 3% glutaraldehyde for 3 days. The
specimens were post-fixed in 1% osmium tetroxide. The samples were dehydrated through
a series of ascending grades of alcohol (70% and 100%) and finally cleared in histoclear.
Acetone was used as a link reagent prior to embedding into Araldite epoxy resimn. Semi-
thin sections were cut at 1.0 um and stained with 1% aqueous toluidine blue. The sections
were examined and photographed on a Nikon Microphot FXA light microscope.
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2.4 Results and Discussion

As part of an investigation of carrier and absorption enhancing systems for
metformin, we have formulated W/O and O/W emulsions. Formulating a stable W/O
emulsion containing metformin was difficult because of the drug’s high water solubility, its
high dosage (dose: 1.5 to 3 g of metformin daily) and the fact that it salts out non-ionic
surfactants, causing an inversion of emulsions. Stable W/O emmlsions were obtained with
isopropyl myristate (IPM) or hexadecane (HD) oil as the continuous phase, but not with
natural oils such as sesame or soybean oil. The W/IPM or W/HD enmlsions were also
stabilised by BSA, as an emulsifying bio-polymer (Graham and Phillips, 1976; Omotosho
et al., 1986). Florence and co-workers (1985) have previous used BSA, together with a
non-ionic surfactant to stabilise W/O/W emulsions, as interfacial complexation occurs
between BSA and the nonionic surfactant. Although the choice of an oil in water system
might seem inappropriate to influence the delivery of a water soluble drug, the O/W
enulsion stabilised with Solulan C24 and Span 80 was viscous and stable for over one
year. There was no significant change in the mean droplet diameter on storage (as
determined by light microscopy), in both the W/IPM or W/HD and the O/W enmlsions,
for 1 month at room temperature. All emulsions used for in vivo study, were prepared
immediately before they were used.

Figure 2.5 shows the release rate of metformin in the first 10/20 min from control
sample, from the O/W emulsions stabilised with either Span 60 or Solulan C24 and Span
80 to be virtually identical. The difference of the release of metformin from the O/W
emulsions was probably due to the different compositions of these two systems. The rate
of release of metformin from the W/IPM and W/HD emulsions was, as expected, quite
different - being extremely low.

All the emulsions used in the in vivo work produced some modification in the
patterns of metformin absorption when compared to the aqueous drug solution used as the
control (Fig. 2.6 A-C). The plasma concentration of metformin (pg / ml ) at different
sampling times was calculated. Metformin plasma concentrations versus time graphs were
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constructed for each formulation and the area under the curve between 0 and 8h (AUCo.)
was determined using the trapezoidal method. A single bolus dose of 50 mg / kg to the rat
is equivalent to the maximmm recommended daily dosage of metformin (3g/day orally to a
person weighing 60 kg). The maximum plasma concentration of 1-4 pg / ml observed in
normal human volunteers is consistent with the plasma metformin concentration recorded
in this work. In addition, similar results were obtained by Wilcock et al. (1994). There was
a modest increase in metformmn bioavailability from both W/O and O/W emulsion
formulations. The rank order of metformin bioavailability, calculated as the area under the
curve (AUC) from time/metformin (ug/ml) plasma plots is W/IPM (AUC,23.16) > O/W
Solulan C24 and Span 80, prepared with soybean oil (AUC,18.77) > O/W Span 60,
prepared with sesame oil (AUC,18.60) > control (AUC,13.76). The AUC for W/IPM was
approximately 1.7 times greater than the control sample, while for both O/W Solulan C24
and Span 80 and O/W Span 60 was around 1.4.
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Figure 2.5 Release of metformin from the following formulations placed in a dialysis bag
as described in the text: ( () control (drug solution), ( Il )W/IPM emulsion stabilised with
Span 80 and BSA, ( ¢ ) W/HD emulsion stabilised with Span 80 and BSA, ( ¢) O/W
emulsion stabilised with Solulan C24 and Span 80, prepared with soybean oil, ( A ) O/W
emulsion stabilised with Span 60, prepared with sesame oil (mean + SD, n=3)

76



ug / mi

0 #W l I ] I I T ‘ I ] I ] I I I | I 1
0 1 2 3 45 6 7 8 9
Time (h)

Figure 2.6 A Plasma concentrations (ugml") of *C-metformin as a finction of time after
oral administration of a W/IPM emulsion (0.5 ml) stabilised with Span 80 and BSA :
( O) control (drug solution), ( ) W/IPM emulsion; dose: 12.5mg/0.5ml.
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Figure 2.6 B Plasma concentrations (ugml ') of *C-metformin as a finction of time after
oral administration of an O/W (0.5 ml) emulsion stabilised with Solulan C24 and Span 80,
prepared with soybean oil: ( J) control (drug solution), ( Il ) O/W emulsion; dose:
12.5mg/0.5ml
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Figure 2.6 C Plasma concentrations (ugml™) of *“C-metformin as a finction of time after
oral administration of an O/W emulsion (0.5 ml) stabilised with Span 60, prepared with
sesame oil: ((J) control, ( ) O/W emulsion; dose: 12.5mg/0.5ml
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