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ABSTRACT
Bile salts are endogenous surfactants which have been extensively studied as permeability
enhancers to increase drug transport across various biological barriers such as the intestine,
skin and buccal mucosa. However, only a few studies of the blood brain barrier (BBB) have
been carried out. Previous animal studies have shown that 12-monoketocholate (MKC), a
semisynthetic bile salt, enhanced brain uptake of quinine and increased the activity of
morphine and pentobarbital in rat, which was speculated to be due to modulation of BBB
permeability. Drug delivery to brain is largely prevented by the BBB with its densely packed
lipid bilayers, tight junctions, efflux transporters and minimal endocytotic activity. The aim
of this thesis was to study bile salts as permeability enhancers and to investigate the
mechanism by which bile salts potentially enhance BBB permeability.

MKC and three natural bile salts, cholate (C), deoxycholate (DC) and taurocholate (TC) were
compared for their effects on the biophysical properties and transport characteristics of four
different membrane models. From simple to complex, these were phospholipid monolayers,
phospholipid bilayers (liposomes)), RBE4 cells (an immortalized rat brain capillary
endothelial cell) and the whole animal (rat). The RBE4 cell line was used as a more complex
bilayer model with some similarities to in vivo brain endothelium.

In the phospholipid monolayer study using the Langmuir Blodgett trough, bile salts varied in
their ability to penetrate into the monolayers in the order DC > TC > C> MKC. The
penetration was dependent on the concentration of bile salt and on the surface pressure of the
monolayer. Moreover, once bile salts inserted into the phospholipid monolayer, they
increased membrane compressibility.

In the phospholipid bilayer study, various techniques were used to study the effect of bile
salts on their biophysical properties. Using electrophoresis and fluorescence polarisation
spectroscopy, it was found that bile salts increased membrane surface negative charge and
increased membrane fluidity. These effects subsequently modulated drug/membrane binding
iv

and membrane permeability. Capillary electrophoresis-frontal analysis showed that bile salts
increased membrane binding of cationic compounds in a liposome/buffer system. Release
studies using carboxyfluorescein as a model drug showed that, on initial exposure to bile
salts, membrane permeability markedly increased but then stabilised. It is suggested that the
initial insertion of the bile salt into the outer leaflet disrupts the membrane but then the
membrane restabilises as the bile salt distributes approximately evenly between the inner and
outer leaflets of the lipid bilayer. Although the lipid bilayer becomes relatively less
permeable once the distribution of bile salt reaches equilibrium in both leaflets, the
incorporation of bile salt in the bilayer still makes the membrane more permeable than a
bilayer without bile salt as shown by a dithionite permeability study.

In initial studies in RBE4 cells, cytotoxicity of bile salts was assessed using hemolysis, LDH
and MTS assays. It was found that cytotoxicity of bile salts correlated with their lipophilicity
with the exception of TC which was non-toxic. It is suggested that this is because TC is
actively effluxed from RBE4 cells. In studies of drug transport via the transcellular pathway,
rhodamine 123 (R123) was used as a model compound. It was found that C, DC and TC
enhanced the uptake of R123 by increasing passive diffusion, probably as a result of their
effect on cell membrane fluidity. DC showed a more significant effect on passive diffusion
than other bile salts as it requires much lower concentration to increase R123 uptake
significantly (ANOVA, α=0.05). Both uptake and efflux studies showed MKC inhibited
efflux of R123 by P-glycoprotein (P-gp). Mechanistic modelling suggested that MKC
decreased maximum efflux rate rather than the dissociation constant of P-gp-mediated efflux.
In studies of drug transport via the paracellular pathway, it was shown that the tightness of
the cell monolayers was increased by using astrocyte-conditioned medium. Relatively high
concentrations of bile salts (2-5 mM) were required to increase permeabilities of sucrose and
morphine-6-glucuronide (M6G). The former is a marker of paracellular transport and the
latter is a very hydrophilic model drug.

The effect of MKC on the pharmacodynamics and pharmacokinetics of M6G was studied in
rat. The results show that MKC at a subcutaneous dose of 20 mg/kg significantly (ANOVA,
α=0.05) enhanced analgesic activity of M6G in the hotplate test and increased M6G
v

concentration in both brain and blood. Due to the decrease in plasma clearance of M6G in the
presence of MKC, the blood concentrations of M6G in the treatment group (AUC =
8741±310 h·ng/ml) was much higher (no overlap of two 95% confidence intervals) than in
the control group (AUC = 5561±142 h·ng/ml). As a result, the presence of MKC decreased
the brain/plasma area under the curve (AUC) ratio. This may due to the active efflux
transport of M6G in the in vivo BBB.

In conclusion, the results of this research suggest bile salts increase membrane permeability
by modulating some biophysical properties of membranes such as surface charge and fluidity.
MKC inhibits P-gp efflux and may be useful to enhance the BBB permeability of P-gp
substrates. In future, the effects of MKC on the BBB permeability of a P-gp substrate should
be studied using microdialysis at a steady state blood level of the model drug.
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Chapter 1. GENERAL INTRODUCTION
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1.1. Bile Acids
Bile acids are steroid acids found predominantly in the bile of mammals. They are
synthesized in hepatocytes by the cytochrome P450-mediated oxidation of cholesterol
involving a number of changes in both the steroid nucleus and the side chain.1 They are
conjugated with taurine or the amino acid glycine. Bile acids are secreted from the liver,
stored in the gall bladder and, after ingestion of food, passed through the bile duct into the
intestine. Bile acids play a significant role in helping digestion and absorption of fats in the
diet by emulsifying fat droplets in the intestine through the formation of mixed micelles.2
Solubilization by bile salt mixed micelles increases the surface area of fat, making it available
for digestion by lipases.

1.1.1. Chemical Structure of Bile Acids
Bile acids refer to the neutral form whereas bile salts refer to the ionized form. They are a
large family of compounds composed of a tetracyclic steroid nucleus with three sixmembered rings and one five-membered ring and a carbon side-chain, terminating in a
carboxylic acid group (Figure 1-1). In addition, one to three hydroxyl groups are attached at
positions 3, 7 and 12. Bile salts from different species differ chemically in three respects: 1)
the side-chain structure; 2) the stereochemistry of the A/B ring junction; and 3) the number,
position and stereochemistry of hydroxyl groups attached to the steroid nucleus.3

Figure 1-1. Structure of cholic acid. (a) chemical structure; (b) three dimensional structure;
(c) cartoon representation; and (d) space-filling model.3
2

The small fraction of bile acids not absorbed in the terminal ileum passes into the large
intestine where the molecules undergo bacterial deconjugation and 7-dehydroxylation to form
different bile acids from those biosynthesized in the liver from cholesterol. Bile acids
synthesised in the liver are termed "primary" bile acids whereas those made by bacteria in the
gut are termed "secondary" bile acids. Both primary and secondary bile acids can be
conjugated with glycine or taurine to form conjugates with increased aqueous solubility in
gastrointestinal fluids.4

Four bile salts, cholate (C), deoxycholate (DC), taurocholate (TC) and monoketocholate
(MKC) are studied in this thesis. Their chemical structures are shown in Figure 1-2. C is one
of the most common primary bile salts and DC is a representative of secondary bile salts. TC
is a conjugate of C with taurine. MKC is a novel semi synthetic analogue of C with a keto
group instead of a hydroxyl group at position 12.

Cholate

Deoxycholate

Monoketocholate

Taurocholate

R1

- OH

- OH

=O

- OH

R2

- OH

- OH

- OH

R3

- O-

- O-

- NH(CH2)2SO3-

- O-

Figure 1-2. Chemical structures of cholate, deoxycholate, taurocholate and monoketocholate
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1.1.2. Micelle Formation of Bile Salts
Bile salts are facial amphiphilic compounds with distinctive detergent properties.
Amphiphilicity arises from the combination of the polar hydroxyl groups on the concave αface and the methyl groups on the convex β-face. This arrangement creates a facial
amphiphilicity which is a typical characteristic of bile salts. Like all surfactants, bile salts
tend to aggregate spontaneously in water with increasing concentration. This colloidal
aggregate of bile salts, called a micelle, is formed in a manner different from that of
conventional detergents. Aggregation of bile salts in aqueous solution is largely driven by the
hydrophobic association of the apolar β-faces, while further aggregation occurs through
hydrogen bonding interactions.3 At concentrations slightly above the critical micelle
concentration (CMC), bile salts form small micelles with aggregation numbers from 2 to 9,
called “primary micelles”. In these primary micelles, bile salt molecules lie back to back with
hydrophobic hydrocarbon regions pointing inwards and hydrophilic hydroxyl groups pointing
outwards. Further increase in bile salt concentration leads to the formation of larger
“secondary micelles” which are aggregates of primary micelles (Figure 1-3). This
aggregation is probably due to interactions between exposed hydrophilic parts of the bile salt
molecules in primary micelles.5 Micelle size and CMC of bile salts are not only dependent on
chemical structure, but also on pH, temperature and concentration and type of counterion in
the buffer.6

Figure 1-3. Structures of primary and secondary micelles of cholic acid. Figure adapted from
Ref. 5 with permission.
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1.1.3. Permeability Enhancement by Bile Salts in the Gut
Bile salts have been extensively studied as permeability enhancers to increase drug
penetration through various biological membranes such as the buccal mucosa,7 intestine,8
skin,9 cornea10 and blood brain barrier (BBB).11 As biological surfactants, bile salts, like
other detergents, can induce membrane alterations that increase membrane permeability. The
ability of bile salts to do this is dependent on their hydrophobicity.12 For example, DC (a
dihydroxy bile salt) is more effective than C (a trihydroxy bile salt) in increasing the
permeation of cefotaxime sodium across the rat intestinal wall.13

Generally, the ability of bile salts to enhance permeability is concentration dependent. For
example, the in vitro permeability of 2′,3′-dideoxycytidine through the porcine buccal
mucosa was only enhanced by sodium glycodeoxycholate at concentrations above its CMC (4
mM).14 This suggests that membrane lipids are extracted in the presence of micelles and this
reduces the barrier properties of the biological membrane, resulting in enhanced drug
permeability.15 One hypothesis of how bile salts increase membrane permeability is that
dimers or larger aggregates of bile salts form within membranes and produce pores of
increasing size.16 From a mechanistic standpoint, the detergent-like properties and lytic
capacities of bile salts are probably responsible for the increase in permeability which is
closely related to the cytotoxicity of bile salts.17

At concentrations below the CMC, bile salts may insert into lipid bilayers resulting in
breakage of bonds between tightly packed lipids that make up the bilayer.13 In addition, Freel
et al (1983) suggested that low concentrations of taurochenodeoxycholate increase colonic
permeability by changing the integrity of tight-junctional complexes between the epithelial
cells of the rabbit colon.17

Increasing drug absorption through the intestine can also be the result of active bile salt
transport systems expressed in the gut. For instance, the ileal Na+/bile acid transport system
5

can recognize drug/peptide-bile salt conjugates as substrates. Although attachment of
peptides to the bile salt side-chain at position C-24 is possible, ileal absorption of such
conjugates is low because the negatively charged side-chain of a bile salt molecule is
necessary for molecular recognition by the bile salt transporter. Some bile salt derivatives
have been developed with linkers of different structure, length, polarity, functionality and
stereochemistry which allow the attachment of peptides and drugs at positions 3, 7 or 12.18

A cationic analog of DC has been synthesised and studied as an oral delivery carrier for
ceftriaxone.19 This positively charged bile salt derivative forms an ion pair with negatively
charged ceftriaxone. A pharmacokinetic study showed that the Cmax and AUC0-8h of
ceftriaxone were increased about 5.9-fold and 10.8-fold respectively, compared to ceftriaxone
alone. There are two possible mechanisms for this increase: the ion pairing increases the
lipophilicity of the drug; the drug-bile salt ion pair is recognized by a bile salt transporter in
the intestinal membrane.

1.1.4. Permeability Enhancement by Bile Salts at the BBB
Suprisingly, little research has been done on the effect of bile salts on the BBB. A model for
focal BBB disruption in the rat somatosensory cortex has been established by local
application of low concentrations of dehydrocholic acid or deoxycholic acid.20 When sodium
dehydrocholate was applied topically to the right hemispheric cortex of rats, all animals
developed BBB disruption in the treated cortex as shown by cortical staining with
systemically administered Evans blue dye. This demonstrates that sodium dehydrocholate can
increase BBB permeability when applied directly to the cortical surface.21 Opening the BBB
occurred at concentrations lower than those required to cause lysis of either red blood cells or
cultured cerebral endothelial cells. It was proposed that the effect of bile salts at
concentrations >1.5 mM is largely due to their lytic action on endothelial cell membranes,
whereas at lower concentrations a more subtle modification of the BBB occurs.22 MKC has
been shown to enhance (i) quinine uptake into the central nervous systems, (ii) the analgesic
action of morphine and (iii) the sleeping time induced by pentobarbital.11 These results
suggest that MKC may be a potential modifier of the BBB.
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Bile salts may also modulate BBB permeability via membrane transporters. Organic anion
transporting polypeptides (rodents: Oatps; human: OATPs) are a group of membrane solute
carriers with a wide spectrum of amphipathic substrates including bile salts. Human OATP-A
is predominately expressed by human cerebral endothelial cells.23 OATP plays an important
role in carrier-mediated transport of opioid peptides across the BBB and blood-cerebrospinal
fluid barrier (BCSFB) of the mammalian brain.24 It has been shown that TC is transported
across the BBB from brain to blood circulation via specific mechanisms which could be
inhibited

by

cholic

acid.25

This

probably

tauroursodeoxycholate, are OATP substrates.

23

involves

OATP

since

TC

and

Moreover, it is interesting that three

unconjugated bile acids, C, chenodeoxycholic acid and DC were found in the rat brain
cytoplasmic fraction with chenodeoxycholic acid present at a concentration almost 30 times
its serum concentration. Although both unconjugated and taurine-conjugated bile acids are
present in serum, only these three unconjugated bile acids were found in brain. These
observations taken together suggest that bile acids are transported into the brain.26 However it
is still not clear whether these bile acids are transported from the bloodstream via the BBB or
biosynthesized in the brain. These recent observations support the hypothesis that bile acids
are transported from the peripheral bloodstream to the central nervous system through an
OATP expressed at the BBB. These bile acids may then be returned to the peripheral blood
through another transporter whose identity is unknown. Only chenodeoxycholate accumulates
in the central nervous system (CNS) because it binds strongly to a protein in the brain. 26

1.2. Introduction to the CNS

The brain is a delicate organ which has to be segregated and protected from blood-borne
substances in order to perform its many vital functions. Unfortunately, the same mechanisms
that protect the brain against intrusive chemicals can also prevent entry of therapeutic drugs.
People suffering from fatal or debilitating CNS diseases such as brain tumors, HIV infection,
epilepsy and neurodegenerative disorders, far outnumber those dying of all types of cancer or
heart disease.27 However, many therapeutic drugs fail to treat these CNS diseases not due to a
lack of pharmacological effects but rather because they cannot be efficiently delivered to the
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CNS and/or sustained for sufficient time at the target organ. Drug delivery to the brain is
limited by two physiological barriers between the brain and the blood circulation which
control entry and exit of endogenous and exogenous chemicals (Figure 1-4). One is the BBB
which segregates the blood from brain extracellular fluid and the other is the blood BCSFB
which segregates the blood from the cerebrospinal fluid (CSF). 28

Figure 1-4. Barriers to drug transport into the CNS.29

1.2.1. Anatomy of the CNS
The CNS comprises the brain and spinal cord encased in bone (either skull or vertebral
column) and a threefold membranous covering; the outermost dural membrane, the
intermediate arachnoid membrane and the innermost pial membrane.30 The brain is
approximately 2% of body weight but uses ~15% of cardiac output and accounts for 25 % of
oxygen consumption. The adult human brain uses about 20% of the blood output of the heart
at rest. In other words, the blood flow through the whole adult brain is 700~1000 ml/min.
The major arterial vessels supplying the human brain are the (paired) internal carotid and
vertebral arteries, with the basilar artery and Circle of Willis forming a connection between
the two. Unlike other tissues of the body, the brain contains and is surrounded by fluid-filled
spaces containing CSF.31 The CSF serves an excretory function for the brain, helps to protect
8

the brain from the consequences of pressure fluctuations within the bony skull, and acts as a
fluid „cushion' to reduce the damaging effects of rapid acceleration/deceleration of the brain
occurring in normal movements and in trauma to the head. The rate of production of the CSF
in the adult human is 0.34-0.40 ml/min or 500-600 ml/day. The total volume of the CSF is
approximately 160 ml and the turnover time for the total CSF volume is about 5-7 hours, or
four cycles per day.32

1.2.2. The BBB
The BBB is mainly formed by brain capillary endothelial cells and their neighboring cells
(Figure 1-5), the pericytes and astrocytes.33 Normal brain capillaries are continuous, with
tight interendothelial junctions and few pinocytic vesicles without fenestrations. In vitro and
in vivo studies have revealed that astrocytes modulate BBB properties and maintain the
integrity of the tight junctions through complex intercellular exchange of chemical signals. 34
Pericytes play a regulatory role in brain angiogenesis, endothelial cell tight junction
formation and BBB differentiation, and also contribute to the microvascular vasodynamic
capability and structural stability.35 Although approximately 20% of the total blood volume
circulates through brain tissue and the human BBB has a total blood vessel length of ~600 km
and an estimated surface area of ~20 m2,36 the BBB is very efficient at keeping the brain
practically inaccessible. The transendothelial electrical resistance (TEER), which is an
indicator of ionic permeability through tight junctions, has been estimated to be 1500-2000
Ω·cm2 of brain microvessels, compared to 3-33 Ω·cm2 for most noncerebral capillaries.37 The
BBB is not only regarded as a static lipoidal membrane barrier with tight junctions which are
extremely restrictive of passive diffusion, but also as a dynamic interface which has
physiological functions for the specific and selective membrane transport of many
compounds, as well as degradative enzyme activities.38 The BBB is equipped with both
influx and efflux membrane transport systems which deliver nutrients into and pump toxins
out of the brain. Because endothelial cells contain large densities of mitochondria
(metabolically highly active organelles), any chemical crossing the BBB is exposed to
degradative enzymes. Most peptides, including naturally occurring neuropeptides, are
recognized and rapidly degraded.27 Conversely, enzymes in the BBB may serve to activate
prodrugs.39
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Figure 1-5. Comparison of the anatomy of a brain capillary and a general capillary.40

1.2.3. The BCSFB
This barrier separating the systemic circulation and CSF is the blood cerebrospinal fluid
barrier is made up of the choroid plexus, the arachnoid membrane and the circumventricular
organs.41 The choroid plexus, a secretory epithelial tissue, is a leaf-like structure that more or
less floats in the brain ventricles. In addition to actively forming the CSF, it performs a
diversity of homeostatic functions to stabilize the interstitial environment of neurons.42 It is
often referred to as the “kidney” of the brain.

The CSF can freely exchange substances with the interstitial fluid that surrounds the neurons
and non-neuronal cells, but the passage of blood-borne chemicals into the CSF is carefully
regulated by the BCSFB. Unlike the endothelial cells in the BBB, the endothelium in the
choroid plexus is extremely fenestrated and quite leaky due to the lack of tight junctions.
However, the adjacent choroid epithelial cells form tight junctions stopping most substances
10

effectively passing into the CSF from the blood. 27 Compared with the cerebral endothelial
cell, the TEER between blood and CSF is quite low, being approximately 80~200 Ω cm.2 43
Although the BCSFB is a relatively permeable barrier, the BBB is considered to be the main
route for endogenous and exogenous chemicals into the brain parenchyma due to the small
surface area of the BCSFB which only 0.021 m2 (1/1000 of the area of the BBB). Moreover,
the inconsistencies existing between the composition of the CSF and interstitial fluid of the
brain indicate there is another “barrier”, the so-called “brain-CSF barrier”. This barrier is due
to the long diffusion distance between the CSF and the brain interstitial fluid. Therefore, even
if substances are present in the CSF, it does not mean they can penetrate into the brain.27

1.3. Drug Transport across the BBB
The BBB is the bottleneck for CNS drug development. More than 98 % of low molecular
weight drugs and approximately 100 % of large molecular weight drugs do not cross the
BBB.44 Permeation across cell membranes takes place by three main mechanisms:
transcellular diffusion, paracellular diffusion and active transport (either transport into cells
or efflux out of cells). Paracellular permeation is mainly governed by the size and number of
junctions between the cells, as well as the size and charge of the drug. Active transport
requires specific binding of the drug to the transporter protein. Diffusion across cell
membranes and transcellular permeation through cells constitute the most important
mechanisms by which drugs cross biological membranes. In the majority of cases, drugs
penetrate into the CNS by passive diffusion.

1.3.1. Physicochemical Factors Affecting Passive Diffusion
Generally, small molecules can cross the BBB if they satisfy three criteria in terms of
physicochemical properties: molecular weight, lipophilicity and number of hydrogen bonding
groups. First, the molecular weight must be less than 400-500 Daltons (Da) since diffusion of
drugs through biological membranes is dependent on their molecular volume, which is
directly related to molecular weight. BBB permeability decreases 100-fold when the surface
area of the drug increases from 52 Å2 (a drug with molecular weight of 200 Da) to 105 Å2 (a
drug with molecular weight 450 Da).44

11

Secondly, a drug with a moderate log octanol-water partition coefficient (log Po/w) will have
higher likelihood of crossing the BBB. According to an analysis of 405 CNS active
therapeutic agents, the overwhelming majority have log Po/w values in the range 0.5 - 5.5.40 It
is well known that a clear relationship exists between the lipophilicity of a drug and its BBB
permeability. A drug with a high log Po/w value will tend to cross the BBB easily, but high
lipophilicity is not always sufficient since increasing lipophilicity can increase the rate of
oxidative metabolism by cytochrome P450s and other enzymes. In addition, increasing
lipophilicity tends to increase protein binding and volume of distribution which affect other
pharmacokinetic parameters. Consequently, there will be less drug available to cross the
BBB.

Thirdly, a drug molecule should not contain more than 8-10 hydrogen bonding groups if it is
to undergo efficient BBB transport. BBB permeation decreases exponentially with the
addition of hydrogen bonding groups added to the drug molecule.45 The number of hydrogen
bonds formed by functional groups are: three for a primary amine or amide, two for a
hydroxyl group, one for an ether or carbonyl group, one-half for an ester, and four for a
terminal amide.46 In general, small molecule permeation through biological membranes is
decreased 1 or even 2 log orders of magnitude for each hydroxyl group added to the
molecule.

Plasma protein binding is another factor affecting drug delivery to the brain. The
conventional theory is that drugs that bind strongly to plasma proteins are excluded from
permeating the BBB. However, a drug which is plasma protein bound may still be available
for transport through the BBB via an “enhanced dissociation” mechanism. Here, the plasma
protein collides with the endothelial glycocalyx and this microcirculatory event triggers
conformational changes in the plasma protein. These confirmational changes may involve the
drug binding site on the plasma protein so that the drug can be released from protein within
the brain capillary.47
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1.3.2. Specific Active Transport
Many endogenous substances and nutrients are required for the brain‟s normal functioning.
These chemicals cannot usually cross the BBB by passive diffusion due to their relatively
large molecular weight and high hydrophilicity. Their access to the brain is achieved by
specific transport systems which selectively transfer them across the BBB.

One type of transport system, carrier-mediated transport, mediates the influx across the BBB
of glucose, vitamins and nutrients. Unlike passive diffusion, carrier-mediated transport is
saturable and requires energy and /or co-transport of another substance.48 These carriers are
highly stereospecific transporters localized within the endothelial luminal and abluminal
membranes which act on a millisecond timescale.33 There are eight carrier-mediated
transporter systems:
(i)

the hexose transport system for glucose and mannose;

(ii)

the monocarboxylic acid transport system for lactate and short-chain fatty acids;

(iii)

the large neutral amino acid transport system for phenylalanine, leucine and other
neutral amino acids;

(iv)

the small neutral amino acid transport system for alanine and taurine;

(v)

the basic amino acid transport system for arginine and lysine;

(vi)

the acidic amino acid transport system for glutamate and aspartate;

(vii)

the choline transport system for choline and thiamine;

(viii) the nucleoside transport system for purine bases.
If a drug molecule has a structure similar to an endogenous nutrient, a carrier-mediated
transport system may act as a portal for its entry into the brain.45 For example, L-dopa is an
active CNS drug because it is transported into the brain by the neutral amino acid transport
system. In addition, the presence of glucose transporter 1 (GLUT1) isoforms of the sodiumindependent glucose transporter gene in the brain capillary endothelium suggests that
glucuronidated drugs may provide a viable strategy for brain drug delivery.49
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Another transcellular pathway for delivery of macromolecules into the brain is via the
receptor-mediated transport system. Certain circulating peptides such as insulin, transferrin,
leptin, and insulin-like growth factor (IGF) are transported through the capillary endothelium
via receptor-mediated transporters.33 In general, there are three steps involved in receptormediated transport; receptor-mediated endocytosis of the compound at the luminal (blood)
side, movement through the 200 nm thick endothelial cytoplasm and exocytosis of the
compound at the abluminal (brain) side of the brain capillary endothelium.29

1.3.3. Efflux Transport Systems
Generally, there is a positive correlation between the lipophilicity of a drug and its ability to
cross the BBB. However, there are some exceptions where drugs exhibit poor brain
penetration despite their high lipophilicity (e.g. doxorubicin and vincristine).50 These drugs
are substrates for drug efflux transporters which are expressed at the BBB and BCSFB. Due
to the activity of efflux transport systems, the total uptake of drug into the brain parenchyma
is significantly reduced.50

Several efflux transport families have been identified at the BBB (Figure 1-6). These include
multi-drug resistance 1 (MDR1) (P-glycoprotein), multidrug resistance-associated proteins
(MRPs), breast cancer resistance protein (BCRP), the organic anion transporting polypeptides
(OATPs), and others. These transporters are members of ATP-binding (ABC) transporter
family. Because transporter-mediated efflux is a saturable process, non-linearity in the
pharmacokinetics of penetration of drugs into the CNS is likely to occur. Drug–drug
interactions are also possible through the inhibition and induction of efflux transporters.50

P-Glycoprotein (P-gp), the most well-characterized of the currently identified brain efflux
transport proteins, is a 170 kDa transmembrane glycoprotein.51 P-gp has been located in brain
capillary endothelial cells of several species including humans and other primates, rats, mice,
cattle and pigs, indicating that P-gp may serve as a general defense mechanism in the
mammalian BBB, protecting the brain from toxic substances. Thus, P-gp is considered as one
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of the gatekeepers for brain. At the subcellular level, P-gp is primarily localized in the blood
luminal (apical) membrane of brain capillary endothelial cells.52 P-gp substrates in the blood
can enter endothelial cells through passive diffusion and are then pumped back into the
blood, thus reducing the net penetration of substrates into brain tissue.

The number and variety of drugs which can be transported by P-gp is substantial; not only
anticancer drugs, such as doxorubicin and pacitaxel, but also many other drugs such as
immunosuppressive agents, anti-HIV drugs and antibiotics. Many of these compounds
function as both P-gp substrates and inhibitors and may interact at more than one binding site
of P-gp.19 It remains unclear how P-glycoprotein recognizes and transports such structurally
variable compounds ranging from organic cations, weak organic bases, some organic anions
to some uncharged compounds, including polypeptides and polypeptide derivatives.53 The
exact mechanism by which P-gp pumps its substrates out of the cell also remains unresolved.
Substrates may bind to a cytoplasmic region of P-gp after which an energy-dependent
conformational change can shuttle the drug to the outside of the plasma membrane.19

Figure 1-6. Efflux transporters expressed in brain capillary endothelial cells
Expression and location of MRPs in brain capillary endothelial cells are still being clarified in
different species. P-gp and MRPs have overlapping substrate specificities, so that several
drugs are substrates for both transporter families.54 On the other hand, there are some
important differences between the two transporters; MRP primarily transports anionic
compounds like glutathione S-conjugates and oxidized glutathione, whereas cationic or
highly lipophilic substrates have a greater affinity for P-gp.51 BCRP was first discovered in a
chemotherapy-resistant breast cancer cell line but its expression is not limited to breast cancer
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cells. In the brain, BCRP has been detected in capillary endothelial cells of pigs and humans
where it is expressed mainly on the luminal side.55

1.4. Techniques to Study BBB Permeability
There are various in vitro, in vivo and more recently in silico methods to study the
permeability of drugs across the BBB. The advantages and disadvantages of these methods
are discussed below.

1.4.1. In Vitro Methodologies
In vitro models of the BBB can be divided into non-biological and biological models. Nonbiological models include phospholipid monolayer and bilayers, parallel artificial membranes
and immobilized artificial membranes (IAMs). Biological models include isolated brain
capillaries and various cell culture models. Non-biological models are generally simple,
cheap and more suitable for high-throughput screening, compared to biological models. Nonbiological models can only be used to estimate passive diffusion of drugs across the BBB
because they act as a physical lipid barrier only. Biological models are usually composed of
living cells expressing active membrane transporters and metabolic enzymes which also act
as barriers to drug transport into the brain.

1.4.1.1.

Phospholipid Monolayers and Bilayers

Phospholipid monolayers and bilayers have been widely used as membrane models to
evaluate passive diffusion of drugs across biological membranes. Lipid bilayers, the
fundamental feature of mammalian cell membranes, separate the intra and extracellular
spaces and act as matrices for membrane proteins. Together with efflux transporters, they
constitute the barrier of most relevance in drug development.56

Measuring the increase in surface pressure as a result of drug penetration into phospholipid
monolayers at the air/water interface has been evaluated as a predictor of BBB
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permeability.57 This model provides a relative ranking of drug penetration but does not
provide quantitative information on BBB permeability.

It has been found that liposome (bilayer)/water partition coefficients correlate well with BBB
permeability.58 The anisotropic liposome/water system is better than the isotropic
octanol/water system to estimate the lipophilicity of drugs because liposomes are more
similar to real cell membranes in terms of structure and chemical composition. The lipid
bilayer is considered to be a passive, uncomplicated structure sufficiently described by
macroscopic parameters such as fluidity, surface charge density, polarity and surface
pressure.59

1.4.1.2.

Parallel Artificial Membranes

The parallel artificial membrane permeability assay (PAMPA) was first developed for
prediction of oral absorption. Briefly, stable bilayers (so-called micro-BLM (black lipid
membrane)), composed of a mixture of phospholipids and an inert organic solvent are fixed
on a hydrophobic filter material as a support after which permeabilities of test compounds
across the membrane are measured.60 More recently, PAMPA has been modified to evaluate
passive BBB permeability. The PAMPA-BBB model uses a porcine brain lipid extract
dissolved in n-dodecane (2% w/v) as the membrane barrier. It supposedly mimicks the brain
capillary endothelial cell membrane and has been used to predict the BBB permeability with
high success.2,61 False positive predictions obtained with the PAMPA-BBB model are
attributed to compounds being substrates for active efflux. As with the lipid monolayer and
liposome bilayer models, the PAMPA-BBB model is limited to prediction of passive and
transcellular permeation only.

1.4.1.3.

Immobilized artificial membranes

IAMs are solid phase models of fluid membranes that have been proposed as alternatives for
assessing drug permeability through cell membranes. IAMs consist of phosphatidylcholine
residues covalently bound to silica propylamine and used as a chromatographic interface in
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HPLC. The ordered monolayer of immobilized phosphatidylcholine residues in the IAM
column is intended to mimic the lipid phase of cell membranes and thereby affect retention of
solutes on the basis of solute-membrane interactions.62 The capacity factor (kIAM) is defined
in Eq. 1.1, where tR is the compound retention time and t0 is the column void volume time.63
The parameter log kIAM often correlates with other measures of lipophilicity, such as clog P,
log DpH7.4 or logk‟w, but most likely provides a relative lipophilicity ranking.62

k IAM  (t R  t 0 ) / t 0

Eq. 1.1

IAMs may be used for a rapid screening of BBB permeability as they provide a relatively
rapid and simple, reproducible and efficient means of obtaining information about drugmembrane interactions.64 However, this technique is only suitable for prediction of passive
diffusion across the BBB as its principle is based on lipophilicity.

1.4.1.4.

Isolated Brain Capillaries.

The development of techniques for the isolation of capillaries from either laboratory animal
brains or human autopsy brains was important to allow BBB research to evolve from organ
physiology to the cellular and molecular level.65 Isolated capillaries remain metabolically
active although the ATP content is significantly depleted. The BBB specific gene expression
of endothelial receptors and carrier proteins reflects the in vivo situation. Hence, microvessel
preparations can be successfully used to perform binding and uptake assays and to study BBB
transport systems for nutrients and peptides and mRNA and protein levels.66 However,
isolated brain capillaries are not ideal for permeability studies as the luminal surface of the
isolated microvessels cannot be accessed easily in vitro.67 Most studies using this technique
investigate the abluminal properties and functions of the BBB. Recently, transendothelial
transport of a fluorescent agent from the brain side to the blood side has been studied in realtime using functionally intact brain capillaries.68 After incubation of fresh capillaries with
fluorescent drugs or fluorescent-labeled ligands, confocal microscopy is used to analyze the
spatial distribution of fluorescence.
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1.4.1.5.

Primary or Low Passage Brain Capillary Endothelial Cell Cultures.

Primary as well as 2~3 passage brain capillary endothelial cells (BCECs) retain many of the
specific characteristics of the BBB in vivo, although features such as BBB transporters and
enzymes are down-regulated or even lost. These BCECs can be obtained from bovine,
porcine, rat and human sources although most researchers use bovine or porcine cells for the
purpose of assessing drug transport because they are readily available.

BCEC monolayers can be grown on a substrate-treated microporous filter membrane
(Transwell). This monolayer grown on a permeable support is particularly useful because it
allows the study of transcellular transport of drugs and permits access to both the luminal and
abluminal surfaces. Usually there are two criteria for monitoring the quality of monolayers in
transport studies; the transendothelial electrical resistance (TEER), and the permeability to
hydrophilic markers such as 14C-sucrose. At the present time, primary endothelial cell culture
models have TEER values (100~200 Ω cm2) lower than those found in vivo (2000-8000 Ω
cm2) with the sucrose Papp value being about 0.3 x 10-7 cm s-1.66

In the past, efforts have been made to optimize BCECs culture systems to make them more
physiologically relevant. It has been found that astrocytes are important for the development
of the BBB acting to up-regulate P-gp expression in endothelial cells, enhance tight junctions
and induce BBB specific enzymes or transporters.15,69 Three types of in vitro BBB cell
culture models modified by the influence of astrocytes have been developed (Figure 1-7): 1)
Isolated primary BCECs grown on Transwells with astrocyte-conditioned medium harvested
from astrocyte cultures; 2) BCECs seeded on the porous membrane of Transwell inserts with
astrocytes cultured on the bottom surface of the outer well (the so- called non-contact coculture model). 3) BCECs and astrocytes are grown on the upper and under surfaces
respectively of the same Transwell insert (the co-called contact co-culture model).
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Figure 1-7. In vitro primary culture of BCECs for transcellular transport studies: A) single
culture of BCECs with astrocyte-conditioned medium; B) noncontact co-culture of BCECs
and astrocytes; C) contact co-culture of BCECs and astrocytes.69

Although primary BCEC culture provides a good in vitro model for the study of BBB
development and for mechanistic investigations of drug transport across the BBB, some
disadvantages have restricted its application as a high-throughput screening tool in the early
stages of drug development. Primary cell culturing is a time and labor intensive process and it
is very easy to contaminate the cultures with other cells such as fibroblasts and smooth
muscle cells. Large variation between different batches70 and different laboratories71 using
different isolation and culture approaches is another major drawback.

1.4.1.6.

Immortalized Cell Lines

To overcome some of the drawbacks of primary BCEC cultures, immortalized BCEC lines
have been established. These cell lines retain a stable phenotype in culture reminiscent of the
BBB endothelium in vivo and may reduce the need for tissue from animals.72 The RBE4 cell
line, comprising endothelial cells transfected with a plasmid containing the E1A adenovirus
gene, has been extensively characterised.73 RBE4 cells have been shown to functionally
express a number of BBB transporters and endothelial markers such as P-gp, GLUT1, MRP1
and γ-glutamyltranspeptidase. All immortalized cell lines have one major disadvantage in
that, although they form monolayers, their tight junctions, are rather “leaky”.66 Present
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studies on BBB transporters and efflux pumps, metabolic enzymes, receptors, drug delivery
systems and cell infiltration from the blood to the brain have all benefited from the use of
these cell lines.

1.4.1.7.

Cells of Non-Cerebral Origin

Some epithelial cells of non-cerebral origin such as Caco-2 and Madin-Darby canine kidney
cells (MDCK) have been investigated as potential in vitro BBB models. MDR1 transfected
MDCK cells have been used to assess the effect of P-gp on the permeability of various
compounds through the BBB.74 Although this cell line has sufficiently restrictive tight
junctions, MDCK epithelial cells are morphologically different from brain endothelial cells
and also differ with respect to transport properties, metabolism and growth. Squamous brain
endothelial cells have relatively low cell density per unit surface area compared with cuboidal
shaped kidney cells. Therefore MDCK cells produce a relatively larger transverse area of
intercellular junctions than is present between brain endothelial cells. Consequently,
paracellular transport is overestimated using this cell line.15
Caco-2 cell monolayers have been a useful tool for predicting the absorption, permeation and
efflux transport of drug candidates in the gastrointestinal tract. Drug permeabilities in Caco-2
cell monolayers correlate fairly well with results from primary cultures of porcine BCECs.
However, the prediction of in vivo drug permeation across the BBB using Caco-2 cell
cultures remains poor.69

1.4.2. In Vivo Methodologies
Although in vitro models are becoming more sophisticated and functional, they may result in
quantitative and qualitative differences in BBB transport due to up- or down-regulation of
transporters and species differences. Therefore, it is necessary to verify and validate in vitro
data by comparing it with in vivo data. Several animal-based in vivo models are available but
their applicability depends on aspects such as the sensitivity and selectivity of assays of drugs
in the brain, fast and poor BBB penetrating compounds, the estimation of local
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concentrations in the brain or whole brain distribution, and the measurement of single time
concentrations versus concentration time profiles.75

1.4.2.1.

The Carotid Artery Single Injection Technique (Brain Uptake Index)

The carotid artery single injection technique or brain uptake index (BUI) determination is a
single passage technique involving the intra-arterial administration (carotid artery) of a
solution of the compound of interest (usually
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C-labelled) and a reference compound as

internal standard (such as 3H-water) under anesthesia. The bolus passes through the brain
within 2 s of the single injection. The animal is decapitated 5-15 s after the single injection
and the concentration of drug in brain tissue determined. The principle is that the reference
compound penetrates the brain easily and the test compound less so, and that no metabolism
occurs before decapitation. The BUI is a measure of the brain uptake of the test compound
expressed as a percentage of the penetration of the reference compound (Eq. 1.2).15

BUI 

 brain14C 


3
 brain H 
 injected14C 


4
 injected H 

100 %

Eq. 1.2

The method is widely used, rapid, relatively cheap and involves simple surgery. The major
disadvantage is that the capillary transit time is very short (1 s) so that brain extraction only
occurs over a limited period. Therefore the technique is not suitable for poorly penetrating
compounds such as peptides and proteins. Another limitation is that only about 20 % of the
injected dose reaches the whole brain since external arteries are not ligated.75

1.4.2.2.

The In Situ Brain Perfusion Technique

The in situ brain perfusion technique is an extension of the carotid artery single injection
technique. It is particularly suited to solutes which penetrate the brain slowly as it allows for
an extended exposure of the cerebral vascular endothelium to the drug solution.76 In this
method, the animal is anaesthetized and the perfusion catheter is placed in the external
carotid artery just distal to the bifurcation of the common carotid artery. The ipsilateral
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pterygopalatine, superior thyroid, and occipital arteries are ligated and perfusion fluid is
infused retrograde down the external carotid artery and up the internal carotid artery toward
the brain. Following the perfusion, the animal is decapitated and the concentration of drug is
determined in order to calculate a BBB permeability-surface (PS) product. In addition to the
compound of interest, a reference compound, such as radiolabelled sucrose, should be
included in order to measure the brain vascular volume. The PS product is calculated using
Eq 1.3 where Qtotal is the total amount of solute in the brain (mass/weight brain), Vvasc is the
brain vascular volume (ml/g), Cpf is the concentration of solute in the perfusion fluid (mass
drug/volume fluid) and t is the perfusion time.77

PS 

Qtotal  Vvasc  C pf
C pf  t

Eq. 1.3

The main advantage of this technique is that there is no systemic exposure to the compound,
and thus metabolism is avoided except for that which happens within the brain
microcirculation.15 In addition, the composition of the perfusing medium can be precisely
controlled and include competitive and non-competitive inhibitors of transport allowing
kinetic studies to be performed.76 The problem with the technique is the requirement to ligate
branches of the common carotid artery.75 Furthermore, complete kinetic analysis requires a
number of animals and significant analytical time and commitment.

1.4.2.3.

The Intravenous Injection Technique

The intravenous injection technique is considered the “gold standard” for assessing BBB
permeability as it can be applied to most molecules. With this method, a femoral vein or tail
vein of rat or mouse is cannulated and the test compound is injected. At various time points
after injection, groups of animals are sacrificed, and brain and arterial blood collected.
Alternatively, an arterial cannular can be inserted and blood samples collected at various
times from individual animals. At the end of an experiment, animals are sacrificed and brain
concentration measured for computation of the BBB PS product. In addition to the test
compound, a plasma volume marker that does not undergo significant accumulation in brain
tissue during the time course of the experiment (e.g. radiolabeled serum albumin, inulin or
sucrose) must be administered to correct for the amount of compound present in the brain
microvasculature.78
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For single time point analysis, the PS product may be derived from the Renkin-Crone
equation of capillary transport,79 which shows the relation between the influx constat (kin) and
PS and υfF (plasma flow)(Eq.1.4):

kin  v f F (1  e

 PS / v f F

)

Eq. 1.4

kin will be equivalent to PS if PS ≤ 0.2υfF (υfF equals plasma flow if no binding to blood cells
or plasma proteins is present.);80 otherwise simultaneous measurement of kin and cerebral
blood flow is required to calculate PS. kin is obtained using Eq. 1.5

kin 

Where VD ( VD 

Cbr(total)
CP

(VD  V0 )C p (t )
AUC0T

Eq. 1.5

) represents the apparent volume of distribution of the test substance

in total brain at the time of death and V0 is the vascular volume of the brain. Cbr(total) is the
brain tissue concentration and C p is the blood or plasma concentration. AUC0T (area under the
curve) is the integral of plasma concentration from time zero to the time of death. If
multiple-time uptake data are obtained, the influx constant can be estimated from a
plot of VD versus the ratio AUC0T / C p (T ) (also called the “exposure time”). A linear
regression analysis can be used to fit the data to Eq. 1.6. The slope of the regression line is k in
and the ordinate intercept is vi representing the initial volume of distribution which comprises
the intravascular space, (V0), and any brain compartments in rapid equilibration with
plasma.81
Cbr(total) (T )
C p (T )

 kin

AUC0T
 vi
C p (T )

Eq. 1.6

One of the main advantages of this technique is that both plasma and brain pharmacokinetics
can be obtained allowing for direct pharmacokinetic parameters to be calculated.
Additionally, there is increased brain uptake due to the long exposure of drug to cerebral
microvessels. Other advantages are that, since the BBB is intact, all transporters, junctional
proteins and enzymes are present at their physiological concentrations, the unique
architecture of blood vessels and perivascular cells is present and undisturbed, and cerebral
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metabolic pathways are not compromised.82 However, the major disadvantage of the
technique is that there may be extensive metabolism and distribution into peripheral organs
resulting in an inaccurate calculation of the BBB PS product.15

1.4.2.4.

The Brain Efflux Index

The brain efflux index (BEI) technique was developed to investigate the mechanisms
involved in brain to blood efflux. It involves direct microinjection of the compound of
interest and an impermeable reference tracer into the brain. Following decapitation, the brain
and plasma concentrations of compound and reference are determined.
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C-inulin is used as

the reference compound.

The BEI is defined by Eq 1.7.75
remaining amount of test compound in the brain
remaining amount of reference compound in the brain
BEI (%)  (1 
) 100
injected amount of test compound
injected amount of reference compound

Eq. 1.7

The BEI technique is cheap and easy to perform. Although it provides information about the
involvement of various efflux transporters in the brain and the effect of inhibitors on brain
efflux, it is not commonly used for permeability screening purposes. One issue to be
considered for this technique is that damage from needle tract injections may potentially
change the barrier properties of the BBB or blood flow, so that extreme caution must be taken
when carrying out the microinjections.15

1.4.2.5.

Intracerebral Microdialysis

The microdialysis technique has gained increasing popularity over the last decade for the
study of drug distribution in the CNS. A semipermeable dialysis hollow fiber membrane
(probe) is placed in the brain and a physiological perfusate is pumped through the probe at
low flow rates. Compounds in the extracellular fluid of the brain which are free (e.g. not
protein bound) then diffuse into the perfusate (dialysate) and the concentration of the
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compound is measured by some analytical technique.82 In essence, the microdialysis probe
acts like an artificial blood capillary into and out of which substances can diffuse. There are
several advantages to the use of the microdialysis technique. In particular, it provides
pharmacokinetic profiles of compounds in the brain without the need to kill many animals at
different time points, thus avoiding interanimal variability and minimizing animal usage.
Other advantages are that the technique can be performed in conscious, freely moving
animals and crossover studies in the same animal can be done. In addition, because both
plasma and brain levels of a compound can be determined over time, it is possible to
determine the kinetics of influx into and efflux from the brain with a hybrid pharmacokinetic
model which assumes that transport between intra and extracellular space is more rapid than
transport across the BBB.83 Moreover, the probe can be placed in any region of the brain
which may be useful when targeting a compound to a specific area of the brain, such as to a
brain tumor.

However, if one is not interested in local concentrations, in certain brain regions issues of
where to place the probe and whether multiple probes should be used in order to get an
appropriate representation of drug levels throughout the whole brain arise. As microdialysis
is an invasive technique, BBB disruption may compromise the results.

1.5. Morphine-6-glucuronide
Morphine has been the most important drug for the relief of pain over many decades and
remains the gold standard for the treatment of moderate to severe pain. In humans,
approximately 10% of morphine is metabolized to morphine-6-glucuronide (M6G), and about
60% to morphine-3-glucuronide (M3G) and other metabolites including normorphine,
morphine-3-sulphate and morphine-3, 6-diglucuronide (Figure 1-8).84 M3G has no analgesic
activity,85 whereas the other major metabolite, M6G, shows analgesic effects equivalent to
morphine with less side effects, particularly with respect to nausea and vomiting and
respiratory depression.86
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Antinociception studies in experimental animals have demonstrated that, although M6G and
morphine are almost equally potent after systemic administration, the analgesic potency of
M6G is more than 100-fold higher than morphine after intracerebroventricular injection, a
route of administration that bypasses the BBB.87 This suggests that brain penetration of M6G
is significantly lower than that of morphine. M6G and morphine exert their action mainly
through binding at the μ-opioid receptor and the affinity of M6G for the μ-receptor has been
reported to be comparable or slightly lower than that of morphine.88 This contrasts with the
much higher antinociceptive potency of intrathecally administrated M6G as observed in the
mouse tail-flick test.89 This difference between functional and binding activity led to the
hypothesis that morphine and M6G have different affinities at μ-opioid receptor variants.
M6G was shown to have lower affinity for μ2, higher affinity for μ1, and higher affinity for δ
opioid receptors, compared with morphine. The reason M6G provides fewer adverse effects
than morphine is due to its binding at μ, κ and δ opioid receptors,90 and lack of binding to μ2
opioid receptors, suggested to be responsible for many adverse effects.91

Figure 1-8. Morphine metabolism in humans.
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1.5.1. ADME Profile of M6G
In rat, the oral bioavailability of M6G has been reported to be lower than 10% whereas the
subcutaneous (s.c.) and intraperitoneal (i.p.) bioavailability is high.92 This result is consistent
with human studies. In human, oral bioavailability was 10%

93

and bioavailability of M6G

following s.c administration was 100%. However, nebulized M6G was not significantly
absorbed through the lung (bioavailability ~ 6 %).94

Following oral administration in human, two peaks were seen in the M6G plasma
concentration time profile. The second peak, starting approximately 4 hours after dosing, was
associated with the detection of M3G and morphine in the plasma, presumably arising from
hydrolysis of M6G to morphine lower in the gut and subsequent metabolic conversion back
to M6G.94 Oral bioavailability of morphine is higher than that of M6G but still relatively low
(20 %). The low oral bioavailability of morphine is due to extensive first pass metabolism
whereas the low bioavailability of M6G is due to poor absorption from the gastrointestinal
tract.95

It is generally considered that M6G is not metabolized in humans and only M6G is found in
plasma after parenteral administration. The major route of elimination of M6G is thought to
be excretion via the kidney. There is clear agreement in a number of pharmacokinetic studies
that M6G plasma concentrations (area under the concentration-time curve [AUC] and
maximum concentration [Cmax]) are markedly higher that those of morphine because of a
lower volume of distribution and a lower clearance.95 The smaller volume of distribution of
M6G indicates that it distributes less than morphine into tissues. This is probably related to its
lower lipophilicity relative to that of morphine.96 Several studies have revealed that M6G
shows a relatively low level of protein binding.97-99

1.5.2. M6G Permeability across the BBB
A number of studies have examined the ability of M6G to cross the BBB. Comparison of the
BBB permeabilities of M6G and morphine using the internal carotid perfusion technique in
28

rat has demonstrated that the BBB permeability of M6G is 32 times lower than that of
morphine.66 Using the single intravenous injection technique, it was demonstrated that the
BBB PS product for M6G is 57 times lower than that of morphine. The 1-octanol/water
partition coefficient of M6G is 187 times lower than that of morphine.100 The lower
permeability of the BBB for M6G compared with morphine is believed to be associated with
the lower lipophilicity of M6G although this may be mitigated to some extent by the
“molecular chameleon” nature of M6G by which it can reduce its surface charge by folding
of the molecule.101

After peripheral administration, observable pharmacological activity of M6G is apparent
despite poor BBB permeability. Three possible factors could combine to compensate for the
deficit in brain uptake rate.

The microdialysis technique has shown that the diffusion of M6G is restricted to the
extracellular fluid (ECF) (small hydrophilic space) so that the M6G concentration in ECF is
higher than gross brain levels indicate. In contrast, morphine preferentially enters the brain
intracellular space so that brain ECF concentrations are lower than those of M6G. The
difference in ECF concentration could be important as regards the pharmacodynamic profiles
of the two drugs because it is the extracellular drug that is available for interaction with
opioid receptors on cell surfaces.102 The high extracellular concentration, coupled with
extremely slow diffusion into the CSF, indicates that M6G is predominately trapped in the
ECF and therefore available to bind to opioid receptors. This could partially explain why
M6G displays similar analgesic activity to morphine despite low permeability and low total
brain tissue concentration;98

It is important to note that the serum AUC of morphine after injection of morphine is about
one tenth of that of M6G after an equimolar dose. This is reflected in the 7-fold difference in
volume of distribution between M6G and morphine. Its low volume of distribution and low
clearance rate contribute to the relatively high serum concentration. The higher serum

29

concentrations of M6G reached after an equimolar dose result in a higher concentration of
M6G than morphine in the brain ECF;

Despite M6G having lower affinity for μ-opioid receptors, it may have a higher intrinsic
efficacy. It has been estimated that M6G needs to occupy 9.5-46.6 times fewer receptors in
vivo to elicit the same analgesic effect as morphine.66

Generally M6G is considered to cross the BBB by passive diffusion. Active transport systems
may also play a role in the uptake and efflux of M6G from the brain, but exactly which
transporters are involved is not entirely clear.95 There is evidence from studies with porcine
BCECs that M6G is a substrate for P-gp since the uptake of M6G was markedly increased by
P-gp inhibitors.103 In contrast to in vitro data, human and in vivo animal data do not support
the idea that M6G is a substrate of P-gp.104 There is evidence from animal studies that M6G
is a substrate for OATP2 and the glucose transporter. However, M6G could be transported
from blood to brain or vice versa according to its concentration gradient but with low
capacity considering its very low brain uptake because the transporters are bidirectional and
expressed on both the luminal and abluminal sides of BCECs. In addition, recent animal data
indicate that M6G and M3G are substrates of MRP2 and MRP3.105 However, in contrast to
P-gp, the level of expression of MRP2 and MRP3 at the BBB is not known.

The overall aim of this thesis is to investigate the effect of bile salts on drug transport across
the BBB. In particular, the effects of bile salts on different transport pathways including the
paracellular and transcellular routes were studied using different models of the BBB.

It is hypothesized that bile salts enhance drug transport across the BBB via direct and indirect
effects on the biophysical and biochemical properties of brain capillary endothelial cell
membrane.

30

Chapter 2. PHYSICOCHEMICAL CHARACTERIZATION OF BILE
ACIDS
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2.1. INTRODUCTION
Physicochemical properties of bile salts such as solubility, ionization, lipophilicity and
micelle formation are related to their chemical structures.106 It is obvious that biological
properties of bile salts such as stimulation of biliary lipid secretion and fat digestion107 are
related to their physicochemical properties.108 An understanding of the physicochemical
properties of bile salts is a fundamental requirement to support biological studies of bile salts
as permeability enhancers. This is particularly important for a novel bile salt such as MKC,
with the proviso that physicochemical properties may be insufficient to explain certain
biological properties of bile salts.

For purposes of comparison, three natural bile salts, C, DC and TC, were studied in parallel
with MKC. C and MKC have similar structures differing only in an OH or a keto group at the
12 position. DC is a dihydroxy bile salt and TC is a conjugated bile salt containing a taurine
group. The three bile salts are representative of the bile salt family in terms of their range of
structures.

In this Chapter, the focus is on methods to determine some physicochemical properties of bile
salts in water including lipophilicity, CMC and orientation at air/water interface which are
more likely to be related to or influence their biological functions. This Chapter also
describes the development and validation of sensitive LC-MS/MS assays for the quantitation
of bile salts in Ringer‟s buffer to be applied in a study on the octanol/water partition
coefficient.

2.2. MATERIALS AND METHODS

2.2.1. Materials
C, DC and TC (purities: 99%, 97% and 97% respectively) were purchased from SigmaAldrich (New Zealand). MKC (purity 96.5% with 3.1% cholate as the major impurity) was a
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gift from Professor Ksenija Kuhajda (University of Novi Sad, Serbia). Dipalmitoyl
phosphatidylcholine (DPPC), Ringer‟s buffer (10 mM D-glucose; 0.23 mM MgCl2; 0.45 mM
KCl; 120 mM NaCl; 0.70 mM Na2HPO4; 1.5 mM NaH2PO4) (pH = 7.4), HEPES, calcium
chloride, formic acid and sodium bicarbonate were purchased from Sigma-Aldrich. Milli-Q
water was used throughout all studies and other reagents were of analytical grade.

2.2.2. LC-MS/MS assay of bile salts

2.2.2.1.

Instrumentation

The HPLC system (Agilent 1200 series) incorporated a binary pump, autosampler, column
oven and vacuum degasser (Agilent, USA). Separation was achieved on a Zorbax 5 μm SBC18 column (2.1×50 mm, Agilent) protected by a C18 guard column (4 x 3.0 mm,
Phenomenex, NZ). The column oven was set at 40oC. The flow rate was 0.3 ml/min and the
mobile phase was a gradient of 20-80% acetonitrile (ACN) containing aqueous 0.1% (v/v)
formic acid (Figure 2-1). The injection volume was 10 µl.
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Figure 2-1. Gradient program for C, DC and MKC (a isocratic elution for TC) (mobile phase
A: 0.1% formic acid in water; mobile phase B: 0.1% formic acid in ACN)
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Detection was carried out on an Applied Biosystems API 3200TM mass spectrometer (Applied
Biosystems/MDS-Sciex, Concord, ON, Canada) equipped with an electrospray ionization
(ESI) source operated in the negative ion mode. MS/MS analysis was performed by multiple
reaction monitoring (MRM). Full scan and product-ion mass spectra and compound
dependent parameters were determined by infusing 1 µg/ml solutions of each bile salt in 1:1
ACN/water at a flow rate of 10 µl/min. Source-dependent parameters were optimized by flow
injection of each bile salt. For unconjugated bile salts, the precursor ions themselves were
selected as product ions as no characteristic product ions could be identified. The MS/MS
transitions subject to MRM were m/z 407.2 → 407.2 for C, m/z 391.2 → 391.2 for DC, m/z
405.2 → 405.2 for MKC and m/z 514.2 → 79.9 for TC. Analyst software version 1.4.2 was
used for data manipulation.

2.2.2.2.

Assay validation

Stock solutions containing C, TC, DC and MKC (all at 1 mg/ml) were prepared in Ringer‟s
buffer and stored at -80oC until required. Quantitation was based on determination of peak
areas of each bile salt. All the samples were mixed with ACN (1:1 v/v) before injection

2.2.2.2.1.

Linearity and range

The linearity of the response was determined by analyzing five replicates of eight standards
prepared at concentrations of 5, 10, 20, 50, 100, 200, 400, 500 ng/ml in Ringer‟s buffer.
Linearity was assessed by unweighted linear least-squares regression and lack-of-fit analysis
of calibration curves (Minitab 15, Pennsylvania, USA).

2.2.2.2.2.

Precision and accuracy

Assay precision as percent relative standard deviation (%R.S.D.) and accuracy as percentage
of the nominal concentration were determined by comparing the predicted concentrations of
the QC samples, using the calibration curve, with the respective theoretical concentrations.
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Intraday variability was determined by replicate analysis (n = 5) of the QC samples, at 20,
100 and 400 ng/ml, on one day, and interday variability on five consecutive days.

2.2.3. Calculated physicochemical properties.
Dissociation constants (pKa), partition coefficients (clog P) and distribution coefficients (clog
D at pH=7) of bile salts were calculated using Pallas software (CompuDrug Inc.). Polar
surface areas (PSA) of bile salts were calculated using MarvinSketch software (ChemAxon,
Hungary)

2.2.4. Octanol/buffer distribution coefficients
n-Octanol/buffer distribution coefficients were determined in triplicate by liquid-liquid
extraction using a Mixxor phase transfer device.109-110 Bile salt solutions (1-20 μg/ml) were
prepared in n-octanol-saturated Ringer‟s-HEPES buffer (pH=7.4). n-Octanol was presaturated with Ringer‟s-HEPES buffer. Loading concentrations of each bile salt (1 and 5
µg/ml for C, TC and MKC; 4 and 20 µg/ml for DC) were used to study whether the
distribution coefficients are concentration dependent. Organic and aqueous phases of
appropriate volume ratios were mixed 20 times over 3 minutes. Preliminary experiments
showed that equilibrium was reached using this procedure. The mixture was then centrifuged
at 2000 g for 10 min and an aliquot of the aqueous layer taken and diluted with blank aqueous
solution for analysis by the validated LC-MS/MS assay. Apparent distribution coefficients
(D) were calculated as:
D

Vw (Cinital  Cend )
VO Cend

(Eq. 2.1)

where VW is the volume of the aqueous phase, V0 is the volume of the octanol phase, Cinital
and Cend are the concentrations of bile salt in the aqueous phase initially and at equilibrium
respectively.
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Experiments were repeated five times and the mean D values and log D values were
calculated.

2.2.5. Determination of critical micelle concentrations
A Du Nouy ring tensiometer (Torsion Balance Supplies, UK) was used to measure surface
tension of bile salts in Ringer‟s buffer containing 10 mM HEPES and 1.2 mM calcium
chloride at room temperature.111 The ring was raised slowly to minimize the non-equilibrium
problem inherent in this method. Triplicate surface tension measurements were initiated with
bile salt-free Ringer‟s-HEPES buffer (pH=7.4) after which a bile salt stock solution was
added incrementally and surface tension measured after each increment until the surface
tension no longer changed. The CMC was obtained from the intersection of the two best-fit
least squares lines of a plot of surface tension versus the natural logarithm of bile salt
concentration.

2.2.6. Langmuir isotherms of bile salts
A Langmuir-Blodgett trough (NIMA Technology, UK) with an area (A) of 100 cm 2 and a
volume of 50 ml was used to study Langmuir monolayers of bile salts at ambient
temperature. A Wilhelmy paper plate (Whatman's No.1 Chromatography paper) was
connected with the pressure sensor to measure the surface pressure (π). Before each
experiment, the Teflon trough and the barriers were thoroughly cleaned with chloroform and
then Milli-Q water sequentially three times.

To prevent bulk solubilisation of bile salts, aqueous 5 M NaCl at pH 1.2 was used as the
subphase. Bile salts were dissolved in chloroform to give a final concentration of 1 mM. An
aliquot (10 µl) of bile salt solution was spread on the subphase using a Hamilton syringe.
After waiting 10 min for solvent evaporation, compression was started at a speed of 10
cm/min and the π-A isotherms recorded by the instrument software (Nima516).
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2.3. RESULTS

2.3.1. LC-MS/MS assay optimization and validation

2.3.1.1.

Optimization of MS conditions

Since bile salts are ionic compounds at pH 7.2, ESI in the negative ion mode was used.
Compound and source dependent parameters for the four bile salts, optimized to obtain
maximum intensity of product ions are shown in Table 2-1.
Table 2-1 Optimized compound and source dependent parameters for the LC-MS/MS assay
of bile salts using ESI in the negative mode.
C
DC
TC
MKC
Precursor Ion
Product Ion
Declustering Potential (V)
Entrance Potential (V)
Collision cell entrance potential (V)
Collision energy (eV)
Collision cell exit potential (V)
Curtain gas (L/min)
Collision Gas ( psi)
Ionspray Voltage (V)
Temperature (oC)
Ion source gas I ( psi)
Ion source gas II ( psi)

2.3.1.2.

407.2
407.2
-120
-8
-18
-12
-36
10
5
-4000
500
25
40

391.2
391.2
-85
-9
-36
-15
-40
10
5
-4500
450
30
30

514.264
79.9
-130
-6.5
-22
-125
-12
10
10
-4500
500
30
25

405.2
405.2
-85
-6
-22
-10
-36
10
5
-4500
450
30
50

Linearity

Standard curves for bile salts in Ringer‟s buffer were linear over the concentration range 10 –
500 ng/ml with correlation coefficients ≥ 0.998 (n = 5) (Figure 2-2 and Table 2-2). No
significant curvature in the standard curve was observed (lack0-of-fit ANOVA P > 0.05,
Table 2.2)
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Figure 2-2 Standard curves for bile salts in Ringer‟s buffer (n = 5).

Table 2-2 Regression analysis (a) and lack-of-fit analysis of variance (ANOVA) results (b)
for the LC-MS/MS assay of bile salts.
C
(a) Regression analysis
Predictor
Coefficient
Standard Deviation
t
P
Intercept
-8022
10268
-0.78
0.438
Slope
1887.5
37.7
50.06
< 0.000
R-Sq = 97.8% R-Sq (adj) = 97.7%
(b) ANOVA
Source
Regression
Residual error
Lack of fit a
Pure error b
Total

Degree of Freedom

Sum of Squares

Mean Square

F

P

1
28
4
24
29

6.75E + 12
1.54E + 11
2.90E + 9
1.51E + 11
6.90E +12

6.75E + 12
2.69E + 9
7.26E + 8
2.84E + 9

2506

< 0.000

0.26

0.905
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DC
(a) Regression analysis
Predictor
Coefficient
Standard Deviation
Intercept
-5494
8208
Slope
1951.1
30.5
R-Sq = 97.3% R-Sq (adj) = 97.3%
(b) ANOVA
Source
Regression
Residual error
Lack of fit a
Pure error b
Total

t
-0.67
64.1

P
0.505
< 0.000

Degree of Freedom

Sum of Squares

Mean Square

F

P

1
28
4
24
29

1.41E + 13
3.95E + 11
5.14E + 9
3.89E + 11
1.45E +13

1.41E + 13
3.43E + 9
1.28E + 8
3.51E + 9

4106

< 0.000

0.37

0.832

MKC
(a) Regression analysis
Predictor
Coefficient
Standard Deviation
Intercept
-4157
5637
Slope
2069.64
20.30
R-Sq = 99.7% R-Sq (adj) = 99.7%
(b) ANOVA
Source
Regression
Residual error
Lack of fit a
Pure error b
Total

Regression
Residual error
Lack of fit a
Pure error b
Total
a
b

P
0.467
< 0.001

Degree of Freedom

Sum of Squares

Mean Square

F

P

1
28
4
24
29

4.24E + 12
1.14E + 10
1.99E + 8
1.12E + 10
4.25E +12

4.24E + 12
4.08E + 8
4.98E + 7
4.68E + 8

10395

< 0.000

0.11

0.979

TC
(a) Regression analysis
Predictor
Coefficient
Standard Deviation
Intercept
-14042
10179
Slope
3036.4
37.6
R-Sq = 97.1% R-Sq (adj) = 97.1%
(b) ANOVA
Source

t
-0.74
101.95

t
-1.38
54.11

P
0.171
< 0.000

Degree of Freedom

Sum of Squares

Mean Square

F

P

1
28
4
24
29

1.16E + 13
3.41E + 11
3.76E + 9
3.37E + 11
1.19E +13

1.16E + 13
3.96E + 9
9.41E + 8
4.11E + 9

2928

< 0.000

0.23

0.921

The lack-of-fit sum of squares is a measure of how much groups of replicates vary from the fitted line;
The pure error sum of squres measures the variability between replicate values of y at a given x.
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2.3.1.3.

Accuracy and precision

Precision and accuracy of the LC-MS/MS assay of bile salts in Ringer‟s buffer gave intraday
(n = 5) and interday (n = 5) precisions (C.V. < 10 %) and accuracies (96.54% – 110.75%)
respectively that were satisfactory, except for TC at low concentration. (Table 2-3)
Table 2-3 Intraday and interday precision and accuracy for the LC-MS/MS assay of bile salts.
Nominal Conc.

Observed Conc.
(mean±SD)

Precision (% CV)

Accuracy (% of
nominal conc.)

393±13
96.8±2.5
22.1±1.5

3.37
2.57
6.78

98.4
96.8
110

394±26
96.5±3.3
22.2±2.5

6.61
3.46
9.44

98.5
96.5
110

389.7±3.1
98.9±1.1
21.9±1.4

0.80
1.06
6.50

97.4
98.9
109

391.2±5.1
100.4±1.3
21.2±1.7

1.29
1.31
7.88

97.8
100
106

404.5±5.2
102.4±2.0
21.22±0.64

1.29
1.93
3.02

101
102
106

408±11
101.5±3.1
22.06±0.65

2.69
3.08
2.95

101
101
110

400

409.5±2.2

0.55

102

100
20

97.4±1.6
14.59±0.14

1.64
0.96

97.4
73.0

397.6±7.9
105.8±4.4
15.66±0.79

2.00
4.18
5.04

99.4
106
78.3

Cholate
intraday n=5
400
100
20

Interday n=5
400
100
20

Deoxcholate
intradayn=5
400
100
20

Interday n=5
400
100
20

Monoketocholate
Intraday n=5
400
100
20

Interday n=5
400
100
20

Taurocholate
Intraday n=5

Interday n=5
400
100
20
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2.3.2. Calculated values of pKa, clog D and polar surface area
The results of calculated pKa, clog P, clog D and polar surface area (PSA) are listed in Table
2-4.
Table 2-4 Physicochemical properties of bile salts.
Bile salt

pKa

clog P

clog D
(pH = 7)

PSA
(Å 2)

Critical micelle
concentration (mM)

Area/molecule
(Å 2)

Deoxycholate
Cholate
Monoketocholate
Taurocholate

4.82
4.82
4.82
1.42

3.53
2.42
2.56
0.20

1.35
0.24
0.38
-3.73

77
97
94
144

1.69
4.09
13.35
3.56

77
87
86
129

2.3.3. Octanol/buffer distribution coefficient
The results (Table 2-5) show that the octanol/buffer distribution coefficients of all bile salts
were not significantly different at low and high concentrations. The relative values of log D
for C, DC and TC are as expected based on their chemical structures. In contrast, MKC is less
lipophilic than C.

Table 2-5 Octanol/buffer distribution coefficients of bile salts at pH =7.4. Data are means ±
SD (n=5)
Bile salt
Loading concentration in aqueous
Octanol/buffer distribution
phase(μg/ml)
coefficient log D
4
1.45±0.05
Deoxycholate
20
1.47±0.02

Cholate

1
5

-0.0094±0.02
-0.0119±0.01

Monoketocholate

1
5

-0.39±0.02
-0.42±0.01

Taurocholate

1
5

-1.58±0.09
-1.43±0.15
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2.3.4. CMC and area per bile salt molecule
Plots of surface tension vs concentration (Figure 2-3) show linear segments with sharp
intersections allowing accurate estimation of CMC values. Compared with the CMC of
MKC, those of C, DC and TC were relatively low ( <5 mM) (Table 2-4) consistent with
values previously obtained in physiological saline using the same surface tension method.6
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Figure 2-3. CMC determination of C, DC, MKC and TC by the surface tension method.

2.3.5. Isotherms of bile salts
Figure 2-4 displays surface pressure (Π) – area (A) isotherms, reflecting the dependence of
surface pressure on molecular area of the bile acids. The four bile salts show different
characteristics. The isotherm of DC starts to increase at ~ 180 – 200 Å2/molecule and surface
pressure rises sharply upon compression. Further compression leads to collapse at a
molecular area of 85 – 90 Å2/molecule and a collapse pressure around 28 – 30 mN/m which
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is very similar to that in the isotherm of DC reported previously.6 However, other bile salts,

Surface pressure (mN/m)

C, MKC and TC did not show collapse in their isotherms.
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Figure 2-4 Isotherms of bile acids at room temperature in 5 M NaCl at pH 1.5 (Black: DC;
Red: C; Green: MKC; Blue: TC)

2.4. DISCUSSION

2.4.1. Ionization
Bile salt refers to the deprotonated or ionized (-COO-) form, whereas bile acid refers to the
protonated (-COOH) form. The term “bile salt” and “bile acid” are used interchangeably in
many circumstances but it remains crucial to distinguish between the dissociated and
undissociated forms as their physicochemical and biological properties such as solubility,
micelle formation and membrane toxicity can be very different.112 The ionization status of a
bile salt also affects its capability to permeate through cell membranes. One question that
caused much controversy was the ionization behaviour of bile acids. A previous NMR study
found that nonionized bile salts traverse membranes by a passive flip-flop process, whereas
fully ionized unconjugated bile salts did not show equilibration of species between the outer
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and inner membrane hemileaflets. Thus it is believed that fully ionized bile salts do not cross
cell membranes by a flip flop process.113-114 However, it has been argued that fully ionized
taurine conjugated bile salts can cross bilayers by flip flop.115

The pKa of the common C24 unconjugated bile acid monomers in water as measured
potentimetrically is about 5.0.116 It was found that the nucleus substituents do not influence
ionization probably because of the distance between the hydroxyl groups and the ionized
carboxyl group. The calculated pKa values show that all the unconjugated bile acids (C, DC
and MKC) have the same pKa (4.82). Conjugation of bile acids with glycine or taurine lowers
the pKa by about 2.4 and 5 units, respectively.108 The calculated pKa for TC is low (1.42)
because of the highly acidic nature of the sulfonic acid group. The pKa values of all four bile
acids are at least two units lower than the pH of Ringer‟s buffer (pH = 7.4) which was used in
almost all in vitro studies. In this situation, more than 99% of bile acid monomers are in the
ionized form.

Because bile salts are soluble amphiphiles with detergent-like properties, their ionization
behavior is more complicated than those of simple electrolytes. At concentrations above the
CMC, the pKa value increases sharply. The pKa values of unconjugated bile salts in micelles
are in the range 5 to 6.5 112 Moreover, the pKa is significantly influenced by the environment
such as the presence of bovine serum albumin (BSA) or phosphatidylcholine (PC) vesicles. It
has been shown that the pKa of C in PC vesicles is 7 compared with 4.6 for C monomers in
water.
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It is believed that maximum hydration of monomers occurs in water, but the

phospholipid bilayers provide a strong hydrophobic environment for the bile acid leading to
partial dehydration of its carboxyl group. Consequently, bile salts have pKa values around 7
once they penetrate into phospholipid bilayers. Therefore, the ionization behavior of bile salts
in phospholipid bilayers is significantly different from those of the monomers in the aqueous
phase.
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2.4.2. Lipophilicity
The lipophilicity of bile salts is frequently linked with their biological activities such as
permeability enhancement,118 interaction with biological membranes
apoptosis.

120

119

and induction of

Lipophilicity of bile salts is usually determined by partitioning in the

octanol/buffer system or by reversed phase HPLC. In the n-octanol/Ringer‟s buffer system
used in this work, concentrations of bile salts were far below their CMC values to avoid
micelle or emulsion formation. At equilibrium, samples from the aqueous phase were
collected and the concentration of bile salt analysed by LC-MS/MS assay. Preferably, the
concentrations of bile salt in both the aqueous and organic phases should be quantified, but
only the aqueous phase concentration was measured due to limitations of the quantitative
assay. In addition to the bulk aqueous and organic phases, bile salts may accumulate at the
interface between the two phases due to their amphiphilicity. This can result in
overestimation of the concentration in the octanol phase when this concentration is
determined by difference. To avoid the significance of the accumulation of bile salts at the
interface, the Mixxor was used as it has a very small interfacial area between the two phases.
According to the area of the interface between organic and aqueous phases in the Mixxor (1
cm2) and the molecular area of bile salts calculated from air/water interface studies (~80 Ǻ 2),
approximately 0.3% of bile salts accumulates at the interface, assuming the extreme condition
that the interface is fully occupied by bile salts. On this basis, the accumulation of bile salt at
the interface is not considered to significantly influence the results of this study.

It has been suggested that side chain amidation, number and position of hydroxyl groups all
influence bile salt lipophilicity. Unconjugated bile salts are more hydrophobic than
conjugated bile salts and dihydroxy bile salts are more lipophilic than trihydroxybile salts. 106
Both the clog P and clog D (pH =7) values showed the same order of lipophilicity of the four
bile salts: DC > MKC ≈ C >TC (Table 2-4), a result which matches the predicted bile salt
structure – lipophilicity relationship. The dihydroxy bile salt, DC, is the most lipophilic
whereas the taurine conjugated bile salt, TC, is the least lipophilic. The trihydroxy bile salt,
C, has intermediate lipophilicity. Replacement of the hydroxyl group at position 12 with the
keto group slightly increases lipophilicity probably due to MKC having one less hydrogen
donor than C.
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Interestingly, the higher octanol/buffer partition coefficient of MKC is contrary to
expectations (Table 2-5). Poša et al in their study of the formation of micelles from some
keto derivatives of bile acids found that replacement of an OH group with a keto group
decreased its lipophilicity.121 It was suggested that increasing the number of keto groups in C
decreases the hydrophobic surface area.

It has been shown that both protonated and deprotonated forms of bile salts can distribute into
octanol.122 It was suggested that ion pair formation between Na+ and ionized bile salt
molecules lead to substantial amounts of the ionized bile salt partitioning into the octanol
phase. It may be that other cations such as Ca2+ and K+ also form ion pairs to increase the
apparent lipophilicity of bile salts. If so, the apparent lipophilicity of bile salts would depend
on buffer composition.

2.4.3. Polar surface areas
The PSA is simply defined as the area of the molecular surface that is polar. It is one of the
most important molecular properties that determine transport across biological membranes
such as the intestine and BBB.123 The PSA is generally assumed to be related to hydrogen
bonding capacity and to be a particularly good predictor of passive membrane permeability.
Assuming that other important molecular properties such as lipophilicity, size and charge are
equal, a smaller PSA leads to higher passive permeation.124 The dihydroxy bile salt, DC, has
the smallest PSA (Table 2-4) whereas the conjugated bile salt TC has the largest value of
PSA. MKC has a slightly smaller PSA than C. These results suggest the passive permeability
of the bile salts is in the order DC > MKC ≥ C >TC.

2.4.4. Critical Micelle Concentration
The CMC provides information about the physical status of bile salt molecules in an aqueous
environment. It is important since the monomer and the micelles have different
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physicochemical properties and biological behaviour.125 It is well known that the CMC is
dependent on the method of determination, temperature, pH value and the composition of the
dispersion medium.126 In this study, the surface tension method was used to determine the
CMC of the four bile salts in Ringer‟s-HEPES buffer at 20 ~ 22oC.

Unlike conventional surfactants, bile salts have a rigid steroid backbone with polar hydroxyl
groups on the concave α-face and methyl groups on the convex β-face. This arrangement
provides the bile salt with facial amphiphilicity. It has been suggested that the CMC is
strongly influenced by the number and position of hydroxyl groups with trihydroxy bile salts
having higher CMCs than dihydroxy bile salts.127 In this study, C and TC, with three
hydroxyl groups, have higher CMC values than DC with two hydroxyl groups. However,
MKC with two hydroxyl groups and one keto group showed the highest CMC of the four bile
salts. It has been previously shown that, for a given number of substituents, changing a
hydroxy group to a keto group increases the CMC value.128 This suggests that replacement of
hydroxyl groups by keto groups make the bile salt less amphiphilic. The three hydroxyl
groups in C are arranged about 5 Å apart forming the apices of an equilateral triangle5 and are
vertically orientated towards the concave α-face, thereby forming the hydrophilic face in the
planar amphiphilic structure of bile salts. Changing one or more hydroxyl groups to keto
groups will reduce the hydrophilicity of the concave α-face as keto groups extend
equatorially between the α-face and β-face. Moreover, it has been shown that replacement of
hydroxyl groups by keto groups decreases the hydrophobic surface area of bile salts. 121 The
hydrophobic interaction is the driving force for formation of primary bile salt micelles. 6
Decreasing the hydrophobic surface area of MKC hinders formation of micelles,
subsequently leading to a higher CMC value compared to C.129

2.4.5. Air/water interfacial behaviour
The surface tension of the soluble sodium salts of C, DC, MKC and TC was measured to
determine their CMCs values. Employing the steep slope of the experimental surface tension
versus bile salt concentration curve, the surface excess can be calculated accurately in high
bulk ionic strength; subsequently the area per molecule (Am) at the interface can be calculated
using the Gibbs‟s adsorption isotherm (Eq. 2.2)
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Am 

 RT
  
Na 

  ln C 

(Eq. 2.2)

where Na is the Avogadro number, γ is the surface tension and C is the bile salt concentration.

is obtained from the linear segment of the plot of surface tension versus ln [bile salt]
 ln C

below the CMC. The results (Table 2-4) suggest that all four bile salts are horizontally
packed at the air/aqueous interface. TC has the largest surface area (129 Å 2) due to the
taurine group, C and MKC have very similar chemical structures and molecular areas (87 and
86 Å2 respectively) and DC has the smallest area (77 Å2) because it is an unconjugated bile
salt without any substituent at position 7. The hydroxyl groups of bile salts anchor them at the
air/water interface
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and the evenly distributed hydroxyl groups of trihydroxy bile salts

cause them to lie flat. The absence of a 7-OH group allows DC to tilt thereby reducing the
area per molecule. In addition, it was found that DC, the most hydrophobic bile salt with the
lowest CMC, showed the greatest effect of lowering the surface tension at concentrations
above its CMC (Figure 2-3). This may indicate that DC has the strongest effect on the
polar/nonpolar interface.

The Langmuir trough was employed to study insoluble monolayers of the bile acids at the
air/water interface. The subphase contained 5M NaCl to salt out the polar groups and the low
pH (1.5) prevented ionization. In Figure 2-4, only deoxycholic acid showed a collapse in its
isotherm, whereas the surface pressure of the other bile acids continuously increased during
compression. This suggests that only deoxycholic acid can form stable monolayers at the
air/water interface whereas cholic acid, monoketocholic acid and taurocholic acid partially
solublize into the subphase during compression.

The collapse of isotherms indicates that the forces exerted upon the monolayer become too
strong to maintain its two dimensions after which the monolayer molecules are ejected out of
the monolayer plane into either the subphase or the superphase (i.e. stacking of molecules). In
the case of bile acids, the molecules are usually squeezed into the superphase to form threedimensional structures with piling of one molecule on top of the other.131 The molecular area
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of deoxycholic acid at monolayer collapse was ~ 85 Å2 which is consistent with values
observed (86 – 91 Å2) for dihydroxy bile acids.132 This value is larger (85 Å2) than that
calculated using Gibbs‟s adsorption equation (Eq. 2.2) from the surface tension data of
soluble DC. The difference between the molecular areas of surface-adsorbed bile salts and
spread monomolecular layers of insoluble bile acids at their collapse pressures suggests that
the side chain, when ionized, lies α-axial with respect to the plane of the molecule, but when
undissociated lies parallel to the surface.133

2.5. CONCLUSION
In this chapter, some important physicochemical properties of MKC and three representative
natural bile salts were studied. Both computer calculation and experimental methods were
employed to determine pKa, clog D, PSA, CMC and some interfacial behaviours of bile salts.
MKC gives similar values of most of its physicochemical properties to C except that it has a
relatively large CMC which may suggest it is not a strong surfactant. It is suggested that
MKC may behave differently from the natural bile salts in its interactions with biological
membranes. The physicochemical properties of bile salts are useful parameters in exploring
and understanding potential mechanisms of permeability enhancement by bile salts in
biological systems.
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Chapter 3. PARTITIONING OF BILE SALTS INTO LIPID
MEMBRANES
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3.1. INTRODUCTION
In this thesis, bile salts are studied as permeability enhancers of biological membranes,
particularly the BBB. It is essential to use different models of cell membranes in order to
elucidate the mechanisms by which bile salts enhance permeability. The cell membrane is
considered as a homogeneous barrier to passive transport in the classic solubility diffusion
model and pH-partition theory.134 Drug partitioning in isotropic solvent systems such as the
octanol/buffer system has been frequently used to predict passive membrane permeability.
However, this system fails to take into account both the anisotropic nature of the cell
membrane and the ionic forces135 involved in the interaction of ionized compounds with
membranes. In reality, the cell membrane is heterogeneous with large gradients in density,
free volume and polarity.136

The liposome/water model offers an attractive alternative because the liposome vesicle more
closely resembles a biological membrane. Liposomes are made up of lipid bilayers containing
phospholipids which exhibit structural and chemical similarities to cell membranes. The
liposome/buffer distribution coefficient is considered a better parameter than the
octanol/buffer distribution coefficient to predict passive intestinal absorption137 and BBB
permeability.57 As a result, the liposome/water system has been used to elucidate biophysical
interactions between membranes and drugs, excipients and drug delivery systems.138 The
liposome model has also been adopted to gain a mechanistic understanding of surfactantinduced membrane permeabilization.139

Molecular interactions between surfactants and lipid membranes can also be investigated
using the Langmuir trough which has been shown to be particularly useful in the study of
permeation enhancers.140 A lipid monolayer prepared on an aqueous surface using the
Langmuir trough has a well-defined planer geometry and well-controlled surface pressure.
Such lipid monolayers have been used to study interactions between membranes and
drugs,141-142 surfactants,143 polymers144 and proteins.144-145 The monolayer has also been used
as an in vitro model to predict the BBB permeability of drugs.57
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The objective of the research of this Chapter was to describe the partitioning behaviour of
bile salts in both lipid bilayer and monolayer membrane models using different techniques.

3.2. MATERIALS AND METHODS

3.2.1. Materials
Soya lecithin phospholipids (SPC) and dipalmitoyl phosphatidylcholine (DPPC) were a gift
from Lipoid (GmbH, Ludwigshafen, Germany). Chloroform (HPLC grade) and methanol
(analytical grade) were purchased from Merck (KGrA 64271 Darmstadt, Germany). Ferric
chloride hexahydrate (analytical grade) was purchased from BDH Chemicals Ltd (Poole
England). Ammonium thiocyanate (laboratory grade) was obtained from Fluka (Switzerland).
Nuclepore Track-Etch membranes (50, 100 and 200 nm pore size) were purchased from
Whatman (USA). Milli-Q water was used in all studies and other reagents were of analytical
grade.

3.2.2. The Langmuir trough technique
Langmuir trough studies were conducted using a Langmuir-Blodgett trough (NIMA
Technology, UK) with an area of 100 cm2 and a volume of 50 ml at ambient temperature. A
Wilhelmy paper plate (Whatman No.1 Chromatography paper) was connected with the
pressure sensor to measure surface pressure. Before each experiment, the teflon trough and
barriers were cleaned with chloroform and Milli-Q water three times sequentially.

3.2.2.1.

Penetration studies

For penetration studies (Figure 3-1), a stock solution of bile salt (1 mM or 4 mM) in
Ringer‟s-HEPES buffer was prepared. The DPPC monolayer on bile salt-free buffer was
compressed into the liquid-condensed phase at surface pressures of 15, 20 or 25 mN/m at a
rate of 10 cm/min. After reaching the target surface pressure, the surface area was kept
constant and the bile salt solution (1 ml) injected into the subphase through the injection port
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without breaking through the monolayer. A magnetic stirrer was used to ensure uniform
distribution of the bile salt in the subphase. The change in surface pressure over time was
recorded.

Figure 3-1. Schematic illustration of a Langmuir-Blodgett trough for penetration studies.

3.2.2.2.

Equilibrium penetration

For the equilibrium study, the isotherms of DPPC monolayers on subphases containing
different bile salts at different concentrations were recorded. The subphase consisted of
isotonic Ringer‟s-HEPES buffer pH 7.2 with or without bile salt. A 10-20 μl aliquot of 1 mM
DPPC solution in chloroform was spread onto the subphase using a Hamilton syringe. After
allowing 10 min for solvent evaporation, compression was started at a speed of 10 cm/min
and the surface pressure (π) - area (A) isotherm recorded by the instrument software
(Nima516).
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3.2.3. Lipid bilayer studies

3.2.3.1.

Unilamellar liposome preparation

Unilamellar lipid vesicles (ULVs) were prepared by the thin film hydration method and
extruded to decrease particle size and obtain a narrow size distribution. Briefly, SPC (100
mg) and cholesterol (25 mg) were dissolved in 5 ml chloroform-methanol (3:1, v/v) in a
round-bottomed flask. The organic solvent was removed by rotary evaporation (Rotavapor
R110) at 35 ºC for 30 min and the residue kept under vacuum overnight to remove traces of
organic solvent. The lipid film was then hydrated with 5 ml Ringer‟s buffer together with 0.5
g glass beads at room temperature for 30 min. After hydration, the liposomal suspension was
sonicated (bath sonicator, RK100H) for 10 min and then extruded ten times through 200 nm,
100 nm and 50 nm Nuclepore Track-Etch membranes sequentially using a Lipex Extruder at
room temperature (Northern Lipids, Canada). Unilamellar DPPC liposomes without
cholesterol were prepared in the same way except a temperature of 50oC was used for solvent
removal, film hydration and extrusion.

3.2.3.2.

Phospholipid assay

The phospholipid concentration was determined using the Stewart assay.146 Briefly, 27.03 g
ferric chloride hexahydrate and 30.4 g ammonium thiocyanate were dissolved in Milli-Q
water and made up to 1 litre. The solution is stable at room temperature for several months.
An 0.05 ml aliquot of liposome suspension was mixed with 2 ml chloroform before adding
2 ml of 0.1 M ammonium ferrothiocyanate in a centrifuge tube. After 30 s vigorous
vortexing, the samples were centrifuged (Eppendorf 5810R) for 10 min at 2000 rpm. The
chloroform phase was transferred into a quartz cuvette and the absorbance determined at 485
nm using a Cary 1 UV-visible spectrophotometer. Calibration curves of absorbance versus
concentration of soya lecithin and DPPC were constructed in the concentration range 0.005 ~
0.2 mg/ml. Interference from Ringer‟s buffer and bile salts on colour development was
checked. The Stewart assay is based on the ability of phospholipids to form a complex with
ammonium ferrothiocyanate in organic solution. An advantage of this assay is that the
inorganic phosphate in Ringer‟s buffer does not interfere.146
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3.2.3.3.

Static light scattering of liposome suspensions

Bile salt-induced vesicle size alterations were evaluated by measuring static light scattering
(SLS) of liposome suspensions in the absence and presence of increasing bile salt
concentration (in the range 0.02–20 mM). SLS intensity at 90o to the incident beam was
measured using a spectrofluorometer (Shimadzu RF-540) with both emission and excitation
wavelengths set at 500 nm, slit 10–10 nm, 2 h after mixing the liposome suspension (0.5 mM
phospholipid) with the appropriate amount of bile salt. Ringer‟s buffer and bile salt solution
were freshly prepared and filtered through 0.22 µm membranes prior to experiments.

3.2.3.4.

Determination of particle size and zeta potential

Zeta-potentials (ζ-potentials) and size distribution of extruded SPC liposomes incubated with
and without bile salts for 2 h were determined at pH 7.2 (Ringer buffer) and 25 °C by
dynamic light scattering (DLS) using a Zetasizer (ZS90, Malvern Instrument). Lipid
concentration was maintained at 0.5 mM and bile salt concentration was in the range 010000 μM. Values of viscosity and refractive index of the dispersion medium were taken as
1.02 cP and 1.330, respectively.

3.2.3.5.

Determination of liposome/buffer distribution coefficient

Liposome/buffer distribution coefficients of bile salts were determined in triplicate using the
equilibrium dialysis method (Equilibrium Dialyzer with MWCO 12-14,000 dialysis
membrane, Spectrum Laboratories). Preliminary studies showed dialysis for 5 h was
sufficient to reach equilibrium with no binding of bile salt to the dialysis cell surface and the
dialysis membrane. An aliquot of 0.7 ml blank liposome suspension (20 mM phopholipid)
prepared in Ringer‟s buffer was loaded into the receiver compartment and dialyzed against an
aliquot of 0.7 ml bile salt solution (10 μM) in the same buffer in the donor compartment.
After 5 h rotation at 3 rpm and room temperature (21 °C), an aliquot (100 µl) was withdrawn
from the donor compartment and the bile salt concentration analyzed by LC-MS/MS.147
Samples from the donor compartment were also analysed for phospholipid in order to
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confirm the integrity of the dialysis membrane. The liposome/buffer distribution coefficient
was calculated as
Dliposome/ water 

(C0V  Caq (2V  VL ))
VL Caq

(Eq. 3.1)

where C0 and Caq are the loading concentration and measured concentration of bile salt in the
aqueous compartment respectively, V is the volume of sample in each compartment and VL is
the volume of the phospholipid phase calculated from the lipid concentration assuming a
density of 1 g/ml.

3.2.3.6.

Sample preparation and differential scanning calorimetry measurements

Multilamellar lipid vesicles (MLVs) were prepared by rehydration of DPPC/bile salt mixtures
at different molar ratios. Briefly, DPPC was dissolved in chloroform/methanol (3:1 v/v) to
give a final concentration of 136 mM and the bile salts were dissolved in methanol at a
concentration of 50 mM. The two solutions were mixed in small glass vials to achieve molar
percentages (100 x mole of bile salt/mole of DPPC) of bile salts of 1.0, 2.5, 5.0, 7.5, 10, 15,
20, and 30%. The organic solvent was evaporated by gentle rotation of the vials under a
nitrogen stream. The vials were kept overnight at room temperature under vacuum to
completely remove organic solvent. DPPC MLVs were obtained by hydrating the lipid films
with 0.2 ml Ringer‟s buffer at 50oC in a horizontal shaking incubator (200 rpm) for 30 min.
All samples contained 68 mM DPPC.

Differential scanning calorimetry (DSC) thermograms of the bile salt/liposome samples were
obtained with a DSC Q100 (V8.2 Build 268, TA Instruments, USA) under a nitrogen gas
flow of 50 mL/min. Calibration of the DSC instrument was carried out using indium as
standard. An aliquot (20 µl) of liposome suspension was encapsulated in a hermetically
sealed aluminium pan using a similar pan containing 20 µl Ringer‟s buffer as reference. The
samples were heated at 1 oC/min from 20 to 60oC. The phase transition temperature was
determined using TA Universal Analysis software (version 4.0C).
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3.2.3.7.

ATR-FTIR Spectroscopy

DPPC MLVs with and without 20 molar percent bile salts were prepared in the same way as
in the DSC study except that 0.9 % NaCl was used as hydration buffer instead of Ringer‟s
buffer. Attenuated total reflection fourier transform infrared (ATR-FTIR) spectra were
recorded on a Varian 3100 FT-IR spectrometer. A total of 128 scans were collected between
4000 – 400 cm-1 at a resolution of 4 cm-1. An aliquot (0.5 ml) of liposome suspension (50
mg/ml) was spread on the surface of the ZnSe prism in a trough sampling plate. The ZnSe
prism was cleaned prior to each experiment by washing with 95% methanol and MilliQ
water. The temperature of the ZnSe prism was controlled using a circulating water-bath.
Sample temperature was equilibrated for 5 min before acquisition of each spectrum. The data
were analyzed by Resolution Pro software (Version 4.1.0.101).

3.3. RESULTS

3.3.1. Lipid monolayer model

3.3.1.1.

Penetration study

The penetration study aimed to investigate whether a substance can insert into a
biomembrane. The DPPC monolayer was initially compressed to a surface pressure (πi) at
which the DPPC is in the liquid condensed state where it has structural characteristics similar
to DPPC/water bilayers in the gel state.148 After this initial compression, bile salts were added
to the subphase and the change in surface pressure recorded as a function of time. Various
initial surface pressures were studied. When the surface pressure showed no further increase,
the monolayer was assumed to be in equilibrium with bile salt in the subphase. The
penetration curves for different bile salts are shown in Figure 3-2. The arrows indicate the
time of injection of bile salt solution into the subphase. Different bile salts showed different
effects on pressure. The penetration of DC caused the greatest increase in surface pressure,
TC and C showed modest increases and MKC had the smallest effect on surface pressure.
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Figure 3-2. Change in surface pressure as a function of time for insertion of C, DC, MKC and
TC into DPPC monolayers using different initial surface pressures (green: C; blue: DC;
black: MKC and red: TC). The arrows indicate the time of injection of bile salt into the
subphase.

3.3.1.2.

Compressibility

Langmuir isotherms of DPPC monolayers in the presence of different concentrations of bile
salt are shown in Figure 3-3. The presence of bile salts in the subphase caused a major
increase in the isotherms suggesting bile salt molecules accumulate and crowd the DPPC
molecules at the air/water interface. The monolayers are composed of mixtures of bile salt
and DPPC and are characterised by the compressibility modulus (K) calculated as:
  
K   A  

 A 
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(Eq. 3.2)
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Figure 3-3. Surface pressure-area isotherms of DPPC monolayers on solutions of bile salts in
Ringer‟s buffer (pH = 7.2) at concentrations of 0 (black), 10 (red), 50 (green) and 100 (blue)
µM.

where Aπ is the area per DPPC molecule at the indicated surface pressure π.
The lower the K value, the higher the monolayer elasticity. Figure 3-4 showed the effect of
bile salts increase elasticity. The liquid-expanded to lipid-condensed phase transition, as
shown by the peak in the range π = 0-10 mN/m also becomes less significant and tends to
occur at a higher surface pressure at higher bile salt concentration. This increase in elasticity
has also been shown using liposomes.149 Greater elasticity should increase insertion of
foreign molecules into the bilayer thereby enhancing transport of such molecules across the
membrane 150.
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Figure 3-4. Effect of concentration of different bile salts in the subphase on the
compressibility of DPPC monolayers (black: no bile salt; red: 10 μM ; green: 50 μM and
yellow: 100 μM) .

3.3.2. Lipid bilayers

3.3.2.1.

Phospholipid assay

Standard curves were linear in the concentration range 0.0005 ~ 0.2 mg/ml for both DPPC
and soya lecithin (Figure 3-5). The assay was shown to be free of interference from Ringer‟s
buffer and bile salt at both high (0.025 mg/ml) and low (0.1 mg/ml) phospholipid
concentration (Table 3-1). ANOVA (α = 0.05) with post hoc comparisons (Tukey‟s test)
showed no statistically significant difference between Milli-Q water, Ringer‟s buffer and bile
salts at both high and low concentrations.
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Figure 3-5. Standard curves for DPPC (R2 = 0.9997) and soya lecithin (R2 = 0.9997). (n=3)

Table 3-1. Effect of Ringer‟s buffer and bile salt on the analysis of phospholipids using the
Stewart assay (H: high concentration; L: low concentration). Data are means ± SD (n=3).
Nominal Con.
Milli-Q water

L
H

0.025
0.1

0.0248 ± 0.0001
0.1041 ± 0.0060

3.97
5.71

Accuracy (% of
nominal conc.)
99.33
104.19

Ringer‟s buffer

L
H

0.025
0.1

0.0243 ± 0.0006
0.1046 ± 0.0016

2.29
1.52

97.33
104.70

1 mg/ml DC

L
H

0.025
0.1

0.0269 ± 0.0024
0.1062 ± 0.0022

9.05
2.06

107.83
106.30

1 mg/ml TC

L
H

0.025
0.1

0.0283 ± 0.0030
0.1119 ± 0.0099

10.6
8.87

113.47
111.91

1 mg/ml C

L
H

0.025
0.1

0.0250 ± 0.0008
0.110 ± 0.010

3.20
9.46

100.00
109.88

1 mg/ml MKC

L
H

0.025
0.1

0.0288 ± 0.0041
0.1076 ± 0.0059

14.22
4.73

115.20
107.56

3.3.2.2.

Oberved Conc. (mean±SD)

Precision (% CV)

Integrity of liposomes in the presence of bile salts

Changes in turbidity and Z-average size of liposomes after incubation with different
concentrations of bile salts are shown in Figures 3-6 and 3-7 respectively. The two Figures
show similar profiles of solubilization of liposomes by the bile salts. DC, C and TC caused a
small increase in turbidity and Z-average size in the low concentration range probably due to
bile salt monomers partitioning into the lipid bilayers and increasing particle size. Both
turbidity and Z-average size decreased slightly after further addition of DC, C, and TC
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because of extraction or transfer of some of the lipid from the liposomes into mixed micelles.
Finally, at high concentrations, the turbidity and Z-average size drop dramatically because the
vesicles are completely solubilized by the bile salts and only mixed micelles remain.
Surprisingly, MKC leads to a continuing increase in both turbidity and Z-average size over
the whole concentration range indicating that MKC in the concentration range 0.1 – 10 mM
does not solubilize liposome membranes.

120

Static light scattering (%)

100
80
60
C
DC
TC
MKC

40
20
0
0.01

0.1

1

10

Bile salt concentration (mM)

Figure 3-6. Percentage change in static light scattering of SPC liposomes after incubation
with different concentrations of bile salts. Data are means ± SD (n=3).
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Figure 3-7. Z-average size of SPC liposomes after incubation with different concentrations of
bile salts. Data are means ± SD (n=3).
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3.3.2.3.

Liposome/buffer distribution coefficients

When ionized compound, such as bile salt, are studied, the liposome/buffer system is more
suitable than the octanol/buffer system since it takes into account electronic interactions
between ionized compounds and the negatively charged phosphate head groups in
phospholipid molecules.135 Moreover, amphiphilic compounds like bile salts are able to
locate themselves at a particular position in the lipid bilayer so that their polar ends can
interact with the polar moieties of the phospholipid while their nonpolar part is
accommodated in nonpolar regions of the membrane. Such accommodation is not favored in
the isotropic octanol/buffer system. Distribution coefficients of the bile salts between
Ringer‟s buffer (pH = 7.2) and liposomes prepared from both DPPC and SPC are given in
Table 3-2. The results show that DC has the highest log Dliposome/buffer followed by C and TC.
This is as expected since DC is more hydrophobic and has less hydrogen bonding capacity
than the other bile salts. Both C and TC are trihydroxy bile salts with similar
membrane/buffer distribution coefficients suggesting the taurine moiety does not
significantly influence partitioning into lipid membranes. Surprisingly, MKC has the lowest
value of log Dliposome/buffer (0.75±0.06) indicating that the replacement of the 12- hydroxyl
group in C by a keto group significantly reduces membrane partitioning. Log P values of bile
salts determined in the liposome/buffer system are higher than those determined in the
octanol/buffer system (Chapter2). It is clear shown that charged species partition more
strongly into liposomes than anticipated based on their octanol/buffer distribution
coefficients.151 MKC has a slightly lower distribution coefficient in SPC liposomes than in
DPPC liposomes whereas the natural bile salts show stronger partitioning into SPC liposomes
than into DPPC liposomes. As well as the difference in phospholipid composition between
the two lipid systems, SPC is in the liquid crystalline state whereas DPPC is a gel phase at
room temperature. In general, compounds partition more readily into the liquid crystalline
phase than into the gel phase,152-153 possibly due to steric hindrance in the closely wellpacked gel phase.
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Table 3-2. Liposome/buffer distribution coefficients (log Dmembrane/buffer) of bile salts. Data are
means±SD (n = 3).
Bile salt

DPPC liposomes

SPC liposomes

DC

2.95±0.04

3.42±0.02

C

2.06±0.05

2.50±0.02

MKC

1.16±0.08

0.75±0.06

TC

2.36±0.02

2.49±0.01

3.3.2.4.

Zeta potential of liposomes

To understand how incorporation of bile salts into lipid membranes affects membrane surface
charge, zeta potentials of liposomes were measured after incubation with sublytic
concentrations of bile salts (Figure 3-8). A continuing decrease in zeta potential was observed
with increasing bile salt concentration. In the absence of bile salt, the surface charge of the
liposomes was slightly negative (~ -2 mV). Zeta potential measurements are important to
determine the effect of bile salts on membrane surface potential, enabling characterization of
the electrostatic properties of the lipid membrane induced by bile salt partitioning. The
change in zeta potential indicates the extent to which negatively charged bile salts interact
with lipid bilayer surfaces.
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Figure 3-8. Zeta potentials of SPC liposomes as a function of bile salt concentration. Data are
means±SD (n=3).

3.3.2.5.

DSC Studies

The effect of bile salts on membrane phase behaviour was determined using DSC (Figure 39). The thermograms show that in the absence of bile salts the well-known DPPC main phase
transition (Tm) occurs at 41.1 oC and the pre-transition at 35.3 oC. These values are consistent
with previous results.154-155 The presence of bile salt in DPPC liposomes leads to a loss of the
pre-transition endotherm peak, broadening of the main transition peak and lowering of the
main phase transition temperature. For all bile salts, addition of even a small amount of bile
salt (1% molar percentage) induces complete disappearance of the pre-transition peak.
However, different bile salts showed different abilities to change the main phase transition
endotherm. Thus 15% of DC completely abolished the main transition peak whereas a clear
phase transition peak remained for MKC at concentrations as high as 30%. C and TC were
similar in their effects on the thermal behaviour of DPPC liposomes. The main phase
transition peaks were significantly abolished with 15% C or TC but the peak could still be
clearly identified at concentrations up to 30%.
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Figure 3-9. Effect of bile salts on the phase transition behaviour of DPPC liposomes
containing different concentrations of bile salts.
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3.3.2.6.

ATR-FTIR spectroscopy

ATR-FTIR spectra provide information about bile salt/DPPC membrane interactions and
characterize the influence of bile salts on the structure of lipid bilayers under fully hydrated
conditions.

Figure 3-10 shows the temperature dependence of the -CH2- symmetric

stretching frequency of DPPC multilamellar liposomes in the absence and presence of bile
salts. The frequency profile includes three regions: 1) Frequency values at temperatures
below 35 oC characteristic of conformationally highly ordered acyl chains with a high content
of trans isomers as found in the gel state; 2) Frequency values at temperatures above 45 oC
characteristic of conformationally disordered acyl chains with a high content of gauche
conformers as found in the liquid crystalline state; 3) the abrupt shift in frequency at 35 oC 45 oC, which takes place during the main phase transition (~41 oC), and is associated with a
change from trans to gauche conformers.156 As seen from Figure 3-10, the main phase
transition temperature (region 3) shifts to lower values, with the shift being greatest for DC.
In addition, the phase transition region becomes wider in the presence of bile salts. In the
region corresponding to the gel phase, addition of bile salt results in a decrease in frequency
indicating an increase in the number of trans conformers. In contrast, the presence of bile
salts leads to an increase in the frequency in liquid crystalline region indicating an increase in
the number of gauche conformers.
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Figure 3-10. Temperature dependence of the frequency of the methylene -CH2- symmetric
stretching mode for pure DPPC liposomes and liposomes containing 20 mol % bile salt.
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3.4. DISCUSSION
A cell membrane consists primarily of a bilayer of amphiphilic phospholipids interspersed
with embedded proteins. The bilayer acts as a barrier to prevent drugs from diffusing across
the membrane, particularly polar drugs. To increase the permeability of a drug across a
membrane, two strategies can be used; chemically modify the drug (e.g., use a prodrug) or
modulate the membrane (e.g., use a permeability enhancer). Utilization of bile salts as
investigated in this thesis is an example of the latter strategy.

Due to the complexity of cell membranes, it is difficult to fully elucidate the mechanism by
which bile salts affect membrane permeability. Models of membranes, including lipid
monolayers and bilayers (liposomes), mimic some aspects of cell membranes. Studying the
biophysical interactions between bile salts and model membranes can assist in understanding
the efficacy, toxicity and mechanism of the permeability enhancement by bile salts.

3.4.1. Lipid monolayer studies

3.4.1.1.

Penetration study

In the penetration study, the final concentration of bile salt was 13.3 μM which is well below
any of their CMCs (Table 2-4, Chapter 2). Given the similarity in molar volumes (315.3,
318.3, 314.8 and 378.2 cm3 for C, DC, MKC and TC respectively, calculated by ACDLABS
11.0) and cross sectional areas of the bile salts, the difference in pressure increase for the four
bile salts is due to differences in the number of bile salt molecules penetrating the monolayer.
On this basis, MKC shows the least penetration into DPPC monolayers. The rank order of
penetration of the four bile salts correlates with their CMC values rather than their noctanol/buffer distribution coefficients. This suggests that the penetration of bile salts into
phospholipid monolayers is not only dependent on their lipophilicity (octanol/buffer
distribution coefficients), but also on their amphiphilicity. Bile salt molecules with strong
amphipathic properties and low CMC values have a strong tendency to accumulate at a
suitable interface (e.g lipid monolayers or bilayers) rather than in the bulk water phase.
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The penetration of bile salts into DPPC monolayers was dependent on the initial surface
pressure, penetration being less at higher πi values. This is to be expected since it is more
difficult for bile salts to insert into tightly packed monolayers (Figure 3-2). The surface
pressure increase (Δπ) calculated as    s   i , where πs is the surface pressure at
saturation and πi is the initial surface pressure, was regressed against the πi to obtain the
critical surface pressure (πcr) from the intercept on the x-axis (Figure 3-11). The critical
surface pressures (πcr ) of DC, TC, C and MKC of 29.7 mN/m, 27.7 mN/m, 27.3 mN/m and
25.2 mN/m respectively at a concentration of 13.3 μM suggest bile salts with a πi of 30 mN/m
do not penetrate biological membranes.157-158 MKC, with the lowest πcr, is the least likely to
penetrate membranes. However, the πcr is dependent on the concentration of bile salt in the
subphase (Figure 3-12), and for MKC is significantly (p < 0.05) increased from 23.5 to 25.4
mN/m on increasing the concentration from 13.3 to 52.5 μM. This suggests that at high
concentrations, MKC may be able to penetrate biological membranes.
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Figure 3-11. The penetration of ▼ C ●; DC; Δ MKC; ○ TC into DPPC monolayers at a
concentration of 13.3 µM. Intercepts on the x-axis are the critical surface pressures (πcr).
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Figure 3-12. Effect of concentration of MKC on its penetration into DPPC monolayers (●
13.3 μM and ■ 53.2 μM). Curves are 95% confident limits.

3.4.1.2.

Accessible area theory

The accessible area theory developed by McGregor and Barnes

159

has been used to describe

the equilibrium penetration of a monolayer by a water soluble surfactant. In this theory,
equilibrium penetration is considered as the equilibrium adsorption of surfactant molecules at
a phospholipid covered surface, the adsorption occuring in the spaces between the
phospholipid molecules. Assuming a close-packed cluster model for the monolayer,
McGregor and Barnes derived a relationship between the adsorption into a monolayer

covered surface (Γs) and the area per monolayer molecule ( AM ).160
1
s  s ,a  aM  s ,a (  )
AM

(Eq. 3.3)

where Γs,a is the adsorption of surfactant in the “accessible areas” and aM is the apparent

cross-sectional area of a phospholipid molecule. A plot of Γs against 1/ AM should give a
straight line and provide physically reasonable values for Γs,a and aM. The detailed procedure
to calculate Γs is listed in Appendix I.
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Figure 3-13. Surface concentration Γs of bile salts as a function of the reciprocal molecular

area 1/ AM per DPPC molecule.


A plot of Γs, calculated using Eq 3.3, versus the inverse area per DPPC molecule AM , results

in straight lines for each of the four bile salts (Figure 3-13). Subsequently, the surface
concentration of bile salt in the accessible areas Γs,a and the apparent cross-sectional area of a
DPPC molecule (as ) can be determined from the slope and intercept of the straight line
(Table 3-3). The value obtained for aM, (55-65 Å2) agrees with the value for a DPPC molecule
in a close-packed liquid expanded monolayer (observed from DPPC isotherm). The crosssectional areas of the bile salts obtained (Table 3-3) from this accessible area theory are
reasonably consistent with the values calculated from surface tension measurements (Chapter
2) except for C, which surprisingly shows the largest value. The results indicate that a flat
rather than a perpendicular orientation of the bile salts occurs in a DPPC monolayer
consistent with the orientation of bile salts at an air/water interface. However, this conclusion
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may not pertain to the orientation of bile salts in a lipid bilayer due to the structural
differences between the two models.

Table 3-3. Analysis of the equilibrium penetration of bile salts into DPPC monolayers by
bile salts
Γs,a (nm-2)
as Å2
aM Å2

C
0.884
113.2
65.0

MKC
1.29
77.3
54.2

DC
1.12
89.3
54.8

TC
0.984
101.6
53.4

Γs,a: the adsorption of bile salts in the accessible areas
as: the surface area of bile salt in a densely packed adsorption layer
aM: the cross-sectional area of DPPC molecule

3.4.2. Liposome bilayer study
It is important to consider the integrity of liposome membranes during incubation with bile
salts since an intact membrane is a necessary prerequisite to ensure the validity of a bile
salt/membrane interaction. Determination of turbidity and Z-average particle size are direct
methods to monitor membrane solubilisation mixed micelle formation mainly because of the
difference between the size of the two types of particle. It has been stated that membrane
solubilization is usually achieved when the surfactant concentration approaches the CMC.161
But, this may not be true for bile salts. The most hydrophobic bile salt, DC, causes significant
membrane solubilisation at concentrations below 1 mM which is below its CMC. This
suggests that DC monomers destabilise the membrane and form mixed micelles with
phospholipids at concentrations below its CMC. The CMC value may indicate the
amphiphilic properties of a bile salt and suggest its capacity to form mixed micelles as a
consequence of membrane solubilisation, but for some bile salts, it may not be necessary to
reach their CMC in order to solublize a membrane. Only sublytic concentrations of bile salts
were used in subsequent experiments to ensure the integrity of membranes.

3.4.2.1.

Liposome/buffer distribution coefficient

Liposome/buffer distribution coefficients of bile salts were determined using equilibrium
dialysis which is considered a direct “standard method”. Unilamellar vesicles are used in
partitioning studies for three reasons: 1) cell membranes are generally unilamellar; 2)
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unilamellar liposomes with a homogenous size distribution are a more well defined system
than a heterogeneous mix of multilamellar liposomes; 162 3) the time to reach equilibrium for
bile salts partitioning between the lipid phase and the aqueous phase is shorter for unilamellar
liposomes.163

It has been suggested that the interaction of compounds with phospholipid bilayers includes
three

components:

electrostatic

interactions,

hydrogen

bonding

and

hydrophobic

interactions.151 The liposome/buffer distribution coefficient of bile salts determined by three
intermolecular forces, namely: 1) An ionic bond between the carboxyl group (taurine group
for TC) and phosphate groups at the membrane/water interface; 2) hydrogen bonding
between hydroxyl groups and keto group in DPPC molecules below the interface; 3)
hydrophobic interactions between the hydrophobic convex face and hydrocarbon chains in
the membrane interior.

As regards the first interaction, all unconjugated bile salts have a carboxyl group, whereas TC
has a taurine group with a lower pKa and a longer side-chain. On this basis it could be
predicted that TC would have the strongest interaction at the membrane/water interface. As
regards the second interaction, the bilayers are able to interact with solutes having strong
donor hydrogen bonding groups since phospholipids contain many strong hydrogen bond
acceptors e.g. carbonyl groups. Compared with the two natural trihydroxy bile salts (C and
TC), MKC has one less hydrogen bond donor at position 12 and would be expected to
interact more weakly with phospholipids resulting in a lower liposome/buffer distribution
coefficient. In relation to the last interaction, C and TC may have similar hydrophobic
interactions with hydrocarbon chains, given their similar hydrophobic backbones. Previously
it was mentioned that the hydrophobic surface area of MKC is decreased due to replacement
of the 12-hydroxyl group to a keto group. MKC may show weaker hydrophobic interactions
with lipid tails while DC could have a larger hydrophobic surface area, and stronger
hydrophobic interactions than C and TC due to the absence of a hydroxyl group at position 7.
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For the investigation of bile salt/lipid membrane interactions , the anisotropic liposome/buffer
system is superior to the traditional isotropic octanol/buffer system.135 The octanol/buffer
system is not recommended for the study of charged molecules such as bile salts since it
cannot address the role of ionic forces in biological membranes.135 The data show that DPPC
liposome/buffer (r = 0.431) and SPC liposome/buffer (r = 0.459) distribution coefficients
have poor correlations with octanol/buffer distribution coefficients (Figure 3-14).
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Figure 3-14. Correlations between octanol/buffer distribution coefficients with
liposome/buffer distribution coefficients of the bile salts in (a): SPC liposomes and (b) DPPC
liposomes

The study of the penetration of bile salts into DPPC monolayers is an alternative method to
evaluate the relative partitioning of bile salts into DPPC membranes. Since biological
membranes and lipid bilayers have a surface pressure of around 25~30 mN/m,164-165 the
relationships between the behaviour of bile salts in bilayers and in monolayers were explored
at an initial surface pressure of 25 mN/m (Figure 3-15). The log DDPPC membrane/buffer was found
to correlate with both Δπ (R2=0.888) and πcr (R2=0.983). The number of bile salt molecules
penetrating or partitioning into the monolayer determines the surface pressure increase, such
that Δπ is directly related to distribution coefficients of the bile salts. In addition, it is not
surprising that πcr shows a good correlation with log DDPPC

membrane/buffer.

Since πcr is a

parameter which shows the capacity of a bile salt to penetrate or partition into a monolayer.
From another perspective, πcr may indicate the amount of bile salt that can partition into a
membrane. The two parameters, Δπ and πcr could be useful to assess the relative lipophilicity
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of compounds. It must be noted that this approach may only apply to compounds with similar
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Figure 3-15. Correlations between DPPC liposome/buffer distribution coefficients of the bile
salts with surface pressure increase (Δπ) in DPPC monolayers (left) and critical surface
pressure (πcr) (right).

3.4.2.2.

Zeta potential and membrane partitioning of the bile salts

Zeta potential measurements provide a useful means to calculate membrane/buffer
distribution coefficients of drugs.162 Since all four bile salts are in their negatively charged
form at pH 7.4, their partitioning into liposome membranes lead to a decrease in the
membrane surface potential (Figure 3-8). Zeta potentials determined at different bile salt
concentrations can be used to calculate surface potential values (Ψ0) which, in turn, allow the
determination of surface charge density on the membrane, expressed as the number of
charged molecules per area unit (σ*).166

Based on the total amount of bile salt added to the solution and the values of zeta potentials,
it is possible to calculate the partition coefficients of the bile salts (Table 3-4). The log P
values of the bile salts as a function of concentration are plotted in Figure 3-16. This clearly
shows that all bile salts have concentration-dependent partition coefficients for partitioning
into bilayers. The decrease in log P with increasing bile salt concentration is mainly due to
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electrostatic repulsive forces between ionized bile salt molecules in the membrane and in the
aqueous phase. Changes in the chemical composition and structural organization of the lipid
membrane due to incorporation of bile salts could also contribute to the decreases in log P.
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Figure 3-16. Dependence of the partition coefficients (logP) of bile salts on their
concentration in SPC liposomes.

Table 3-4. Binding constants (KbT, M-1) determined using a non-linear model (Eq. 3.21) and
the global partition coefficients (log KpT) calculated using Eq. 3.12.
C

DC

MKC

TC

Kb T

181.4

2073

75.95

170.3

log KpT

2.38

3.43

2.00

2.35
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The determination of σmax* allows the stoichiometry (Table 3-5) of the bile salt-lipid binding
to be calculated using Eq 3.31166
*
 max


1
 A  n aL

(Eq. 3.4)

where n is the lipid/bile salt mole ratio (using the total of ionized and unionized forms). To
calculate n requires knowledge of the surface area of a DPPC molecule and bile salt
molecule in the membrane. The former is reported to be 50 Ǻ2 for DPPC,167 and the latter
can be calculated using a method developed by Gerebtzoff168 with the proviso that is depends
on the orientation of bile salt in the membrane which is still uncertain. Both the literature132
and the results of the Langmuir trough experiments suggest bile salts orient with their sterol
nuclei parallel to the air/water or lipid monolayer/water interface. However, it has also been
shown that bile salts can be incorporated perpendicularly into the lipid bilayer;169 this
orientation has been assumed in producing the results presented in Table 3-5.

Table 3-5. Surface area and lipid/bile salt ratios determined using Equation 3.4
C

DC

MKC

TC

Surface area (Ǻ2)

57

49.6

55.47

53.07

Lipid/bile salt ratio

6.3

32.0

6.4

4.2

3.4.2.3.

DSC

DPPC was selected as a model phospholipid in the DSC and FTIR studies based on the fact
that DPPC is one of the most widely used compounds to study interactions with lipid
bilayers. Unlike soybean lecithin, which is a mixture of various phospholipids with a phase
transition temperature (Tm) below 0 oC, DPPC is a pure phospholipid in a phase transition
temperature of 41 oC. Thus, it is possible to investigate bile salt/phospholipid interactions
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based on the thermal behaviour of DPPC/bile salts using DSC and, at the molecular level,
using FT-IR.

Figure 3-17 illustrates the conformational changes in the phospholipid bilayer structure that
accompany its phase transition. Below the DPPC pre-transition temperature, the lipid bilayer
is in a highly ordered gel state (Lβ) with the hydrocarbon chains with an all-trans
configuration. On heating, phospholipids undergo the pre-transition to the “rippled” gel phase
(Pβ). The pre-transition usually occurs 5 – 10 oC below the main transition and involves a
smaller enthalpy peak. It has been suggested that the pre-transition is due to rotation of the
polar head groups or co-operative movement of the hydrocarbon chains, prior to melting.170
Bile salt at a molar percentage of 2.5 % completely abolished the pre-transition peak
indicating bile salts not only interact with the head groups of DPPC but also disrupt the
packing of the hydrocarbon chains.

Figure 3-17. Conformational changes in the phospholipid bilayer structure which accompany
its phase transition. (Figure adopted from reference 23 with permission).

Further heating of the lipid bilayers leads to “melting” of the hydrocarbon chains indicative
of the main gel to liquid crystalline (Lc) phase transition. The orientation of the carbon-carbon
bonds changes from a trans conformation to a disordered gauche conformation. The
temperature of the main phase transition (Tm) reflects changes in membrane fluidity. The
presence of bile salts in DPPC membranes leads to a lower main phase transition temperature
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suggesting incorporation of bile salts fluidizes the lipid membrane and influence membrane
permeability. The dependence of the main Tm on the concentration of bile salt is shown in
Figure 3-18. It is clear that the main phase transition temperature decreases with increasing
concentration of bile salts. The most lipophilic bile salt, DC, has the strongest effect on the
Tm, whereas the least lipophilic bile salt, MKC, has the weakest effect. The ability of bile salts
to decrease the Tm is strongly related to their lipophilicities.
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Figure 3-18. Effect of bile salts on the main phase transition temperature in DPPC liposomes.

In addition to the Tm, the temperature width at half-height (ΔT1/2) is another important
parameter characterizing the thermal behaviour of lipid membranes. It is very sensitive to the
presence of impurities and can be taken as a measure of the cooperativity of the transition
since it is inversely proportional to cooperativity (cooperativity measures the number of
phospholipid molecules undergoing simultaneous transition).155 At concentrations below 10
mM, all bile salts broadened the Tm peak with increasing concentration (Figure 3-19). TC
showed the greatest effect on ΔT1/2, followed by DC, whereas C and MKC showed only
moderate effects. Addition of more bile salt decreased ΔT1/2 at concentrations above 7.5, 10
and 10 mM for DC, TC, and C respectively. These concentrations indicate the maximum
point of bile salt incorporation or, in other words, bilayer saturation. However, MKC showed
no sign of saturation.
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Figure 3-19. Effect of bile salts on the ΔT1/2 in DPPC liposomes

Based on a DSC study, it has been proposed that cholate is positioned with its carboxylic acid
group interacting with the head groups of DPPC molecules and its steroid nucleus parallel to
first few carbonds of the acyl chains of DPPC molecules (Figure 3-20).

It was stated that

this position gives more flexibility to the rest of the chain and may be responsible for the
increase in membrane deformability or fluidity.

Figure 3-20. Position occupied by cholate in the DPPC membrane. (Figure modified from
reference 23 with permission).
80

3.4.2.4.

ATR-FTIR

The effect of bile salts on the phase transition of DPPC bilayers was studied using ATRFTIR. This is considered to be a powerful, relatively rapid, inexpensive, and nonperturbing
method for characterizing both model and natural membranes.171 The lipid phase transition
gives rise to IR spectroscopic changes which correlate with lipid conformational and
organizational changes. Bonds due to -CH2- asymmetric and symmetric stretching near 2920
and 2850 cm-1 respectively are the most widely used to detect lipid hydrocarbon chain phase
transitions. However, only the 2850 cm-1 band is reliable since it is free of interference from
other bands.172 Bile salts reduced Tm and increased a broader main phase transition
temperature range, consistent with the DSC results. Moreover, the most hydrophobic bile salt,
DC, showed the greatest effect and the least hydrophobic, MKC, the least effect on the Tm of
DPPC liposomes in both DSC and ATR-FTIR studies.

The results indicate that bile salts increase the number of trans or gauche conformers of the
acyl chains in the gel and liquid crystal phases of DPPC liposomes, respectively. This
suggests the presence of bile salts decreases acyl chain flexibility due to increasing order of
the DPPC membrane in the gel phase and increases acyl chain flexibility due to decreasing
order of the DPPC membrane in the liquid crystal phase. This appears to be the first time this
opposite effect of bile salts in the different phases of a lipid membrane has been shown.
Interestingly, bile salts show this opposing effect on the acyl chain conformation, relative to
cholesterol which has a similar chemical structure to the bile salt. Addition of cholesterol
leads to increase in the number of gauche conformers in the gel phase and decrease in the
number of gauche conformers in the liquid crystal phase,173 i.e., cholesterol increases the
membrane fluidity in the gel phase but decreases it in the liquid crystal phase. It is expected
that addition of bile salts could decrease membrane fluidity in the gel phase membrane but
increase the membrane fluidity in the liquid crystal membrane.
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3.5. CONCLUSION
Taken together with data from previous lipid monolayer and bilayer studies, the order of the
ability of bile salts to partition into lipid membranes is DC > TC ≈ C >MKC. This ranking
corresponds with the penetration of bile salts into DPPC monolayers and the distribution
coefficients of bile salts in DPPC liposomes. The penetration of bile salts into DPPC
monolayers depends not only on membrane surface pressure but also on bile salt
concentration. Moreover, incorporation of bile salts in DPPC monolayers increases
membrane compressibility. Partitioning of bile salts into the lipid membrane decreases the
membrane surface charge, thereby inhibiting further incorporation of negatively charged bile
salts. Consequently, the membrane/water partition coefficient is concentration dependent.
FTIR studies showed incorporation of bile salts in DPPC liposomes decreased acyl chain
flexibility due to increasing order of the DPPC membrane in the gel phase and increases acyl
chain flexibility due to decreasing order of the DPPC membrane in the liquid crystal phase,
contrary to the effect of cholesterol. The effect of bile salts on the biophysical properties of
membranes could result in modulation of membrane permeability
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Chapter 4. EFFECT OF BILE SALTS ON DRUG PERMEATION
ACROSS LIPID MEMBRANES
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4.1. INTRODUCTION
The results reported in Chapter 3 clearly show that bile salts vary in their ability to partition
into lipid membranes. Incorporation of bile salts leads to decreases in surface charge and
changes in the conformation and packing of the lipid molecules in the membrane. This
biophysical modulation of membranes by bile salts has the potential to change the rate at
which drugs and endogenous molecules passively diffuse across them. The focus of the
research reported in this Chapter was to study the ability of the bile salts to enhance
permeability across lipid bilayers and to investigate the underlying mechanisms.

Unilamellar liposomes were used as a membrane model. They consist of a two-layered sheet
of phospholipids (a bilayer) with all their tails pointing toward the center of the sheet. The
membrane acts as a barrier to the transport of hydrophilic compounds (e.g. amino acids,
nucleic acids, carbohydrates, proteins and ions) but generally allows passive diffusion of
hydrophobic molecules. Passive diffusion from an aqueous phase through a membrane does
not require energy but takes place because of the activity gradient of the compound.
However, some properties of the membrane itself are important in governing the
permeability. They include lipid composition, membrane fluidity and phase structures of the
membrane and they are interrelated.

Besides affecting the biophysical properties of membranes, bile salts can also form
complexes with drugs which increase their apparent lipophilicity. In particular, it has been
shown that bile salts form ion pairs with cationic compounds which enhance the permeability
of the compounds both in vitro and in vivo.174-178

This chapter reports the results of studies of the effect of bile salts on passive diffusion
assessed using carboxyfluorescein (CF) release and dithionite permeability assays. The
former provides information on the permeation of a compound from the intraliposomal to the
extraliposomal aqueous compartments and the latter on permeation in the opposite direction.
The effect of bile salts on translocation of phospholipids was also studied using fluorescence
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labelled phospholipids (NBD-PE). In addition, the effect of bile salts on membrane fluidity
was studied using fluorescence polarization.

Binding constants between bile salts and model compounds and the apparent distribution
coefficients of the model compounds in a liposome/water system in the presence of bile salts
was studied using capillary electrophoresis (CE).

4.2. MATERIALS AND METHODS

4.2.1. Materials
C, DC, TC and MKC were described in Chapter 2. SPC and DPPC were described in Chapter
3. DPH (1,6-diphenyl-1,3,5-hexatriene, ≥ 97.5%), TMA-DPH (N,N,N-trimethyl-4-(6-phenyl1,3,5-hexatrien-1-yl), phenylammonium p-toluenesulfonate, ≥ 98%), Triton-X100, HEPES,
propranolol hydrochloride and rhodamine 123 were purchased from Fluka (USA). 6Carboxyfluorescein (≥ 97%)) was purchased from Sigma-Aldrich (USA). N-(7-Nitrobenz-2oxa-1,

3-diazol-4-yl)-1,

2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine

triethylammonium salt (NBD-PE), a compound which fluoresces in the oxidised state but not
in the reduced state, and TritonX-100 (laboratory grade) were obtained from Ajax Chemicals
(Mulgrave Australia). Sephadex G-100 was purchased from Pharmacia (Uppsala Sweden).
Chloroform (HPLC grade) and methanol (analytical grade) were purchased from Merck
(KGrA 64271, Darmstadt, Germany). Tetrahydrofuran (THF) was of LR grade, > 99 %.
Sodium azide (laboratory grade) and ferric chloride hexahydrate (analytical grade) were
purchased from BDH Chemicals Ltd (Poole England). Ammonium thiocyanate (laboratory
grade) was obtained from Fluka (Switzerland). Nucleopore Track-Etch membranes (50, 100
and 200 nm pore size) were purchased from Whatman International, UK. Milli-Q water was
used for all studies.
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4.2.2. Methods

4.2.2.1.

Capillary electrophoresis study

4.2.2.1.1.

Unilamellar liposome preparation

Unilamellar DPPC liposomes were prepared in a round-bottomed flask by dissolving 20 mg
DPPC in chloroform. After removing the organic solvent by rotary evaporation, the lipid film
was stripped three times with 500 µL aliquots of ethanol and dried overnight in vacuo. It was
then hydrated with 5.0 mL Ringer‟s buffer (10 mM HEPES, 50 mM KCl, pH 7.40) for 1 h at
55 oC. After hydration, the suspension was left at room temperature for 1 h. In order to obtain
unilamellar liposomes, the liposomal suspension was extruded 10 times at 55oC through two
stacked polycarbonate filters (Whatman International, UK) with a pore size of 100 nm using
an extruder (Lipex Biomembranes, Vancouver, Canada) under nitrogen pressure. The
concentration of phospholipid in the liposomal preparation was determined using the Stewart
assay (Chapter 3). Liposomal preparations were stored at 4oC until use.

4.2.2.1.2.

Determination of particle size and zeta potential.

Zeta-potential (ζ-potential) values and size distribution of DPPC liposomes were determined
at pH 7.2 (Ringer buffer) and 25.0 °C by dynamic light scattering (DLS) analysis using a
Zetasizer (ZS90, Malvern Instrument). The lipid concentration was maintained at 2 mM and
the bile salt concentration was in the range 0 - 3 mM. Viscosity and refractive index of the
dispersion medium were taken as 1.02 cP and 1.330, respectively.

4.2.2.1.3.

Capillary electrophoresis frontal analysis (CE-FA)

CE-FA was performed on a HP

3D

CE instrument (Agilent Technologies, Waldbronn,

Germany) equipped with a diode array detector (DAD). Uncoated fused silica capillaries,
(32.5 cm x 50 µm id), with a length of 24.5 cm to the detector, were used in all experiments
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(Agilent Technologies). New capillaries were conditioned by flushing sequentially with 1 M
NaOH, 0.1 M NaOH and Ringer‟s buffer for 30 min each. The capillary was flushed daily
with 1% SDS solution, 1 M NaOH and Ringer‟s buffer for 5 min each before conducting
experiments. Between runs, the capillary was flushed with 0.1 M NaOH and Ringer‟s buffer
for 2 min each. UV detection was performed at 214 nm. The applied voltage was +5 kV and
samples were introduced by hydrodynamic injection (50 mbar for 20 s) unless otherwise
reported. The temperature of the capillary cassette was set to 25 oC. Ringer‟s buffer was used
for all CE experiments and sample preparation. All samples were mixtures of 100 µM model
compound, bile salts at various concentrations and 2 mM liposomes. Standard samples were
mixtures of 100 µM model compound and bile salts without DPPC liposomes. All samples
and standards were analyzed in triplicate. Standard samples were analyzed immediately
before liposome-containing samples with the same total drug concentration.

Drug concentration in the aqueous phase (Caq) was calculated from the total drug
concentration (Ctotal) and the plateau peak heights measured by CE-FA for the drug substance
in the liposome-containing sample (Hsample) and in the standard sample (Hstd) containing the
same total drug concentration but without liposomes:

C aq 

H sample

(Eq. 4.1)
Ctotal
H std
The apparent membrane distribution coefficient was defined as:

Dmem 

C mem
C aq

(Eq. 4.2)

where Cmem is the concentration of drug in the membrane (liposomal) phase calculated using
mass balance considerations as follows:

Cmem 

CtotalVtotal  CaqVaq
Vmem

(Eq. 4.3)

where Vtotal, Vaq and Vmem are total sample volume, volume of aqueous phase and volume of
the membrane phase, respectively. Vmem was calculated from the lipid concentration
determined using the Stewart assay assuming densities of the aqueous and membrane phases
to be 1.00 g/mL. The volume of the aqueous phase, Vaq, was calculated from the equation:
Vtotal  Vaq  Vmem
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(Eq. 4.4)

Experiments were conducted in triplicate. Mean and variance of peak height ratios of
liposome-containing sample (Hsample) and standard sample (Hstd) were calculated according to
Taylor expansions.179 (Te detailed calculation procedure is shown in Appendix 3).

4.2.2.1.4.

Electrophoretic mobility shift study

The instrumentation for the electrophoretic mobility study was identical to that used in the
CE-FA study. Separation buffers consisted of Ringer‟s buffer containing various
concentrations of bile salts. Sample solutions were mixtures of 50 µM model compound and
DMSO 0.05 % v/v which was used as an electro-osmotic flow (EOF) marker. The samples
were introduced into the capillary by applying a pressure of 50 mbar for 2 s. Measurements
were performed in triplicate.

The relative viscosity of bile salt solutions was determined by measuring the time for a 0.1%
v/v DMSO sample plug to reach the detector window in a capillary filled with the bile salt
containing solutions upon application of pressure (20 psi) using a Beckman PACE 5010 with
a 97(90) cm × 50 µm ID uncoated fused silica capillary (Polymicro Technologies, Phoenix,
AZ, USA) at 25 oC. The samples were run in triplicate.

For a charged spherical molecule, the effective electrophoretic mobility, μ, is determined by
the charge-to-size ratio and the viscosity of the electrophoresis medium according to the
equation:



qeff

(Eq. 4.5)

6

where qeff and γ are the effective charge and radius of the analyte, respectively, and η is the
viscosity of the electrophoresis separation buffer. The μ value of a model compound in the
different separation buffers was calculated as:



lc l d 1 1
(  )
U t t0
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(Eq. 4.6)

where lc is the total length of the capillary, ld is the length of the capillary from inlet to
detector, U is the applied voltage and t and t0 are the migration times of the model compound
and EOF respectively.

The experimentally measured electrophoretic mobility, µi, is the mobility of the model
compound in a buffer containing bile salt. It is the weighted average of the mobilities of the
compound in the free and complexed forms. Therefore, µi is expressed as

i 

D    DB 
D   DB D   DB
f

f

f

c

(Eq. 4.7)

f

where µf and µc are the electrophoretic mobilities of free compound and compound-bile salt
complex, respectively and [Df] and [DB] are the concentrations of free compound and
complex respectively.

To calculate the binding constant between model compound and bile salt, a 1:1 stoichiometry
was assumed. The binding constant K is then given by:
K

DB

D B 
f

(Eq. 4.8)

f

After substituting Eq 4.8 into Eq 4.7 and rearranging, µi can be expressed as

i 

 f   c K B 
1  K B 

(Eq. 4.9)

where [B] is the concentration of bile salt. The concentrations of bile salts used were below
their CMCs in order to avoid the presence of micelles which can change the binding
mechanism. Since it is not possible to determine the electrophoretic mobility of the complex
(µc), it was assumed that µc = 0 enabling Eq 4.9 to be simplified to

i 

f
1  K B 

(Eq. 4.10)

µf and µi were determined in the absence and presence of bile salts respectively. The binding
constant K was determined by nonlinear regression of μi on [B] using GraphPad Prism 5.0

4.2.2.2.

Steady state fluorescence polarization studies

The effect of bile salts on membrane fluidity was studied using steady-state fluorescence
polarization. DPH and its cationic derivative, TMA-DPH, were employed as probes of the
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bilayer core and the phospholipid polar head group region respectively.180 The preparation of
SPC and DPPC liposomes is described in Chapter 3. Liposomal membrane fluidity was
studied by steady-state fluorescence polarization. Fluorescence probes (DPH and TMA-DPH)
were dissolved in THF and added to a suspension of pre-formed liposomes with gentle
swirling. The molar ratio of lipid to probe was greater than 500 : 1 to prevent changes in the
structure of the liposome membranes and to ensure complete incorporation of the probe in the
lipid bilayer. Suspensions were incubated for 30 min in the absence of light and then for
another 30 min with bile salts at different concentrations. Fluorescence polarization was
measured using a POLARstar microplate fluorometer (BMG Laboratories, Germany) at
excitation and emission wavelengths of 350 nm and 420 nm respectively. The fluorescence
polarization (P) is expressed as
I I
P  II 
I I
II 

(Eq. 4.11)

where I II is the fluorescence intensity parallel to the excitation plane and I  is the
fluorescence intensity perpendicular to the excitation plane.

4.2.2.3.

6-Carboxyfluorescein release assay

Membrane permeability was evaluated by studying the release of carboxyfluorescein (CF)
from liposomes. CF was encapsulated in SPC liposomes at a self-quenching concentration
(50 mM). The leakage of CF into the external medium results in the relief of self-quenching
and an increase in fluorescence. CF (0.1882 g) was dissolved in 1 M NaOH and the pH
adjusted to 7.2 using 1 M HCl. The osmolarity of the solution was also adjusted to an
osmolarity of 290 mOsm/L using Milli-Q water. SPC lipid membranes were hydrated with 50
mM CF in Ringer‟s buffer, sonicated and then subjected to six freeze-thaw cycles using
liquid nitrogen and warm water to increase encapsulation efficiency.181 Liposomes were
extruded ten times through each of 200, 100 and 50 nm Nucleopore Track-Etch membranes
to produce large unilamellar vesicles. Unencapsulated CF was removed by gel filtration
through a Sephadex G100 column (40 x 1.5 cm) with Ringer‟s buffer. An aliquot (200 µl) of
bile salt solution in Ringer‟s buffer at a final concentration in the range 0 – 20 mM was added
into each well of a 96-well black microplate followed by 10 µl aliquots of liposome
suspension. After mixing for 10 s, the fluorescence intensity of each well was monitored at
excitation and emission wavelengths of 485 and 520 nm, respectively over 12 h. Maximum
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fluorescence (100%) was established by lysing the vesicles with 0.1% (w/v) Triton X-100.
The experiment was conducted in quadruplicate. The extent of release (%CF) as a percentage
of maximal fluorescence was calculated using the equation:
%CF 

( F  F0 )
 100
( F  F0 )

(Eq. 4.12)

where F0 is the fluorescence of the solution containing intact liposomes, F∞ is the
fluorescence of the solution after complete disruption of the liposomes and F is the
fluorescence of liposomes at a particular time after treatment with bile salt.

4.2.2.4.

Translocation of NBD-PE and dithionite permeability

SPC liposomes were prepared as described in Chapter 3 except that lipids contained 1 %
(mol/mol) NBD-PE to produce liposomes in which the NBD-PE was in the oxidized form in
both leaflets. Sodium dithionite solution (1 mM) was freshly prepared in Ringer‟s buffer and
kept on ice under nitrogen to prevent oxidation. Liposomes labelled with NBD-PE in both
leaflets were treated with dithionite to reduce the NBD-PE in the outer leaflet leaving the
NBD-PE in the inner leaflet in the oxidized fluorescent state. Sodium dithionite (20 µl 1 mM)
in Ringer‟s buffer was added to NBD-PE labeled liposomes (1 ml, 1 mM) to reduce the
NBD-PE in the outer leaflet (Eq. 4.13). The mixture was vortexed and incubated for 2 min at
room temperature after which excess dithionite was removed by passing the liposome
suspension through a Sephadex G-50 column and eluting with Ringer‟s buffer.

Eq. 4.13
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Figure 4-1. Illustration of the experimental procedure of the translocation of NBD-PE assay.
Green dots represent the oxidized form of NBD-PE (fluorescence) which on reduction
becomes white dots (non-fluorescence). The ratio of green dots to white dots does not
represent the actual molar ratio of NBD-PE to SPC phospholipids.

To study the effect of bile salt on lipid translocation (flip-flop), a suspension of
asymmetrically labeled SPC liposomes (2 mM phospholipids) was mixed with bile salt
solution in 1:1 volume ratio. The final concentration of bile salts was 1 mM for C, TC, MKC
and 0.2 mM for DC. The mixtures were incubated at room temperature (~20 oC) and, at
various times, 1 ml aliquots of the mixture were removed and mixed with 20 μl sodium
dithionite solution. After 2 min incubation, the fluorescence intensity of the sample was
measured using excitation and emission wavelengths of 467 and 530 nm respectively.

Dithionite permeability was studied using symmetrically labeled NBD-PE liposomes. The
liposomes were incubated with bile salts (C, TC and MKC at 1 mM; DC at 0.2 mM) for 24 h
to allow bile salts to evenly distribute in both leaflets. After incubation, the fluorescence
intensity of the sample was continuously monitored with excitation and emission
wavelengths of 467 and 530 nm respectively. After the baseline fluorescence intensity was
established over the first 2 min, an aliquot of 20 µl sodium dithionite solution (20 mM) was
added to 1 ml of liposome suspension. Fluorescence intensity was monitored for another 10
min.
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4.2.3. Statistical analysis
Data were analysed by one-way ANOVA with Tukey or Dunnett‟s post hoc tests depending
on the results of homogeneity of variance tests for multiple comparisions with SPSS 11.0
(Systat Software Inc., San Jose, CA). Values of p < 0.05 were considered significantly
different.

4.3. RESULTS

4.3.1. Particle size and zeta potential
Particle size of DPPC liposomes was determined to ensure integrity of the liposome
membrane after incubation with bile salts. The Z-average size of DPPC liposomes in the
absence of bile salts was around 76 nm. Exposure to bile salts produced statistically
significant (ANOVA, P< 0.05) increases in the Z-average size except for MKC at 1 and 2
mM (Figure 4-2), presumably due to insertion of bile salts into the lipid bilayers. Particle size
decreased at higher concentrations but there was no evidence of micelle or mixed micelle
formation in particle size distribution. The relative decrease in particle size may be due to
changes in liposome shape. As liposome particle size increased or kept unchanged in the
presence of bile salts at all concentrations, it was concluded that bile salts do not solubilise
liposome membranes in this concentration range.

Incorporation of anionic bile salts into DPPC liposomes decreased zeta potential (Figure 4-3).
In the absence of bile salts, liposomes were slightly positively charged with a zeta potential of
around 2.3 mV. After addition of bile salts, zeta potential decreased to different extents
depending on the lipophilicity and concentration of the bile salt.
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Figure 4-2. Effect of bile salt concentration on Z-average size of DPPC liposomes (Data are
means ± SD, n=3).
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Figure 4-3. Effect of bile salt concentration on the zeta potential of DPPC liposomes (Data
are means ± SD, n=3).
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4.3.2. Liposome/buffer distribution coefficient of the model compounds
The cationic compounds, propranolol and rhodamine 123 (R123), were used as model
compounds to study the effect of bile salts on drug partitioning into lipid membranes by CEFA. Unfortunately, it was not possible to study liposome/buffer partition coefficients of
neutral compounds by CE-FA because they co-elute with EOF.

Bile salts significantly increased the distribution coefficients of the cationic compounds,
propranolol and R123 in a concentration-dependent manner (Figures 4-4, 4-5). For
propranolol, DC had the greatest effect followed by C and TC. DC also had the greatest effect
on R123, with C and TC increasing the distribution coefficient to similar extents. MKC

Distribution coefficient of propranolol

showed the least effect on distribution coefficients of both cationic compounds.
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Figure 4-4. Effect of bile salt concentration on liposome/buffer distribution coefficient of
propranolol (Data are means ± SD, n=3).
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Figure 4-5. Effect of bile salt concentration on liposome/buffer distribution coefficient of
rhodamine 123 (Data are means ± SD, n=3).

4.3.3. Binding between bile salts and model compounds (ion pair formation)
The apparent binding constants for binding of bile salts to model compounds were
determined using CE. This involved addition of bile salt to the CE running buffer and
measuring the change in electrophoretic mobility of the model compound. The addition of
bile salt to the CE running buffer can change the electrophoretic mobility of the compounds
and EOF marker by changing viscosity, pH and ionic strength.182 Prior to determining
binding constants, the effect of high concentrations of bile salts at high concentration on
viscosity, pH and ionic strength of the running buffer were studied (Table 4-1). The relative
viscosity of the running buffer in the presence and absence of bile salts was evaluated by
measuring the migration time of DMSO (EOF marker). The control contained Ringer‟s
buffer without bile salt. It was found that the presence of bile salts made no significant
difference to the relative viscosity. There were also no differences in pH of running buffers.
There were slight increases in ionic strength on addition of ionizable bile salts but these
marginal increases may not significantly affect electrophoretic mobility of the compounds.
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The binding constants between bile salts and model compounds are listed in Table 4-2. The
results show that all bile salts bind propranolol and R123 with low binding constants.

Table 4-1. Effect of bile salts on the properties of the electrophoretic buffer (Data are means
± SD)
Control

3 mM C

0.6 mM DC

3 mM MKC

3 mM TC

Migration time of EOF (min)

1.025±0.022

1.007±0.011

1.012±0.012

1.035±0.007

1.015±0.011

pH

7.39

7.39

7.38

7.41

7.37

Ionic strength (M)

0.129

0.133

0.130

0.133

0.133

Table 4-2. Binding constants (M-1) between bile salts and model compounds (Data are means
± SD).
Model Compound

C

DC

MKC

TC

Rhodamine 123

34.62±2.00

73.99±7.16

63.81±4.98

33.07±3.27

Propranolol

42.84±2.38

46.91±4.919

33.55±3.27

30.70±2.64

4.3.4. Membrane fluidity
Increasing membrane fluidity leads to fluorescence depolarization of both DPH and TMADPH. Figures 4-6 and 4-7 show the effect of bile salts on the fluorescence polarization of
DPH and TMA-DPH in SPC liposomes respectively. Polarization of the two probes without
bile salts was around 200 millipolarization unit (mP). All bile salts decreased fluorescence
polarization of both DPH and TMA-DPH in a concentration-dependent manner. At the same
loading concentration, the effect of bile salts on polarization is in the order DC > TC ≈ C >
MKC.
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Figure 4-6. Effect of increasing concentration of bile salts on DPH polarization in SPC
liposomes. (Data are means ± SD, n=4)
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Figure 4-7. Effect of increasing concentration of bile salts on TMA-DPH polarization in SPC
liposomes. (Data are means ± SD, n=4)
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4.3.5. Carboxyfluorescein release
The effect of bile salts on membrane permeability of liposomes was studied using the
carboxyfluorescein (CF) release assay. Figures 4-8 - 4-11 show the time course of
fluorescence after addition of different concentrations of C, TC, DC and MKC at a lipid
concentration of 15 μM. All bile salts caused release of CF in a concentration-dependent
manner. C and DC showed a burst release in the first 2~3 h followed by slow release or no
release. C, T. DC and MKC induced 100% release of fluorescence within 12 hours at
concentrations of 2.5, 2.5, 0.5 and 15 mM respectively.
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Figure 4-8. Fluorescence-time curves for the release of CF from SPC liposomes in the
presence of various concentrations of C.
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Figure 4-9. Fluorescence-time curves for the release of CF from SPC liposomes in the
presence of DC.
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Figure 4-10. Fluorescence-time curves for the release of CF from SPC liposomes in the
presence of TC.
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Figure 4-11. Fluorescence-time curves for the release of CF from SPC liposomes in the
presence of MKC.

4.3.6. Flip-flop of phospholipids
In principle, the fluorescence of NBD-PE in asymmetrically-labelled SPC liposomes should
decrease exponentially to approximately 50% of the initial value as NBD-PE in the inner
leaflet of the bilayer flips to the outer leaflet to be reduced to the nonfluorescent form by
dithionite. The effect of bile salt on total fluorescence of NBD-PE labelled SPC liposomes is
shown in Figure 4-12. The results show that only the control and TC groups displayed
exponential decays whereas C, DC and MKC showed relatively rapid decay, at the beginning
followed by an increase to a plateau. In the case of C and DC, the sharp decrease at 30 min
extended to below 50%.
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Figure 4-12. Effect of bile salts on the total fluorescence intensity of NBD-PE labelled SPC
liposomes (Data are means ± SD, n=3).

4.3.7. Dithionite permeability
Decreasing fluorescence intensity of NBD-PE symmetrically-labelled liposomes due to
reduction by dithionite was used to study the effect of bile salts on liposome permeability. On
addition of dithionite, fluorescence intensity showed sharp decreases (first phase) by
approximately 50% indicating almost complete reduction of NBD-PE in the outer leaflet of
the liposomal bilayer followed by a slow decay (second phase) resulting from a combination
of reduction of NBD-PE in the inner monolayer by dithionite diffusing into the liposomes and
reduction of the NBD-PE flipping from the inner to the outer monolayer (Figure 4-13). As the
flip-flop process is much slower than dithionite diffusion (note the x-axis of Fig 4-12 is
minutes compared with seconds in Fig 4-13), the decay rate of the second phase can be used
as a quantitative measure of dithionite permeability. The permeability rate (zero order) was
calculated from the slope of the second phase (200 to 400 second). Figure 4-14 shows the
permeability rates of dithionite through liposomal membranes incubated with bile salts.
Insertion of all bile salts caused membranes to become more permeable compared with
control liposomes. C (1 mM), TC (1 mM) and DC (0.2 mM) showed similar effects on
permeabilization, whereas the effect of MKC (1 mM) was less significant (ANOVA, α=0.05).
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Figure 4-13. Influence of incorporation of bile salts into NBD-labelled liposomes on
fluorescence intensity after addition of dithionite.
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Figure 4-14. Dithionite permeability rates for SPC liposomes incubated with bile salts (Data
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4.4. DISCUSSION
CE-FA studies showed bile salts enhanced membrane binding of the cationic compounds,
propranolol and R123 (Figure 4-4 and 4-5), as a result of the combination of two types of
electrostatic interaction induced by bile salts. First, addition of bile salts leads to a decrease in
membrane surface charge which consequently provides a stronger electrostatic attractive
force to cationic compounds. This is supported by zeta potential measurements which showed
addition of bile salts decreased membrane surface charge of DPPC liposomes from slightly
positive to negative (Figure 4-3). DC showed the strongest effect on membrane surface
charge, followed by TC, C and MKC. Secondly, negatively charged bile salts form ion pairs
with positively charged compounds causing an apparent increase in lipophilicity of the
compounds.

There are several methods available to measure binding constants based on capillary
electrophoresis (CE). These include affinity capillary electrophoresis (ACE), the HummelDreyer (HD) method, vacancy affinity capillary electrophoresis (VACE), the vacancy peak
(VP) method and frontal analysis (FA).183 ACE is the most popular method and was
employed here. Practically, a capillary is filled with buffer containing the bile salt at various
concentrations and a small amount of the model compound is injected. Since equilibrium
between the bile salt and model compound is established in the capillary, the apparent
mobility of the model compound depends on the binding constant and the difference between
the electrophoretic mobility of free model compound (µf) and that of the bile salt/model
compound complex (µc).

Ideally, a wide range of bile salt concentration should be studied to cover binding isotherms
as much as possible in order to obtain more accurate estimation of binding constants.
Unfortunately, bile salts concentrations were limited to below their CMC in order to ensure
only bile salt monomers were present. Amphiphilic bile salts form micelles at concentrations
above the CMC, which may encapsulate the model compounds in their hydrophobic cores.
The electrophoretic mobility of compounds encapsulated in micelles is significantly different
from free or ion-pair bounded forms. The presence of bile salt micelles compromises the
determination of binding constants between bile salts and model compounds.
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The results demonstrate that anionic bile salts do complex with propranolol and R123. This
suggests that electrostatic attraction between bile salts and model compounds is a major
driving force in the formation of ion pair complexes. However, electrostatic interaction is not
the only determinant since hydrophobic interactions,184 hydrogen bonding185 and steric
hindrance186 can also affect ion pair formation. It has been shown that bile salt structure
strongly influences binding to the quaternary ammonium N.N-dimethyl derivative of
propranolol.186 This suggests that the 7α-OH and 12α-OH groups make negative
contributions to ion pair formation due to steric interference of these groups with the
hydrophobic interactions between the steroid skeleton of the bile salt and the aromatic portion
of the drug. In terms of binding with R123, DC, with no hydroxyl group at position 7, and
MKC with a 12- keto group instead of a 12- hydroxyl group, showed stronger affinity to
R123 than C, the trihydroxy bile salt (Table 4.2). This is consistent with the statement
mentioned previously, but it could be coincidental. In contrast, there were only minor
differences in the binding constants between bile salts and propranolol. It is very difficult to
discern structure activity relationships for ion pair formation as the binding affinity is highly
dependent on the nature of the bile salts and their counter ions.

The well-known pH-partition theory assumes that only drugs in their unionized form are able
to cross lipid membranes. On this basis, ion pair formation would be a favourable strategy to
enhance membrane permeation of an ionisable drug. Since ion pair formation is an
equilibrium process whereby two oppositely charged ions bind together to form a neutral
complex, ion pairs could make ionisable drugs behave like neutral drugs. No doubt ionisable
drugs can form ion pair complexes with counterions, but in fact, ion pair transport across
membranes is still controversial.187 This ion pair formation has been shown to increase
permeation of ionisable drugs across various biological membrane, including those of the
small intestine,188 skin189 and cornea,190 but there is no direct evidence that ion pairs cross
membranes in paired form. An alternative explanation is that, since high percentage of ion
pairs, high concentrations of counterions are frequently needed to form in paires, some
biophysical properties of biological membrane are altered leading to a relatively leaky
membrane. In other word, enhancement of ionisable drug permeation may be due to
modulation of the membrane by the counterion rather than by ion pair formation.
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Membrane fluidity is the result of structural factors (order and packing of acyl chains) as well
as dynamic factors (rotational and translational diffusion).191 Steady state polarization
provides information primarily on membrane order rather than on dynamic aspects of fluidity
such as measured by microviscosity. However, in most circumstances, steady state
measurements of polarization are sufficient to demonstrate differences in fluidity.192 It is
necessary to conduct time-resolved measurements using a more sophisticated instrument only
when investigating the nature of the difference.193 Application of DPH and TMA-DPH allows
the study of the membrane fluidity in the middle of the bilayer and at the interface between
the bilayer and the extraliposomal space respectively. This is because DPH can partition into
the core of the bilayer whereas TMA-DPH cannot because of its large positively charged
group (Figure 4-15).

Figure 4-15. Locations of DPH and TMA-DPH in phospholipid bilayers. Figure adapted from
reference 194 with permission.

Membrane fluidity arises from a combination of lateral diffusion, flip-flop, and segmental
motion of lipid acyl chains. It has been shown that many compounds can modulate membrane
fluidity including anaesthetics and alcohols.195 Membrane fluidity is the biophysical property
of a membrane which governs the rate at which substances diffuse across the membrane.196 It
is dependent on two factors, temperature and lipid composition. At higher temperatures,
molecules have higher kinetic energy giving rise to higher membrane fluidly. Moreover,
phospholipid bilayers in the gel state have lower membrane fluidity than bilayers in the liquid
crystalline state. The composition of lipid membranes, such as the presence of cholesterol,
saturation and the length of fatty acid chains, strongly influences membrane fluidity.197
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The fluorescence polarization studies show that all bile salts increased membrane fluidity of
SPC liposomes. As the cell membrane is in the liquid crystalline state which is similar to the
state of SPC liposomes at room temperature, it was expected that addition of bile salt would
increase cell membrane fluidity and subsequently increase membrane permeability.

Generally, it is believed that micelle formation of surfactant is required in order to enhance
membrane permeability as a result of membrane damage or solubilization. However, bile salt
monomers (at concentrations below their CMC) significantly induced CF release indicating
micelle formation is not necessary to achieve permeability enhancement. The ability of bile
salts to change membrane fluidity (Figure 4-6 and 4-7) is a result of their partitioning into the
membrane. Figure 4-16 shows the percentage of CF released after incubation with bile salts
for 12 h at different concentrations. The data indicate that bile salts permeabilize liposome
membranes in the order DC > TC ≈ C > MKC, which is in the same order as their membrane
partition coefficients and membrane fluidization capacity. It has been reported that bile saltinduced release of CF is related to their modulation of membrane fluidity.198
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Figure 4-16. Percentage change in fluorescence after 12 h incubation of SPC liposomes with
increasing concentrations of bile salts.
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Interestingly, in some cases, a release of CF occurred in the first 2 – 3 hours followed by a
slower release, or no further release (Figure 4-8 to 4-11). This burst release may be due to
bile salts entering the outer leaflet and destabilising the bilayer until equilibrium of bile salt
between the inner and outer leaflets of the liposome membrane is achieved. The asymmetric
membrane distribution of a bile salt may impose additional bending stress on the already
highly curved bilayer of LUVs. In order to relieve this, it can be speculated that vesicles
open up, at least momentarily, until equilibrium between the inner and outer monolayers is
established.199 It is reported that the half-life of C and DC flip-flop in liposome membranes
in the liquid crystalline phase is about 2~3 hours at 25 oC.200 The half-life for bile salt
translocation between the two leaflets matches the duration period of the burst release of CF,
tending to support the hypothesis that burst release corresponds to distribution of bile salts in
the two leaflets.

Besides membrane fluidity, phospholipid flip-flop may also influence drug transport across
biological membranes. It has been found that acceleration of phospholipid flip-flop by some
polymeric surfactants is closely related to their ability to increase membrane permeability of
biologically active compounds.201 Moreover, it was suggested that the ability of
hexylglycerol to enhance permeation of several drugs across the BBB is due to its ability to
accelerate phospholipid flip-flop.202 It has also been shown that many structurally diverse
detergents accelerate phospholipid flip-flop203 and so it is of great interest to study the effect
of bile salts on this phenomenon.

Unexpectedly, the results of flip-flop studies did not show exponential decay of fluorescence
except in the absence of bile salts (Figure 4-13). Theoretically, the maximum decrease in
fluorescence should not exceed 50% (half fluorescence in outer leaflet) but, in fact, decreases
in fluorescence for DC and C at 30 min were much greater. This indicates that some of the
NBD-PE in the inner leaflet is also reduced. As previously discussed, bile salts produce more
significant permeation before they reach equilibrium between the two leaflets. This suggests
that the abnormal troughs shown in the flip-flop studies are due to dithionite diffusion across
the unequilibrated liposomal membrane to bring about reduction of NBD-PE in the inner
leaflet. After about 3 h, the system reaches equilibrium and the membrane becomes less
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permeable so that dithionite can no longer diffuse into the intraliposomal space. This means
that when dithionite is added to aliquots of the liposomal suspension taken after equilibrium
between the inner and outer leaflets (i.e. after 3 h) is established, the dithionite no longer
diffuses into the inner compartment. Even though it was not possible to determine the effect
of bile salts on the flip-flop of phospholipids, the study provides valuable information about
the permeabilization effects of bile salts on membrane during the time before equilibrium in
the two leaflets is reached.

The work here demonstrates that bile salts cause significant increases in permeability during
their approach to equilibrium between the two leaflets but has shown by the CF release
studies the membrane becomes less permeable once equilibrium is reached. This raises the
question as to whether equilibration with bile salts in both leaflets increases the permeability
of a lipid bilayer. Dithionite permeability studies addressed this question. After 24 h
incubation with bile salts, it is postulated that bile salts are evenly distributed in both leaflets.
Dithionite permeability study showed that the presence of bile salts in lipid membranes at
equilibrium increased membrane permeability. It is suggested that dithionite permeability is a
measure of the number of mismatching defects of phospholipid molecules rather than the
molecular packing order of phospholipids.204 Bile salt incorporation probably constitutes a
defect in the membrane.

In addition, Figure 4-13 shows that control, C, DC and MKC have the same reduction rate in
the first decay phase whereas TC has a relatively slower reduction. This is probably due to
the fact that TC decreases membrane surface charge more significantly than the other bile
salts. This leads to a strong electrostatic repulsive force between dithionate and the liposome
membrane which subsequently hinders interaction of the negatively charged dithionate with
NBD-PE. In Chapter 2, the pKa shift of bile salts when inserted into lipid membranes was
discussed. The pKa of C, DC and MKC was found to increase from 4.8 (in the aqueous
phase) to 6.8 (in the lipid membrane) suggesting they are more uncharged whereas the pKa of
TC was found to increase from 1.4 to 3.4 suggesting TC remains highly negatively charged in
the membrane.108 Moreover, TC caused the greatest decrease in zeta potential of the
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liposomes (Chapter 3) again suggesting insertion of bile salts into membranes affects the
approach of ionized compounds and subsequently their binding and permeation.

4.5. CONCLUSION
In this Chapter, various techniques were used to study the effect of bile salts on drug binding
and permeation through liposome membranes. The results show (1) that incorporation of bile
salts decreases membrane surface charge which changes the attractive or repulsive forces
with positively and negatively charged drugs, respectively. The electrostatic interaction is an
important factor influencing drug binding and permeation. Ion-pairing between bile salts and
cationic drugs is relatively weak and probably has only a minor effect on permeation; (2)
That bile salts increase the fluidity of lipid membranes in the liquid crystalline phase which
probably correlates with their membrane permeabilization; (3) that bile salts exert a large
permeabilization effect by insertion into the outer leaflet before an equilibrium distribution
between the two leaflets of the bilayer is reached; and (4) that bile salts increase the
permeability of the equilibrated membrane.
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Chapter 5. EFFECT OF BILE SALTS ON TRANSPORT VIA THE
TRANSCELLULAR PATHWAY
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5.1. INTRODUCTION
There are two pathways by which drugs are transported from the blood to the brain across
brain capillary endothelial cell membranes. One is the transcellular pathway accomplished by
passive diffusion through lipid membranes or by active transport systems using transporters
located on the luminal and abluminal membranes of the capillaries. Active transport can
facilate transcellular permeation via influx transporters or limit it via efflux transporters. The
other is the paracellular pathway through the lateral intercellular spaces (tight junctions)
between the endothelial cells. Lipophilic compounds commonly use the passive transcellular
pathway whereas hydrophilic compounds have more difficulties to pass the BBB because
both transcellular and paracellular pathways are limited.

Unlike the liposome model which only provides a means to study passive permeability,
models based on cell culture monolayers allow investigation of transcellular and paracellular
diffusion pathways, active transport and metabolism as well as specific and non-specific
interactions between drugs and cellular proteins.205 In the study described in this chapter, an
immortalized rat brain capillary endothelial cell line (RBE4) was used as a model of the BBB
to investigate the mechanism by which bile salts increase brain penetration of drugs. This
Chapter focuses on the effect of bile salts on the transcellular permeability of rhodamine 123
(R123).

R123 is a hydrophobic compound (clogP 2.85) at physiological pH which is largely cationic
(cpKa 7.7) and a well-known substrate of P-glycoprotein (P-gp).206 Based on its
hydrophobicity, its uptake into cells has been generally assumed to occur via passive
diffusion,207 after which it is efficiently effluxed by P-gp.208 In this study, uptake and efflux
of R123 in RBE4 cells were investigated to determine whether bile salts alter passive
permeability of RBE4 cell membranes and P-gp efflux activity. Because R123 is a
fluorescent dye, it is easily quantified using a fluorescence microplate assay.

Prior to the transport, cytotoxicity of bile salts to RBE4 cells was evaluated using three
different assays: a hemolysis assay, the lactate dehydrogenase (LDH) enzyme release assay
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and the (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium) (MTS) cell viability assay. Cytotoxicity studies were carried out to ensure that
toxic levels of bile salts are avoided in the R123 uptake experiments in RBE4 cells.

5.2. MATERIALS AND METHOD

5.2.1. Materials
C, DC, TC and MKC were obtained as described in Chapter 2. Pop-Top and Hemafil™
polycarbonate track-etched membranes (13 mm diameter) were obtained from Biolab
(Auckland, New Zealand). 96 well plates (Biocoat) were obtained from BD Biosciences, CA,
USA. Ringer‟s buffer (10 mM D-glucose; 0.23 mM MgCl2; 0.45 mM KCl; 120 mM NaCl;
0.70 mM Na2HPO4; 1.5 mM NaH2PO4), HEPES, calcium chloride, sodium bicarbonate, DPH
(1,6-diphenyl-1,3,5-hexatriene), TMA-DPH (1-(4-trimethylammonium phenyl)-6-phenyl1,3,5-hexatriene)

and R123 were purchased from Sigma-Aldrich. Dulbecco's modified

Eagle's medium (DMEM), minimum essential medium (alpha medium), % F-10 nutrient
mixture, Hank‟s Balanced Salt Solution (HBSS), fetal bovine serum (FBS), trypsin-EDTA,
penicillin-streptomycin, geneticin and glutamine were all from Invitrogen (Auckland, New
Zealand). Basic fibroblast growth factor (bFGF) was obtained from Roche Diagnostics NZ
Ltd. Milli-Q water was used throughout and all other reagents were of analytical grade.

5.2.2. Cell culture
RBE4 cells were kindly donated by Professor Michael Aschner (Vanderbilt University,
Nashville, US). The RBE4 medium is a mixture of 50% (v/v) alpha medium and 50% F-10
nutrient mixture supplemented with 10% FBS, 100 U/ml penicillin, 100 g/ml streptomycin, 2
mM L-glutamine, 1 ng/ml bFGF, and 300 μg/ml geneticin. Cells were cultured in 75 cm2
Collagen type I coated cell culture flasks (BioCoat™) and maintained in a humidified
atmosphere (5% CO2/95% air) in an incubator at 37 °C. The medium was changed every two
days.
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5.2.3. Cytotoxicity assays

5.2.3.1.

Hemolysis assay

Whole blood was centrifuged and a red blood cell (RBC) suspension prepared after washing
three times Ringer‟s buffer. A calibration curve for percentage intact RBC against absorbance
at 700 nm was constructed by mixing RBC suspensions with the supernatant of lysed RBC.
The total amount of hemoglobin, which includes hemoglobin from lysed and intact RBC, was
the same in all suspensions but the percentage intact RBC varied from zero to 100% of intact
RBC. Absorbance of each suspension was measured using a microplate reader.

To study the hemolytic activity of bile salts, aliquots (100 μl) of bile salt solutions of various
concentrations in Ringer‟s buffer were added to 96 well plates followed by aliquots (100 μl)
of RBC suspension. Bile salt solutions, RBC suspensions and the plate chamber of the
microplate reader were pre-warmed to 37oC. After shaking for 10 s, the absorbance (700 nm)
of each well was monitored at one minute intervals for two hours. The percentage intact RBC
remaining after incubation with bile salts was calculated from the calibration curve.

5.2.3.2.

LDH assay

The LDH assay measures cytotoxicity by determining the amount of cytoplasmic LDH
released into the medium due to the loss of cell membrane integrity. Quantitation of LDH is
based on the reduction of NAD by LDH followed by a stoichiometric reaction of NADH with
a tetrazolium dye. Briefly, 100 μl RBE4 suspension (5 x 105 cells/ml) was added to each well
of a 96-well plate and incubated at 37°C in a humidified atmosphere (5% CO2 and 95% air)
overnight. The cell culture medium was removed and cells washed twice with Ringer‟s
buffer. Assay buffer (100 µl) containing bile salt (20 µM ~ 10000 µM) was then added to
each well. To some wells, Ringer‟s buffer and 10% Triton X-100 were added in order to
obtain LDH background release and maximum release respectively. After 2 and 24 h
incubation, plate were centrifuged at 250 g for 4 min after which 50 μl aliquots of supernatant
were transferred to a new 96-well plate and LDH determined using the LDH CytoTox 96®
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assay kit (Promega). LDH release was calculated as a percentage of the total LDH activity
(the amount of maximum release). Interference of bile salt solutions at the highest
concentration with colour development was shown to be absent.

5.2.3.3.

MTS assay

The MTS assay measures cell viability since it utilizes intracellular dehydrogenase enzyme to
reduce MTS. RBE4 cells were seeded in a 96-well plate at a density of 0.2 x 105 cells/well
and incubated at 37 °C under humidified 5% CO2/95% air. After 24 h, the cell culture
medium was discarded and cells washed twice with pre-warmed Ringer‟s buffer. Bile salt
solutions were then added to give final concentrations in the range 0.05 – 10 mM and
incubated for 2 h. The solutions were aspirated and cells washed twice with prewarmed
Ringer‟s buffer. Fresh cell culture medium (50 µl) and CellTiter 96® AQueous One Solution
Cell Proliferation Assay solution (20 µl) were added to each well. After 4 h incubation, the
absorbance at 490 nm was measured and the relative cell activity calculated according to the
equation:
Relative cell activity (%) 

At  Ab
 100
Ac  Ab

(Eq. 5.1)

where At and Ac are the absorbances of wells containing test sample and control solution
(Ringer‟s buffer) respectively andAb is the background absorbance caused by the medium
(MTS assay). All analyses were conducted in triplicate.

5.2.4. Fluorescence polarization (FP)
The effect of bile salts on RBE4 cell membrane fluidity was studied using FP as described for
liposomes (Chapter 4). RBE4 cells grown to confluence were washed three times with
Ringer‟s buffer before being harvested using trypsin-EDTA. Cells were washed and
resuspended in Ringer‟s buffer at a cell density of 2 × 105 cells/ml. To label cells, 1 mM
stock solutions of DPH and TMA-DPH in tetrahydrofuran (THF) were added to cell
suspensions to a final concentration of 2 µM. After incubation at 37 oC for 1 h in the dark,
cell suspensions were centrifuged at 600 g for 3 min and washed twice with Ringer‟s buffer
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to remove the free DPH and TMA-DPH. Bile salt solutions of various concentrations in
Ringer‟s buffer were mixed 1:1 with cell suspensions and then incubated for 30 min at room
temperature in the dark. FP of DPH and TMA-DPH labelled RBE4 cells was measured using
a POLARstar fluorescence microplate reader (BMG Laboratories, Germany) at excitation and
emission wavelengths of 350 nm and 420 nm respectively. Fluorescence polarization (P) is
expressed as

I I
FP  II 
I I
II 

( Eq. 5.2)

where III and I┴ are the fluorescence intensities parallel and perpendicular to the excitation
plane.

5.2.5. R123 uptake
RBE4 cells were grown in 12-well collagen type I coated multiwell plates until confluence.
Cells were exposed to 10 – 225 µM R123 with and without bile salts in Ringer‟s buffer after
washing three times with pre-warmed Ringer‟s buffer. After 2 h incubation at 37 oC under 5
% CO2/95 % air, uptake was stopped by aspirating R123 solution and washing three times
with ice-cold PBS. Cells were then lysed with 0.5 ml 1% Triton-X100 and fluorescence was
measured using a POLARstar fluorescence microplate reader (BMG Laboratories, Germany)
at excitation and emission wavelengths of 485 nm and 530 nm respectively. Protein content
in each well was determined using the Bicinchoninic Acid (BCA) protein assay (Pierce,
Rockford, IL) and R123 uptake normalized with respect to protein concentration. The
experiment was conducted in triplicate. The time course for 5 μM R123 uptake was studied at
1, 3, 5, 10, 15, 20, 30, 40, 60, 90, 120, 180 min after addition of R123. P-gp function in
RBE4 cells was checked by uptake of R123 in the presence of verapamil (a P-gp inhibitor).

5.2.6. R123 efflux
RBE4 cells were grown in 12-well collagen type I coated multiwell plates until confluence.
After washing three times with pre-warmed Ringer‟s buffer, RBE4 cells were exposed to 100
µM R123 in Ringer‟s buffer with or without 1 mM MKC. After 2 h incubation at 37 oC under
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5 % CO2/95 % air, R123 solution was aspirated and cells quickly washed three times with
pre-warmed Ringer‟s buffer. Aliquots (1 ml) of pre-warmed Ringer‟s buffer or Ringer‟s
buffer containing 1 mM MKC were added to some wells (Figure 5-1). After 15, 30, 60, 90
and 120 min, 0.5 ml aliquots of incubation buffer were removed from these wells and 0.5 ml
pre-warmed fresh incubation buffer added to replace it. After the last sample collection,
incubation medium was aspirated, cells washed with ice-cold PBS and lysed with 0.5 ml 1 %
Triton-X100. Fluorescence intensity was measured using a POLARstar fluorescence
microplate reader (BMG Laboratories, Germany) at excitation and emission wavelengths of
485 nm and 530 nm respectively. Interference of 1 mM MKC with fluorescence intensity was
found to be absent. Protein concentration in each well was determined using the BCA protein
assay (Pierce, Rockford, IL) and cellular accumulation of R123 normalized with respect to
protein content. The experiment was conducted in triplicate.

Figure 5-1. Procedure of the R123 efflux study.

5.2.7. Confocal laser scanning microscopy
RBE4 cells were grown in 12-well collagen type I coated multiwell plates until confluence.
Cells were incubated with 10 or 100 µM R123 in the absence and the presence of bile salts
for 2 h and then washed three times with Ringer‟s buffer. Images were captured using a Zeiss
LSM 510 Inverted Confocal Microscope (Carl Zeiss Inc., Gottingen, Germany) with full
incubation chamber. The plan-Apochromat 10x/0.45 objective was used with 4x zoom
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function. Image J, an image processing and analysis software, was used to quantify the
uptake of R123 by the cells.

5.2.8. Statistical analysis
Data were analysed by one-way ANOVA with Tukey‟s or Dunnett‟s post hoc tests depending
on the results of homogeneity of variance tests for multiple comparisions with SPSS 11.0
(Systat Software Inc., San Jose, CA). Values of p < 0.05 were considered statistically
significantly different.

5.3. RESULTS
5.3.1. Hemolysis assay
Bile salts and the supernatant of lysed RBC solutions did not absorb at 700 nm. The
calibration curve of absorbance vs percentage intact RBC was linear (r= 0.996), indicating
the the assay is a good indicator of intact RBC and hence of hemolysis (Figure 5-2).The
hemolytic activity of bile salts was concentration dependent (Figure 5-3). The most
hydrophobic bile salt, DC, showed the greatest hemolytic activity, followed by C and TC;
however, the semisynthetic MKC was not hemolytic in the 1-10 millimolar (mM) range.
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Figure 5-2. Calibration curve of absorbance verses percentage of lysed red blood cells
(RBCs).
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Figure 5-3. Effect of bile salts on hemolysis of RBC at 37 oC; C, TC, MKC (● 10 mM; ○ 8
mM; ▼6 mM; Δ 4 mM; ■ 2 mM; □ 0 mM) and DC (● 2.0 mM; ○ 1.5 mM; ▼1.0 mM; Δ
0.75 mM; ■ 0.5 mM; □ 0 mM)

5.3.2. LDH assay
Figure 5-4 shows the extent of LDH leakage from RBE4 cells after 2 and 24 h incubation
with bile salts at 37 oC. DC, C and MKC caused cytotoxicity in a concentration-dependent
and time-dependent manner. The hydrophobic bile salt, DC, had the greatest cytotoxicity to
RBE4 cell, followed by C and MKC. TC was not cytotoxic at concentrations up to 10 mM.
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Figure 5-4. Cytotoxicity of bile salts at various concentrations to RBE4 cells using the LDH
assay. A after 2 h and B after 24 h incubation (Data are means ± SD, n=4).

5.3.3. MTS assay
A clear concentration-dependent effect on the leakage of intracellular dehydrogenase activity
was observed for DC, C and MKC (Figure 5-5). DC was the most cytotoxic bile salt causing
moderate toxicity at 0.2 mM and 100% cytotoxicity at 0.5 mM whereas C and MKC showed
100 % cytotoxicity at 5 mM and 10 mM respectively, TC was nontoxic in the concentration
range studied.
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Figure 5-5. Viability of RBE4 cells after 2 h exposure to bile salts at various concentrations
determined using the MTS assay (Data are means ± SD, n=4)

5.3.4. Fluorescence polarization (FP)
The effect of bile salts on membrane fluidity was investigated by measuring FP of DPH and
TMA-DPH which is inversely related to membrane fluidity. Decreases in FP of both DPH
and TMA-DPH occurred on exposure to bile salts (Figures 5-6 and 5-7) suggesting that bile
salts increase membrane fluidization. There was little difference in the effect of bile salts on
the FP of DPH but larger differences in the effect of bile salts on the FP of TMA-DPH.
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Figure 5-6. Effect of bile salts on DPH fluorescence polarization in RBE4 cells (Data are
means ± SD, n=4).

TMA-DPH Polarization (mP)

450
400
350

C
DC
MKC
TC

300
250
200
150
100
0.01

0.1

1

10

100

Bile salt concentration (mM)

Figure 5-7. Effect of bile salts on TMA-DPH fluorescence polarization in RBE4 cells (Data
are means ± SD, n=4).
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5.3.5. Time course of R123 uptake
R123 uptake by RBE4 cells at 37 oC reached equilibrium

after 90 min (Figure 5-8).

Incubation for 120 min was used for further uptake studies as cytotoxicity of bile salts was

Intracellular R123 (nmole/mg protein)

not an issue over this duration of time.
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Figure 5-8. Time course of R123 uptake (the loading concentration is 5 μM) in RBE4 cells.
(Data are means ± SD, n=4)

5.3.6. Effect of verapamil on RBE4 uptake
Uptake of R123 by RBE4 cells was studied in the presence of the well-known P-gp inhibitor,
verapamil. Addition of verapamil significantly increased R123 uptake in a concentrationdependent manner (Figure 5-9). This suggests the P-gp transporter is actively functioning in
RBE4 cells.
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Figure 5-9. Effect of verapamil (20 and 50 μM) on uptake of R123 by RBE4 cells after 2 h
incubation at 37 oC (Data are means ± SD, n=4).

5.3.7. Effect of bile salts on R123 uptake
The effect of bile salts at non-toxic concentrations on R123 uptake by RBE4 cells was
studied at R123 loading concentrations of 10 and 100 µM. At 10 µM R123, DC, C and TC
had no effect on R123 uptake whereas, MKC caused an increase in R123 uptake at 1 and 2
mM (Figure 5-10). At 100 μM R123, C, TC and MKC showed concentration-dependent
increases in R123 uptake at concentrations up to 2 mM with DC showing an increase only at
0.2 mM (Figure 5-10). MKC showed the greatest effect of the four bile salts at both R123
concentrations. Interestingly, at concentrations above 2 mM TC decreased R123 uptake.
MKC also decreased R123 uptake at a concentration of 5 mM for both loading concentrations
of R123 but the levels were not significantly lower than the maximum R123 uptake at 2 mM
(one-way ANOVA, p = 0.592 and 0.067 at R123 loading concentrations of 10 and 100 µM
respectively).
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Figure 5-10. Effect of bile salts on R123 uptake into RBE4 cells at R123 loading
concentrations of (A) 10 µM and (B)100 µM (Data are means ± SD, n=4).
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5.3.8. Analysis of R123 uptake using a mechanistic model
In this study the concentration of bile salt was fixed while the concentration of R123 was
varied in the range 5 - 225 μM. After 2 h incubation, concentrations of R123 in the
extracellular buffer and intracellular space were determined.

Previously, R123 uptake was normalized to protein concentration. In this study, the
intracellular R123 concentration (mass/volume) was calculated by dividing the mass of mole
of R123 in the cells by cell volume calculated assuming spherical cells for which total
volume (Vtotal ) in a well was calculated:
4 d
Vtotal  N   ( ) 3
3 2

Eq. 5.3

where N is number of cells in each well and d is the diameter of a cell. The diameter was
determined using Mastersizer S and light microscopy to be 16.8 µm.

A suspension of RBE4 cells in Ringer‟s buffer was prepared and the number of cells counted
using a hemocytometer. After counting, the suspension was centrifuged at 1000 g for 10 min
to obtain an RBE4 cell pellet. The pellet was lysed using Triton-X100 and the protein
concentration of the lysate determined. Combining the results of cell counting and protein
concentrations, the relationship between cell number and protein concentration was
established (Eq. 5.4). Assuming a linear relationship, the number of RBE4 cells in each well
was calculated from the protein concentration based on the fact that 1,660,000 cells/ml is
equivalent to 294 mg protein/ml. Due to its high lipophilicity, it has generally been assumed
that R123 uptake occurs via passive diffusion and it is pumped out by P-gp. Intracellular
R123 can then bind to proteins and cell organelles so that only a part of the intracellular R123
is available for P-gp efflux. The distribution of R123 at steady state is shown
diagrammatically in Figure 5-11.
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Figure 5-11. A diagram showing the processes involved in the transport of R123 by RBE4
cells.

After 2 h incubation, transport of R123 across RBE4 cells reached a steady state (Figure 5-8)
in which the net flux of R123 across cell membranes is zero. Assuming influx is by passive
diffusion and efflux by the P-gp transporter, the equilibrium can be described as:
P(Cex  Cin. f ) 

VmCin. f
K m  Cin. f

Eq. 5.4

where P is the passive permeability of R123 across the RBE4 cell membrane, Cex and Cin,f are
the free R123 (unbound) concentrations in the extracellular buffer and in the intracellular
space, and Vm and Km are the maximum efflux rate and binding constant of R123 with the Pgp transporter.

The total R123 concentration in the intracellular space (Cin.t) is the sum of the intracellular
unbound concentration and bound concentrations where the binding of R123 in the
intracellular space is described by a saturated binding equation (Eq. 5.6) in which Bmax and Kb
are the maximum binding concentration and binding constant of R123 in the cells.
Cin.t  Cin. f 

Bmax Cin. f

Eq. 5.5

K b  Cin. f

After rearranging Equations 5.5 and 5.6, the relationship between Cex and Cin.t can be
described by Eq.5.7
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Cin.t

V
V
 ( m  K m  Cex )  ( m  K m  Cex ) 2  4Cex K m
Vm
Vm
2
P
P
 (  K m  Cex )  (  K m  Cex )  4Cex K m Bmax 
P
P
2


2
V
V
 ( m  K m  Cex )  ( m  K m  Cex ) 2  4Cex K m
P
P
Kb 
2

Since there is a complete correlation between Vm and P in Eq. 5.7,

Eq. 5.6

Vm
is replaced by r to give
P

Eq. 5.8.

Cin.t

 (r  K m  Cex )  (r  K m  Cex ) 2  4Cex K m
 (r  K m  Cex )  (r  K m  Cex ) 2  4Cex K m Bmax 
2


2
 (r  K m  Cex )  (r  K m  Cex ) 2  4Cex K m
Kb 
2

Eq. 5.7

The parameters, r, Km, Bmax and Kb were estimated by nonlinear regression (regressing Cin.t
against Cex). (Graphpad, Prism 5 software). On the assumption that bile salts do not affect the
binding of R123 in cells, Bmax and Kb were set as global parameters shared with all five data
sets (Control, C, TC, DC and MKC).

The results of the estimation are shown in Figure 5-12 and Table 5-1. C and TC showed no
effect on R123 uptake over the concentration range studied, whereas MKC and DC produce a
significant increase in R123 uptake, which resulted in a lower r value either due to a
reduction in Vm, or an increase in P, or changes in both these parameters.
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Figure 5-12. Nonlinear regression lines of Cint against Cex for R123 uptake into RBE4 cells
over 2 h in the presence of bile salts (2 mM for C and TC; 0.1 mM for DC and 5 mM for
MKC) using Eq. 5.8
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Table 5-1. Estimated parameters using nonlinear regression of Cint against Cex in Eq. 5.8
(Data are mean ± SE) and coefficients of determination (R2) for each regression line
Control

C

TC

MKC

DC

r (V /P)

361±19

313.9±8

341±13

161±6

163±3

K

m

2.6±0.9

2.8±0.8

3.0±0.9

3.84±1.7

1.0+0.2

max

731.8

731.8

731.8

731.8

731.8

5.214

5.214

5.214

5.214

5.214

0.927

0.980

0.955

0.981

0.992

m

B

K

b

R

2

5.3.9. Effect of MKC on R123 efflux
The total amount of R123 in RBE4 cells after the loading procedure was calculated as the
sum of the amount released to the extracellular medium and the amount remaining in the cells
after release. The presence of MKC in the loading buffer (MKC-Buffer and MKC-MKC
groups, (Figure 5-1) significantly enhanced R123 uptake (Figure 5-13), which is consistent
with the equilibrium uptake results (Figure 5-10). There was no significant difference in
intracellular concentration of R123 between the two groups having the same loading medium
(Figure 5-13).

The time courses for the release of accumulated R123 from the cells are shown in Figure 514. The addition of MKC in the release buffer reduced R123 release in the groups preloaded
with R123 alone. After 2 h study, the Buffer-Buffer group approached 100% release whereas
the Buffer-MKC group had about 80% release. In the groups loaded with R123 in the
presence of MKC, there was no difference in the release in the first 30 min but thereafter the
MKC-Buffer group showed much faster release than the MKC-MKC group. After 2 h, nearly
100% of R123 was released in the MKC-Buffer group but only 60% of R123 was released in
the MKC-MKC group.
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Figure 5-13. Intracellular concentration of R123 in RBE4 cells after the loading procedure
(Data are means ± SD, n=4).
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Figure 5-14. Time courses for R123 release from intracellular to extracellular space. (Data
are means ± SD, n=4)
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5.3.10. Confocal microscopy of R123 uptake
Figures 5-15 and 5-16 present gallery views of RBE4 cells after 2 h incubation with either 5
μM or 100 μM R123 in the absence and presence of bile salts. At 5 μM R123, fluorescence
intensities of the control and C, TC and DC treated groups were similar. However,
fluorescence was much greater in the MKC group indicating increased R123 uptake. At 100
μM R123, MKC again showed the greatest increase in fluorescence intensity. The other bile
salts also increased fluorescence intensity but to a lesser extent. Histograms of the
distribution of gray values in the images shown in Figure 5-15 and 5-16 are listed in Figures
5-17 and 5-18. There are some small bright dots in the images that are probably due to R123
in mitochondria.

A

B

C

D
E
Figure 5-15. Gallery-view micrographs obtained by confocal laser scanning microscopy.
Images acquired after 2 h incubation of RBE4 cells with 5 μM R123 (A) in the absence and
(B-E) presence of bile salts (B: 1 mM C; C: 0.2 mM DC; D: 1 mM MKC; E: 1 mM TC).
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Figure 5-16. Gallery-view micrographs obtained by confocal laser scanning microscopy.
Images acquired after 2 h incubation of RBE4 cells with 100 μM R123 (A) in the absence
and (B-E) presence of bile salts (B: 1 Mm C; C: 0.2 mM DC; D: 1 mM MKC; E: 1 mM TC).
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Figure 5-17. Histogram of green pixels in the confocal images of RBE4 cells loaded with 5 μM R123 (A: control; B: 1 mM C; C: 0.2 mM DC;
D; 1 mM MKC; E:1 mM TC)
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Figure 5-18. Histogram of green pixels in the confocal images of RBE4 cells loaded with 100 μM R123 (A: control; B: 1 mM C; C: 0.2 mM DC;
D; 1 mM MKC; E:1 mM TC)
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5.4. DISCUSSION
The RBC membrane is a convenient model to study the cytotoxicity of bile salts since their
membrane distruption lead to the release of haemoglobin.209 It has been suggested that
hemolytic potency increases with partitioning into the plasma membrane210 and complies
with SPC liposome/water partition coefficients.

C and TC showed hemolytic activity at concentrations (4 mM) close to or above their CMCs
(4.1 mM for C, 3.56 mM for TC), but the most hydrophobic bile salt, DC, induced hemolysis
at a concentration (0.5 mM) well below its CMC (1.69 mM). In fact, CMC negatively
correlated with the hemolytic activity of bile salts as reported previously.

211

Some studies

have suggested hemolytic activity of bile salts occurs only at concentrations above the CMC,
but other studies have demonstrated that bile salts induce hemolysis when present as
monomers.212 In fact, hydrophobic bile salts cause hemolysis below their CMC whereas
hydrophilic ones cause hemolysis above their CMC.213 On this basis, the hydrophilic bile salt,
MKC, should induce hemolysis at concentrations above its CMC (13.3 mM), but this could
not be confirmed because of its limited solubility.

Cytotoxicity of bile salts is dependent not only on their physical properties but also on the
properties of the cell membrane. Differences in cell membrane composition could explain the
observed differences in cytotoxicity of bile salts to RBCs (hemolysis) (Figure 5-3) and RBE4
cells (Figure 5-4 and 5-5). In particular, unlike RBCs, RBE4 cells are polarized cells,214 with
only the luminal side exposed to the bile salt solution.

Release of cytoplasmic enzyme LDH is used as an indicator of increased membrane
permeability and subsequent cell death.215 LDH assay is a measure of the extent of cell death.
Conversely, the MTS assay is an indicator of cell viability since it measures the activity of
enzymes which, in turn, is proportional to viable cell number. The MTS assay utilizes the
bioreduction of MTS by dehydrogenase enzymes, found in metabolically active cells, into a
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soluble formazan. Thus the results of the LDH and MTS assays should be inversely
proportional.216 In this study, the LDH and MTS assays gave consistent results for the 2 h
incubation in that the order of cytotoxicity of bile salts to wards RBE4 cells was DC > C >
MKC > TC (Figure 5-4 A and 5-5). For 24 h incubation, DC, C and MKC caused
cytotoxicity at lower concentrations than after 2 h incubation (Figure 5-4 B) suggesting the
cytotoxicity of bile salts is not only concentration dependent but also time dependent.
However, TC was non-toxic even after 24 hours incubation. It has been shown in many
studies that, the more hydrophobic a bile salt the more cytotoxic it is.119,217-218 This is the case
for DC, C and MKC but TC does not fit this general rule. TC has a similar liposome/water
partition coefficient to C (Table 3-2) but surprisingly did not show cytotoxicity to RBE4
cells. This may be due to expression in RBE4 cells of an efflux transport system specifically
for TC. This possibility is supported by the fact that TC is effluxed from the brain to the
circulating blood via specific mechanisms in vivo.25

The study of the effects of bile salts on RBE4 cell membrane fluidity based on determination
of the fluorescence polarization of DPH and TMA-DPH (Figure 5-6 and 5-7) suggests that
bile salts increased membrane fluidity in both core and surface regions of the lipid bilayer.
However, the usefulness of DPH as a probe of membrane fluidity is uncertain since DPH
does not confine itself to plasma membranes but enters membranes of organelles and lipid
droplets in the cytoplasm. The cationic TMA-DPH is a superior in this regard because it
anchors in cell membranes and does not access the membranes of intracellular organelles. 219220

Cell membrane fluidity affects the activity and kinetics of membrane-bound enzymes and
transporters, accessibility to membrane receptors, and passive permeability.221 A wide range
of excipients can increase membrane fluidity including medium chain fatty acids,
cyclodextrins, bile salts13 and polymers222 and consequently increase drug permeability.
Surfactants such as Cremophor EL and Tween 80 have been shown to cause significant
changes in membrane fluidity leading to inhibition of the P-gp efflux system. It has been
suggested that the inhibition of P-gp activity occurs via nonspecific changes in lipid and
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protein conformation and mobility.223 In addition, these surfactants may also interfere with Pgp ATPase via modulation of the lipid membrane environment.224

Another mechanism by which membrane fluidizers can increase drug permeation is via
accelerating the rate at which drug molecules cross cell membranes and thereby reducing
their interaction with efflux transporters. It has been suggested that benzyl alcohol, diethyl
ether and propofol do this to P-gp substrates.225 According to the “vacuum cleaner”
hypothesis, drugs are recognized by and bound to efflux transporters when traversing the
inner leaflet of the lipid bilayer.226 It has been shown that the slower the rate of passive
transmembrane movement of a P-gp substrate, the more likely it will be recognized by the Pgp transporter.227 Thus factors increasing membrane fluidity can increase diffusion
coefficients of drugs and thereby decrease P-gp efflux activity.228

It has been argued that changes in membrane fluidity by surfactants cannot be a generalized
mechanism to reduce efflux transporter activity because surfactants only inhibit certain
transporters. Considering that different membrane transporters may have different
sensitivities to their surrounding membrane environment and that they transport substrates by
different mechanisms, it is more appropriate to consider each surface-active agent and each
transporter on an individual basis.

The fluorescent dye rhodamine 123 (R123) is a well-known P-gp substrate which is
frequently used to examine P-gp activity in cell culture models206 and to test whether a drug
is an inhibitor or a substrate of P-gp.229-230 In the present studies, addition of verapamil, a Pgp inhibitor, resulted in increased R123 uptake (Figure 5-9), confirming activity of P-gp in
RBE4 cells. Recent studies indicate that R123 is also a substrate of the multidrug resistanceassociated protein (MRP), or more specifically, MRP1.231 MRP1 is expressed in RBE4 cells
but it may not be functional because probenecid, an MRP inhibitor, did not affect
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accumulation of vincristine, an MRP1 substrate.232 Thus, R123 accumulation in RBE4 cells
due to bile salts may be the result of P-gp inhibition alone.

Intracellular accumulation of R123 in RBE4 cells is the result of a competition between its
passive uptake and active efflux. At the lower loading concentration of R123 (10 µM) where
efflux by active transport should reduce intracellular accumulation more effectively, the
natural bile salts, C, DC, and TC did not significantly affect R123 uptake indicating they did
not inhibit P-gp activity. However, the semi-synthetic bile salt, MKC, significantly increased
R123 uptake suggesting it does inhibit P-gp (Figure 5-10A). At this higher loading
concentration of R123 (100 µM), P-gp transporters are more likely to be saturated. It has
been reported that the half-saturation concentration of R123 for P-gp efflux is 7.2 µM in
K562 cells233 and 13.5 µM in plasma membrane vesicles.234 Assuming P-gp RBE4 cells
behaves in a similar manner, a concentration of R123 of 100 µM is sufficient to saturate Pgp. In this situation, passive influx of R123 will become the major factor determining the
intracellular accumulation of R123. At this higher loading concentration of R123, MKC again
produced the greatest increase in R123 accumulation. More interestingly, the natural bile
salts, C, DC and TC, also significantly increased R123 uptake at this higher loading
concentration suggesting they increase passive influx of R123, but TC reduced R123 uptake
at concentrations above 2 mM possibly due to binding of R123 in TC micelles (CMC of TC =
3.6 mM). The concentrations of C, DC and MKC were all below their CMCs so binding to
micelles would not have occurred.

A mechanistic model was used to study the effect of bile salts on R123 uptake. It was found
that MKC and DC significantly decreased their parameter r (Vm/P) suggesting MKC and DC
either decrease Vm and/or increase P . In Figure 5-12, MKC and DC produce different
regression lines suggesting they have different effects on the r value. In the low R123
concentration range, MKC has a much greater effect than DC whereas in the high
concentration range R123 uptake increases more rapidly for DC than for MKC. In the low
concentration range, efflux by P-gp predominates so that the change in R123 uptake due to
MKC is probably due to a direct effect on the Vm of P-gp. In the high concentration range, the
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effect of DC is probably due to an increase in passive diffusion (P). Not all bile salts
significantly affected Km suggesting bile salts do not the affect the affinity of R123 for the Pgp transporter.

Further studies on the efflux of R123 from RBE4 cells confirm that the increase in R123
accumulation produced by MKC is due to inhibition of P-gp. The total intracellular
concentration of R123 after the loading procedure showed the Buffer-Buffer and BufferMKC groups have the same level of R123 in the intracellular space and therefore that same
concentration gradient (Figure 5-13). A similar situation was confirmed for the MKC-Buffer
and MKC-MKC groups. As expected, the presence of MKC in the loading buffer
significantly increased the intracellular R123 concentration consistent with the results of the
R123 uptake study.

In the efflux study, R123 will be actively effluxed by P-gp and passively effluxed due to the
concentration gradient from the intracellular to the extracellular space. The results show
(Figure 5-14) that cells in the Buffer-Buffer group release R123 very rapidly and almost
100% of R123 is released to the extracellular medium within 2 h. In the Buffer-MKC group,
the release of R123 was significantly reduced consistent with MKC inhibition of P-gp. As
expected that the slowest release of R123 occurred in the MKC-MKC group since P-gp is
inhibited during both the loading and release phases of the experiment. Interestingly, the
MKC-Buffer group showed release of R123 as slow as that in the MKC-MKC group for the
first 30 min but eventually reached 100% release after 2 hours. A possible explanation is that
some MKC accumulates in cells during the loading phase and is not removed by washing, so
that its intracellular concentration remains high enough to inhibit P-gp activity during the first
30 min of the release phase. However, MKC would be released to the extracellular space
gradually and, after some time, the intracellular MKC concentration is too low to affect P-gp
activity and R123 release would be the same as in the buffer&buffer group.
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The accumulation and efflux studies show that MKC but not C, DC and TC inhibit P-gp in
RBE4 cells. Previously, it has been shown that C, DC and their taurine and glycine
conjugates do not affect P-gp function in both multidrug resistant cells and rat canalicular
membrane vesicles whereas taurolithocholate (TLCA), taurochenodeoxycholate (TCDC),
glycochenodeoxycholate (GCDC) and ursodeoxycholate (UDC) inhibit P-gp mediated drug
transport in both models.235 Although TLCA, TCDC, GCDC and UDC have different
chemical structures, they all share with MKC the absence of a hydroxyl group at position 12.
This suggests the lack of an -OH group at position 12 is a crucial structural feather of bile salt
P-gp inhibition.

The mechanism by which bile salts inhibit P-gp is unknown but several hypotheses have been
suggested.235 One hypothesis is that bile salts competitively inhibit P-gp by acting as P-gp
substrates. In general, a P-gp substrate is a hydrophobic and amphiphilic cation.236 While
bile salts are hydrophobic they are anions and therefore unlikely to be P-gp substrates.
Another hypothesis is that bile salts inhibit P-gp by binding to a cytoplasmic protein or
organelle but this is ruled out by the fact that bile salts inhibit P-gp activity in canalicular
membrane vesicles.235 Whatever the case, bile salt inhibition must occur via the cell
membrane or by direct interaction with the P-gp transporter protein. As discussed earlier,
amphiphilic bile salts increase membrane fluidity (Figure 5-6 and 5-7), which possibly
modulates P-gp efflux. Since C, DC and TC do not inhibit P-gp, it appears that inhibition by
MKC, which is the least hydrophobic and the least membrane fluidizing bile salt, is possibly
due to direct interaction with the P-gp transport system rather than by indirect modulation of
any biophysical property of the cell membrane.

The data suggest that the natural bile salts increase passive diffusion of R123 into RBE4 cells
(Figure 5-10B). This could occur via the following three mechanisms. First, anionic bile salts
form ion pair complexes with cationic R123 (Table 4-2) which may increase its apparent
lipophilicity so as to increase its passive diffusion; however, the binding constant is not very
high so this may not be an important mechanism. It was suggested that formation of
lipophilic ion pairs between bile salts and drugs increases their affinity for P-gp.174,177
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Therefore, increases in passive diffusion by increasing apparent lipophilicity (ion pair) may
be compromised by increasing their binding affinity to P-gp. Secondly, in Chapter 4, it was
demonstrated that addition of bile salts significantly decreases the surface charge of the
liposome membrane which facilitates a stronger attractive force between cationic R123 and
the negatively charged membrane surface. Insertion of anionic bile salts into cell membranes
may lead to stronger partitioning of R123 which would promote its passive permeability.
Thirdly, modulation of cell membrane biophysical properties by bile salts could increase the
passive diffusion of R123. It has been shown that bile salts bidirectionally increase liposome
membrane permeability probably due to disturbing phospholipid packing, increasing
membrane fluidity and accelerating phospholipid flip-flop (Chapter 4).

Confocal microscopy is an effective tool for the visualization of cellular uptake, intercellular
and intracellular distribution, and the location of drugs or drug delivery systems.237 As R123
is a fluorescent dye, cellular uptake of R123 can be visualized in the absence and presence of
bile salts. The brighter the image the more R123 is present in the cells. The results are
consistent with those obtained in quantitative uptake studies using the fluorescence
microplate reader (Figures 5-15 and 5-16). Assuming each image in Figures 5-15 and 5-17
includes the same number of cells, the histogram of gray values relates to the R123
concentration in the intracellular space. In Figure 5-17, the histograms for control C, DC and
TC images show sharp peaks close to the black side (left side) and their means of gray values
are similar and around 10. In contrast the histogram of MKC is much broader with a mean of
about 34 indicating MKC significantly increases R123 uptake. Similar results were found at
the higher concentration of R123 (Figure 5-18). For ease of comparison, the histograms are
overlaid in Figures 5-19 and 5-20.
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Figure 5-19. Comparison of the histograms of green pixels in confocal images of RBE4 cells
loading with 5 μM R123.
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Figure 5-20. Comparison of the histograms of green pixels in confocal images of RBE4 cells
loading with 100 μM R123.
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5.5. CONCLUSIONS
Cytotoxicity of bile salts to RBC and RBE4 cells was studied using three different assays. DC
was found to be the most cytotoxic bile salt followed by C, MKC and TC. The effect of bile
salts on R123 transport via the transcellular pathway was studied. All bile salts were shown to
have no effect on R123 binding to the P-gp transporter (Km). However, the results show
MKC significantly inhibits P-gp function by decreasing efflux kinetics. The natural bile salts,
particularly DC, increase passive diffusion across cell membranes by modulating membrane
fluidity or lipid packing and membrane surface charge.
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Chapter 6. EFFECT OF BILE SALTS ON MORPHINE-6GLUCURONIDE TRANSPORT ACROSS RBE4 CELLS
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6.1. INTRODUCTION
Previously, it has been shown that subcutaneous administration of MKC to rats increases
brain uptake of quinine and increases the potency of morphine and pentobarbital.238 Based on
the hypothesis that bile salts modulate BBB permeability, it is of interest to study the effects
of bile salts in in vitro models to further investigate the mechanism by which bile salts do
this. Chapter 5 described the effects of bile salts on the uptake of drug via the transcellular
pathway in the RBE4 cell model. In this Chapter, RBE4 cell monolayers cultured with
astrocyte conditioned medium (ACM) were used to study the effects of bile salts on drug
permeation via the paracellular pathway.

Due to the lack of highly restrictive tight junctions in RBE4 cell monolayers, most
investigations using RBE4 cells have been drug uptake rather than permeability studies. To
increase the tightness of monolayers, two types of ACM have been used: The first is a
mixture of the medium from astrocytes with an equal volume of fresh RBE4 medium;239 the
second is a mixture of the medium from astrocytes with an equal volume of fresh astrocyte
medium.240-241 It is not clear which ACM provides a better model of the BBB. Moreover, it
has been shown that hydrocortisone (HCT) improves the tightness of the paracellular
pathway in primary cultured brain capillary endothelial cell monolayers.242-244 The
mechanism

involves

rearrangements.

increased

VE-cadherin

expression

leading

to

cytoskeletal
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The first objective of the research reported in this Chapter was to compare these different
approaches to produce a tighter RBE4 monolayer as an in vitro model of the BBB. The
second objective was to study the effect of bile salts on red blood cell (RBC) deformability in
order to explore the possible mechanism by which bile salts alter paracellular permeability.
The last objective was to study the effects of bile salts on the transport of the hydrophilic
drug morphine-6-glucuronide (M6G) across RBE4 cell monolayers. M6G is an active
metabolite of morphine which is not only more polar than morphine but also has a BBB
permeability-surface area product 57 times lower than that of morphine.95 The low
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permeability of M6G makes it a good model drug to study the effects of bile salts on the
transport of hydrophilic compounds across the BBB.

6.2. MATERIALS AND METHODS

6.2.1. Materials
C, DC, TC and MKC were obtained as described in Chapter 2 and the materials for RBE4
cell culture are described in Chapter 5. M6G was a gift from CeNes Ltd (Acquired by Paion
AG). Pop-Top and Hemafil™ polycarbonate track-etched membranes (13 mm diameter) were
obtained from Biolab (Auckland, New Zealand). Milli-Q water was used in all studies and
other reagents were of analytical grade.

6.2.2. LC-MS/MS assay for M6G
The LC-MS/MS system consisted of an API 3200TM triple quadrupole mass spectrometer
(MDS-Sciex, Concord, ON, Canada) attached to an Agilent 1200 HPLC binary pump and
autosampler (Agilent, USA). Electrospray ionization in the positive ion mode and multiple
reaction monitoring (MRM) of the transition of M6G at m/z 462.4 → 286.2 were used. Mass
spectrometer parameters were optimized by both infusion and flow injection methods
configured in Analyst software (version 1.4). These parameters were: source spray voltage
2.5 kV; ion source temperature 500 oC; declustering potential 61 V; collision energy 39 V;
collision cell exit potential 24 V. Nitrogen was used as both the curtain and collision gas.
Analyst version 1.4 was used for data manipulation. Separation was performed on a Zorbax 5
μm XDB-C18 column (4.6×150 mm, Agilent) maintained at 40 oC protected with a C18
guard column (4 x 3.0 mm, Phenomenex, NZ). The mobile phase was acetonitrile-water
(12:88 v/v) containing 0.1% (v/v) formic acid at a flow rate of 0.5 ml/min. An in-line
motorized six-port divert valve was used to divert the eluent flow to waste for the first 2 min
and into the mass spectrometer over the period 2.0-6.0 min. Each sample was mixed with the
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same volume of ice-cold acetonitrile, vortexed for 20 s, centrifuged at 12 000 g for 10 min
and the supernatant injected into the LC-MS/MS system.

6.2.3. Cell culture

6.2.3.1.

Media specifications

The RBE4 medium was a mixture of 50% (v/v) alpha medium and 50% F-10 Nutrient
Mixture supplemented with 10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin, 2 mM
L-glutamine, bFGF (1 ng/ml), and geneticin (300 μg/ml). ACM consisted of 50% Dulbecco's
Modificied Eagle's Medium and 50% Ham's-12 supplemented with 10% FBS, 100 U/ml
penicillin, and 100 µg/ml streptomycin. The ACM was collected freshly from astrocyte
cultures every 3 days. Two co-culture media were prepared: ACM I, a mixture of 50% ACM
with 50% of fresh astrocyte medium and ACM II, a mixture of 50% ACM with 50% of fresh
RBE4 medium. For HCT containing medium, 0.2 ml of 500 µM hydrocortisone was added to
200 ml of each of ACM I and ACM II to give a final concentration of 500 nM.

6.2.3.2.

Cell culture techniques

General RBE4 cell culture procedures are described in Chapter 5.
Cultures of Type I astrocytes were obtained from the cortex of newborn rats (day 0-3).245-246
Collection of brain tissue was approved by the University of Otago Animal Ethics Committee
(Application No. ET 15/06) Briefly, after removing meninges, brain tissue was dissected in
HBSS (Ca2+- and Mg2+-free), incubated in 0.1% trypsin at 37°C for 5 min, and the cells
washed three times with culture medium. After washing, cells were resuspended in the same
medium and filtered through a nylon mesh with a pore size of 70 µm. Filtered cells were
seeded on culture flasks at a density of 1.5 x 105 cells/cm2 and incubated at 37°C under 5%
CO2, 95% humidified air for 9 days until confluent. On day 9, any contaminating microglia
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cells were removed by vigorous shaking overnight at a speed of 250 rpm at 37°C in a
horizontal shaker.

For permeability studies, RBE4 cells were seeded at 5×105 cells/ml on permeable polyester
filter inserts (Transwell, pore size 0.4 µm) and cultured in RBE4 medium or in ACM. The
medium was changed every two days.

6.2.3.3.

Permeability studies

Monolayers were washed twice with Ringer‟s buffer at 37 oC before experiments. Ringer‟s
buffer (0.5 ml) containing M6G (9.23 μg/ml) and bile salt (0-5 mM) was added to the apical
side and 1.5 ml Ringer‟s buffer added to the basolateral side. The concentrations of M6G and
[14C] sucrose in the receiver chamber at 15, 30, 45, 60, 90 and 120 min were determined by
LC-MS/MS and scintillation counting respectively. Integrity of cell monolayers was checked
by measuring the permeability to [14C] sucrose.

The apparent permeability coefficient (Papp) of M6G and sucrose was calculated using the
equation:
Papp 

Q 1 1
 
t A C 0

where Papp is the apparent permeability coefficient (cm/s),

(1)

Q
the steady state flux (µmol/s),
t

A the surface area of the membrane (1.12 cm2), and C0 is the initial concentration of M6G or
sucrose in the donor chamber (mM).
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6.2.3.4.

M6G and bile salt accumulation study

RBE4 cells were seeded at 1.0 x 105 cells/well onto a collagen-coated 12-well plate and
allowed to grow to 90% confluence. Cells were washed three times with assay buffer
(Ringer-HEPES buffer) at 37oC and then incubated with 1.5 ml assay buffer containing M6G
(4.62 μg/ml) and bile salt (0-1 mM) at 37°C. After 2 h, cells were washed three times with
ice-cold PBS and lysed in 1.0 ml of Milli-Q water. Before analysis by LC-MS/MS, samples
were sonicated for 30 seconds using a probe sonicator and then centrifuged for 10 min at
12,000 g. The protein concentration of samples was determined using a BCA protein kit
(Pierce, Rockford, IL). Bile salt concentrations were determined by a validated LC-MS/MS
assay.

6.2.4. RBC deformability
The deformability of rat RBC was evaluated by the filtration method 247 using gravity as the
driving force. An RBC suspension (0.5 ml) with 10% hematocrit was mixed with various
concentrations of bile salt solution (0.5 ml), with and without 1.2 mM Ca2+, and incubated at
37oC for 60 min. The assembled membrane (HemafilTM) holder with a 3 μm pore-sized filter
was filled with Ringer‟s buffer avoiding any trapped air and the outlet of the filter holder was
vertically connected to a Teflon tap. A 3 μm pore-sized filter was used as it is more sensitive
to the viscoelastic properties of the cell membrane than a 5 μm filter which is more sensitive
to the cytoplasm viscosity.248A 1.0 ml plastic syringe, without its plunger, was connected to
the inlet of the filter holder and then filled with the RBC suspension. After the first drop of
RBC filtrate passed through the membrane, the tap was closed and the syringe filled to 1 ml
with RBC suspension. The filtration time of 1 ml RBC suspension was recorded from when
the tap was opened. All deformability studies were conducted in pentuplicate at room
temperature. The relative cell transit time (RCTT) was calculated as the filtration time of the
RBC suspension divided by the filtration time of the same volume of buffer. Size and shape
of erythrocytes after incubation with or without bile salts for 60 min were investigated using
Masterisizer S and light microscopy with oil immersion lens.
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6.2.5. Statistical analysis
Data were analysed by one-way ANOVA with Tukey‟s or Dunnett‟s post hoc tests
(depending on the results of homogeneity of variance tests for multiple comparisions) with
SPSS 11.0 (Systat Software Inc., San Jose, CA). Values of p < 0.05 were considered
significantly different from control.

6.3. RESULTS

6.3.1. LC-MS/MS assay validation
The LC-MS/MS assay for M6G (retention time 3.1 min) in both transport buffer and cell
homogenates was linear in the range 2 - 400 ng/ml. Intra and inter-day accuracies at 20, 75
and 300 ng/ml M6G were in the range 93 -103 % with corresponding precision (CV) of <
11.2 % (Table 6-1). M6G was shown to be stable in samples stored at 4 oC and during three
freeze-thaw cycles with more than 90 % M6G remaining after storage (Table 6-2).

Table 6-1. Validation of the LC-MS/MS assay for M6G in Ringer‟s buffer and RBE4 cell
homogenate.
Ringer‟s Buffer
Nominal Conc

Observed Conc.

(ng/ml).

(mean±SD)

Precision (% CV)

Accuracy (% of
nominal conc.)

Relative error (%)

Intraday n=5
300

282±4

1.29

94.2

-5.83

75

70.8±8

11.2

94.4

-5.57

20

20.6±2

7.58

103

+2.85

300

281±20

7.11

93.5

-7.49

75

74.6±3

4.02

99.4

-0.59

20

20.1±1

6.58

100

+0.30

Interday n=5
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Cell Homogenate
Nominal Conc.

Observed Cons.

(ng/ml)

(mean±SD)

Precision (% CV)

Accuracy (% of

Relative error (%)

nominal con.)

intraday n=5
300

288±13

4.37

96.0

-4.00

75

69.8±1

1.36

93.0

-6.99

20

18.0±1

5.79

88.4

-11.5

300

290±10

3.45

96.8

-3.20

75

68.5±3

4.83

91.3

-8.67

20

16.4±2

8.84

82.0

-18.0

Interday n=5

Table 6-2. Stability of M6G in Ringer‟s buffer and RBE4 cell homogenate.*
Recovery (%)
Storage
Condition
Concentration
(ng/ml)
Time
Stay in
zero
autosam
pler
After 24
(4oC)
hours
Three freeze-thaw
cycles

Ringer‟s buffer

RBE4 cell homogenate

300

75

20

300

75

20

100

100

100

100

100

100

95.0±10.8

103±3

101±10.0

101±5.9

112±11.2

101±4.8

94.0±1.1

91.0±13.7

100±8.9

93.0±10.2

100±5.7

111±13.4

*Data are recoveries (mean ± SD, n=3)

6.3.2. Effects of ACM and hydrocortisone on RBE4 monolayers
The passage of [14C] sucrose across RBE4 monolayers grown on collagen filters was
measured in the presence and absence of 500 nM HCT with and without ACM. RBE4 cells
grown to confluence in RBE4 medium had a mean permeability coefficient of 3.60×10−5cm/s,
(n=3) (Figure 6-1). For RBE4 cells cultured in ACM I, the mean permeability coefficient of
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sucrose was significantly lower at 3.06×10−5 cm/s (p < 0.01). For cells cultured in ACM II,
the permeability coefficient was lower at 2.15×10−5 cm/s. However, addition of HCT to both
the ACM I and ACM II did not affect the permeability of sucrose. Similar rankings were
found for M6G (Figure 6-1) permeability which was slightly lower than for sucrose as

4

3

2

ACM II+HCT

ACM II

ACM I+HCT

ACM I

1

RBE4 medium

Permeability coefficient (x10-5 cm/s)

expected given the molecular weight difference.

Figure 6-1. Permeability coefficients of [14C] sucrose (black) and M6G (grey) across
monolayers of RBE4 cells cultured in different media (Data are means ± SD, n=3).

6.3.3. Effect of bile salts on M6G permeability across RBE4/ACM monolayers
The effect of bile salts on M6G permeability was studied in monolayers of RBE4 cells
cultured in ACM II. The three bile salts, C, TC and MKC, significantly (p<0.05) enhanced
the permeabilities of both sucrose and M6G at the highest concentration (5 mM) and there
was a trend for permeability to increase with concentration in the range 0.5-5 mM (Figures 62 and 6-3). DC at 1 mM significantly increased sucrose permeability but did not affect the
permeability of the larger M6G.
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Figure 6-2. Effect of bile salts on permeability coefficients of [14C] sucrose (Data are means ±
SD, n=3). Asterisk indicates significant difference (p<0.05) from control.

Figure 6-3. Effect of bile salts on permeability coefficients of M6G (Data are means ± SD,
n=3). Asterisk indicates significant difference (p<0.05) from control.
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6.3.4. Effect of bile salts on M6G accumulation in RBE4 cells
The uptake of M6G in RBE4 cells reached equilibrium at 60 min (Figure 6-4) and an
incubation time of 2 h was used for subsequent uptake studies. The uptake of M6G into
RBE4 cells reached 12.5 ng/mg protein after incubation (Figure 6-5). The P-gp inhibitors,
verapamil (Vera) (100 µM), cyclosporine A (CsA) (10 µM) and quinidine (Quin) (50 µM)
did not significantly influence M6G uptake (p > 0.05). Addition of 20 -1000 µM C or TC had
no effect on M6G uptake whereas both DC and MKC showed concentration-dependent
effects on M6G uptake. DC showed the greatest effect at a concentration of 1 mM, causing
twice the uptake of that caused by MKC at the same concentration.
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Figure 6-4. Time course of M6G uptake in RBE4 cells. (Data are means ± SD, n=4)

154

Figure 6-5. Effect of P-gp inhibitors (Vera, CsA and Quin) and bile salts on M6G
accumulation in RBE4 cells after 2 h incubation (Data are means ± SD, n=4). Asterisk
indicates significant difference (p<0.05) from control.

6.3.5. Bile salt accumulation in RBE4 Cells
Bile salts uptake into RBE4 cells is in a concentration-dependent manner (Figure 6-6) with
the exception the highest concentration of DC (1 mM). At a given concentration, uptake
correlated with hydrophobicity (octanol/water partition coefficient)147 of the bile salts in the
order DC > C = MKC > TC.
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Figure 6-6. Effect of bile salt concentration on their accumulation in RBE4 cells over 2 h
incubation (Data are means ± SD, n=4).

6.3.6. RBC deformability
The effect of extracellular calcium and bile salts on the RCTT of RBC is shown in Figure 67. RBC in buffer containing 1.2 mM Ca2+ had a much longer RCTT than RBC in buffer
without Ca2+ in agreement with previous work which showed deformability decreases with
increasing intracellular Ca2+ concentration. Bile salts also affected the transit times of RBC:
In the group without extracellular Ca2+, 1 mM MKC was sufficient to decrease RCTT
significantly (α = 0.05). but when Ca2+ was added, both 0.2 mM DC and 1 mM MKC reduced
the deformability significantly (α = 0.01).
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Figure 6-7. Relative cell transit time (RCTT) of RBC after incubation with bile salts in the
presence of (1.2mM Ca2+ (■) and absence of Ca2+ (□) (Data are means ± SD, n=5).

6.3.7. Size and shape of RBC
Size of rat RBC was around 5.3 μm in the absence of bile salts (Figure 6-8). Addition of 0.2
mM DC, 1 mM C and 1 mM MKC did not affect the size whereas 1 mM TC significantly
increased the size to 5.8 μm (ANOVA with Tukey‟s test). Images taken from light
microscope clearly showed RBC retained their biconcave disk shape in Ringers‟ buffer
(control) and in the presence of 0.2 mM DC, 1 mM C and 1 mM MKC but addition of 1 mM
TC led to spherically shape RBC (Figure 6-9).
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Figure 6-8. Size of RBC after 60 min incubation with and without bile salts in the presence of
calcium ions. (Data are means ± SD, n=5).

Control

0.2 mM DC

1 mM C

1 mM MKC
158

1 mM TC
Figure 6-9. Images of RBC after 60 min incubation with and without bile salts in the presence
of calcium ions under light microscopy using oil immersion lens.

6.4. DISCUSSION
The BBB is a highly complex barrier consisting not only of capillary endothelial cells but
also of neighbouring astrocytes, pericytes and neurons. The complex interactions between
these cells maintain the normal physiological condition of the BBB249 making it is difficult to
develop good BBB models. Brain capillary endothelial cells co-cultured with astrocytes or
astrocyte conditioned medium have been shown to produce monolayers 250-252 with tighter
junctions which are more suitable for permeation studies. In this study, the tightness of RBE4
cell monolayers was significantly improved when ACM was included in the culture medium
and ACM II was more effective than ACM I. This is not suprising since ACM II contains not
only astrocyte secretions but also nutrients for RBE4 growth. Interestingly addition of HCT
did not improve the tightness of RBE4/ACM monolayers despite studies showing this
approach is successful in primary cultures from various species.242 The reason for the failure
could be the presence of serum in the culture medium since, although HCT induces an
increase in transendothelial electrical resistance (TEER) in the presence and absence of
serum, the effect is much greater in the absence of serum. It was suggested that some
modulators in serum affect HCT-triggered cellular signalling pathways.253
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Although the inclusion of ACM improved the tightness of RBE4 cell monolayers, their
permeability was still greater than that of primary cultured brain capillary endothelial cell
monolayers. It has been reported that the permeability coefficient of sucrose at the in vivo
BBB is 0.01 – 0.3 ×10−6 cm/s depending on the method of administration and sampling
technique.254-256 The value in primary cultured rat brain capillary endothelial cell monolayers
is 2.0×10−6 cm/s,257-258 compared with 40 ×10−6 cm/s (Figure 6-1) for the tightest monolayer
produced in this study. However, given that the RBE4/ACM system is convenient to prepare
and more stable and more reproducible than primary cultured endothelial cell monolayers,259
it was adopted here to study the effects of bile salts on permeability.

In general, it is believed that small hydrophilic compounds pass biological barriers mainly via
the paracellular pathway260 and that sucrose is a useful marker of this pathway. The results
suggest that M6G is also transported via the paracellular route. The pattern of M6G
permeability in the different culture media was the same as that of sucrose although the
absolute permeability of M6G was lower than those of sucrose (Figure 6-1). This is in line
with previous findings indicating that, although M6G is less hydrophilic than sucrose,103 it is
less permeable across the BBB due to its higher molecular weight (M6G: 460; sucrose:
340).261 Also, all bile salts increased the permeability of RBE4 cell monolayers, making the
paracellular route more accessible for hydrophilic drugs. We can postulate that bile salts
could promote in vivo BBB permeability of hydrophilic drugs via facilitating the paracellular
pathway.

Unlike permeability studies, uptake experiments focus exclusively on transcellular pathways
which include both passive and active uptake and efflux transport. In Chapter 5, it was shown
that P-gp is inhibited by MKC in RBE4 cells. Passive diffusion is likely to be a minor
pathway for a hydrophilic compound like M6G.99 The active transport pathway for M6G is
not fully understood and it is not clear whether M6G is a substrate of P-gp. Although it has
been shown that M6G is a substrate of P-gp in a rat model and in primary cultured porcine
brain capillary endothelial cells, there was no differences in brain uptake and antinociceptive
effects of M6G between P-gp knockout and wildtype mice.262-263 Also the P-gp inhibitors
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used in this study had no effect on M6G uptake into RBE4 cells (Figure 6-4) supporting the
view that M6G is not a substrate of P-gp in RBE4 cells. Moreover, it has been shown that
M6G is actively transported by other transporters at the BBB, such as GLUT1 and digoxin-263
and probenecid-sensitive transporters.264

M6G uptake was unaffected by C and TC but increased markedly by DC at concentrations of
0.5 and 1 mM. The increase is probably due to a compromised cell membrane because these
concentrations were shown to be cytotoxic (Figure 5-4 and 5-5 in Chapter 5). On this basis, it
is suggested that the increased uptake results from damaged cell membranes allowing entry
of M6G into the cell. Surprisingly, 1 mM MKC significantly increased M6G uptake without
any apparent cytoxicity. It is postulated that MKC intercalates the cell membrane and affects
membrane fluidity as demonstrated in Chapter 5 (Figures 5-6 and 5-7), thereby enhancing
passive diffusion and indirectly affecting transporters (Chapter 5). As passive diffusion across
the cell membrane is an unlikely route for M6G, modulating cell membrane bound influx
transporters (GLUT1 and a digoxin-PSC833 co-sensitive transporter)263 could be a possible
mechanism to explain the effects of MKC.

Previously, the cytotoxicity of bile salts was evaluated in a hemolytic assay (Figure 5-3). The
results were consistent with those of the LHD (Figure 5-4) and MTS (Figure 5-5) assays
except that TC was less cytotoxic than MKC to RBE4 cells but more cytotoxic than MKC to
RBC. Cytotoxicity of bile salts is considered to be inversely associated with their
lipophilicity.217 Although the relationship between cytotoxicity and lipophilicity of the four
bile salts was apparent, TC cytotoxicity in RBE4 cells may be less than that expected on the
basis of lipophilicity alone. It has been shown that a specific mechanism exists for the active
efflux of TC from the rat brain25 and it is hypothesized that RBE4 cells express this specific
mechanism and this is the reason for the very low intracellular TC levels (Figure 6-6). On the
other hand, the most hydrophobic bile salt, DC, showed the highest intracellular uptake and,
at a concentration of 0.5 mM, produced approximately 97% cytotoxicity increasing to 100%
toxicity at 1 mM. It is believed that 1 mM DC completely disrupts cell membranes so that
intracellular DC was released to the extracellular space. Overall, the results suggest that the
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cytotoxicity of bile salts to RBE4 cells is related to their ability to accumulate in cells as a
result of passive and active transport (TC was effluxed) processes.

It is reported that some substances affect the deformability of endothelial cells242 and
epithelial cells,265 thereby affecting paracellular permeability of membranes. In this Chapter
rat RBC were used as a readily available model of endothelial cells to investigate whether
bile salts change the mechanical properties of a plasma membrane. Since the stability of a
phospholipid bilayer and many intracellular biochemical events are controlled by calcium, the
role of calcium in bile salt induced deformability was also studied. The effect of bile salts on
RBC deformability was studied using a filtration method at concentrations below those
known to cause hemolysis (Figure 5-3). The RBC deformability is determined by three
factors; cell geometry, viscosity of cytoplasm, and intrinsic viscoelastic properties of the
RBC membrane.266 In the deformability study, a 3 μm pore-sized filter was used as it is more
sensitive to the viscoelastic properties of the cell membrane than a 5 μm filter which is more
sensitive to cytoplasm viscosity.248 It has been reported that once bile salts intercalate the cell
membrane, they lower the membrane tension so that the RBC are transformed from
biconcave to spherical cells with impaired deformability.267 DC, C and MKC had no effect
on the size of RBC, but TC (1 mM) significantly increased the size from 5.3 to 5.8 μm
(Figure 6-8). It was also been observed that DC, C and MKC did not affect the shape of RBC
whereas TC changed them from a biconcave to a spherical shape (Figure 6-9). This is
probably the reason why TC increases the size of RBC. Therefore, effects on RCTT by bile
salts are less likely due to changes in cell geometry and cytoplasma viscosity induced by bile
salts.

Results of the deformability study suggest that DC and MKC increase RCTT by changing the
mechanical properties of a plasma membrane (viscoelastic property). Some chemicals can
change paracellular permeability by modulating cell deformability.268 It is believed that
intercellular contact (in tight junctions) is modified when the mechanical properties or
morphology are changed. Thus, it is possible to conservatively postulate that one of potential
mechanisms of the enhancement of paracellular permeability (Figures 6-2 and 6-3) of the in
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vitro BBB model by bile salts is modulation of tight junctions by alteration of cell membrane
deformability. RBC as a readily available model of the cell membrane has the basic lipid
bilayer structure with embedded membrane proteins. However, differences in phospholipid
composition and expression and arrangement of membrane proteins between RBC and brain
capillary endothelial cells may lead to some differences in the effect of bile salts of cell
deformability. It is interesting to study the effect of bile salts on deformability of RBE4 cells
and arrangement of tight junctions in RBE4 cell monolayers.

6.5. CONCLUSION
The tightness of RBE4 cell monolayers is improved when a mixture of ACM and RBE4 cell
media (1:1 v/v) is used but addition of HCT does not improve the tightness of the model.
Using the RBE4/ACM II model, bile salts were shown to opened tight junctions at high
concentrations which could be related to their cytotoxicity. Unlike DC, MKC increased M6G
accumulation without cytotoxicity. It was also found that DC and MKC enhanced
paracellular permeability of RBE4 cell monolayers by altering cell membrane deformability.
It is suggested that MKC could be a useful permeability enhancer to improve drug delivery to
brain.
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Chapter 7. EFFECT OF MKC ON THE PHARMACODYNAMICS AND
PHARMACOKINETICS OF MORPHINE-6-GLUCURONIDE
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7.1. INTRODUCTION
In Chapters 5 and 6, the results of studies of the effects of bile salts on drug uptake and
transport in the RBE4 cell culture model of the BBB are reported. It was shown that at high
concentrations bile salts opened tight junctions and subsequently increased the permeability
of sucrose via the paracellular pathway. They also modulated the membrane fluidity of cell
membranes to increase passive diffusion. In addition, the novel semi-synthetic bile salt,
MKC, inhibited P-gp efflux. It was therefore of interest to investigate the effect of the novel
semi-synthetic bile salt, MKC, on drug transport into the brain in an in vivo model. This was
done in rat using M6G was as the model drug.

M6G was used as a probe drug for in vivo pharmacodynamic (PD) and pharmacokinetic (PK)
studies since as an analgesic compound, the effect of MKC on its pharmacodynamics could
be studied using the simple hotplate test. Since analgesia of M6G is dependent on the free
concentration of M6G in the brain extracellular space where it binds to the μ-opioid
receptors84, an increase in analgesia in the presence of MKC would indicate changes in the
concentration of M6G in the extracellular space. This could occur for a number of reasons,
one being the increased penetration of M6G through the BBB. The PD study also provided
an efficient method of choosing the appropriate doses of M6G and MKC for the PK study.

Determination of the brain/plasma ratio of M6G was used to evaluate the effect of MKC on
M6G transport across the BBB in rats. The ratio, calculated as the area under the curve
(AUCt0) of M6G in the brain to that in the plasma, describes the extent of brain uptake of
M6G rather than the rate of brain uptake. It depends on passive diffusion, active transport
(uptake and efflux) at the BBB, metabolism and relative binding to plasma proteins and brain
tissue.264,269
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7.2. MATERIALS AND METHODS

7.2.1. Materials
MKC was obtained as described in Chapter 2. Ringer‟s buffer (10 mM D-glucose; 0.23 mM
MgCl2; 0.45 mM KCl; 120 mM NaCl; 0.70 mM Na2HPO4; 1.5 mM NaH2PO4), HEPES,
calcium chloride, formic acid, hydrocortisone and sodium bicarbonate were purchased from
Sigma-Aldrich. M6G was kindly gifted by CeNes LtD (Acquired by Paion AG).

7.2.2. M6G assay validation
An LC-MS/MS assay for M6G in rat plasma and brain tissue was developed and validated
based on the LC-MS/MS assay for M6G in buffer and RBE4 cell homogenate (Chapter 6).
Blank rat plasma was obtained by centrifuging whole blood in heparinised tubes at 3000 g for
10 min. Rat brain was homogenized in normal saline at a ratio of 1:2 (w/v). Both plasma and
brain samples were mixed with two volumes of ice-cold acetonitrile, vortexed for 20 s,
centrifuged at 12 000 g for 10 min and supernatants injected into the LC-MS/MS system.

The LC-MS/MS assay for M6G in rat brain and plasma was linear in the range 2 - 400 ng/ml.
Intra-day and inter-day accuracies at 10, 30 and 300 ng/ml M6G were in the range 91 -109 %
with corresponding precisions (CV) of < 13.4 % (Table 7-1).

166

Table 7-1. Intra- and inter-day precision and accuracy for the LC-MS/MS assay of M6G in
rat brain and plasma
Nominal Conc.(ng/ml)

Observed Conc.
(mean±SD)

Precision (% CV)

Accuracy (% of
nominal conc.)

273±18
26.7±1.7
10.2±1.1

6.62
6.36
10.49

91.1
89.0
102

280±20
27.7±1.6
9.7±1.3

7.08
5.78
13.4

93.2
92.3
97.0

301±10
30.0±2.0
10.9±1.1

3.29
3.59
10.04

100.2
100.1
108.8

310±19
30.5±1.6
10.6±1.3

6.38
5.25
12.0

103.3
101.6
105.7

In Brain
Intraday n=5
300
30
10

Interday n=5
300
30
10

In Plasma
Intraday n=5
300
30
10

Interday n=5
300
30
10

7.2.3. Pharmacodynamic study (hotplate method)

7.2.3.1.

Temperature validation.

A hotplate was constructed for use in the PD study. A 30 cm x 30 cm metal plate made of
Grade 316 Stainless Steel (0.6 mm thick) formed the hotplate the temperature of which was
controlled by circulating water from a thermostatted water-bath (Thermomix 1420, B. Braum,
Germany) through the chamber underneath the metal plate). To confine rats to a defined
observation area, a 20 cm high colourless acrylic wall was placed around the hotplate.
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Metal plate
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Figure 7-1. Hotplate for determination of the analgesic effect of morphine-6-glucornide.

The water-bath temperature was set to 55 oC and the hotplate temperature measured using a
thermal sensor attached to the metal plate surface and connected to a multimeter (Digitor
Q1467) to measure resistance. A calibration curve of temperature versus resistance of the
sensor was constructed (Figure 7-1). Briefly, the sensor was immersed in 1 litre of water and
slowly heated by an immersion heater in incremental steps. The heater was turned off and the
vessel stirred for approx 1 min to allow temperature equilibration before each
measurement. The resistance of the sensor was recorded and the temperature measured using
a digital thermometer (Center 370 With PT100 Probe, Homersham Ltd). A reading of 0 °C
was achieved using stirred ice and water in equilibrium for approximately 10 min. A mini
infrared thermometer (42500, Extech Instruments) was also used to measure the surface
temperature of the hotplate. The water bath was heated up to the target temperature (55 oC) in
20 min and the surface temperature was kept constant for the entire study period (Figure 7-3).
Due to heat loss during water circulation, the actual surface temperature measured by the
thermal sensor was 53.0 ± 0.5oC
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Figure 7-2. Calibration curve of resistance versus temperature for the hotplate used in the
pharmacodynamic study.
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Figure 7-3. Surface temperature of the hotplate measured using a thermal sensor. At time
zero, the water bath was turned on with a target temperature of 55 oC.
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7.2.3.2.

Drug solutions

M6G and MKC were dissolved in normal saline at final concentrations of 10 and 16.2 mg/ml
respectively. The solutions were sterilized by filtration through 0.22 µm Millex-GV filter unit
(Millipore, US) in a cell culture hood. The solutions were kept at 4 oC until use.

7.2.3.3.

Experimental design

Both PD and PK studies were approved by the University of Otago Animal Ethics Committee
(AEC#: 62/09). Male Wister rats (300 +/- 20 g) were brought to the test room and allowed to
acclimatise for 12 h. Rats (32) were randomly divided into four groups (8 rats per group),
labelled C (control), L (low dose MKC), M (medium dose MKC) and H (high dose MKC).
All rats received a subcutaneous (s.c.) injection of M6G (5 mg/kg) 30 min before s.c.
administration of saline (group C) or MKC 5, 10 or 20 mg/kg for groups L, M and H
respectively.

7.2.3.4.

The hotplate test

A single rat was placed on the hotplate and a stopwatch started. The latency period was the
time at which the rat showed the first overt behavioural sign of pain (licking a hind paw or an
escape response) after being placed on the hotplate. Imeediately the rat showed a sign of pain,
the watch was stopped and the rat removed from the hotplate. If there was no sign of pain
within 30 s, the rat was removed from the hotplate to prevent any tissue damage. Each rat
was put on the hotplate on three occasions over a 30 min period in order to familiarize rats
with the hotplate. Pre-dosing baseline latencies were determined on at least three occasions
before the actural experiments. Hotplate testing was performed on each rat at 5, 15, 30, 45,
60, 75, 90, 120, 150 and 180 min after administration of M6G (Figure 7-4).
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Figure 7-4. Procedure for the hotplate test for analgesia.

To correct for individual differences in baseline latencies, data (latencies) were converted to
percentage maximum possible effect (% MPE) using the following equation.270

%MPE 

PostM6G Latency - PreM6G Latency
100
Maximum Latency - PreM6G Latency

Eq. 7.1

7.2.4. Pharmacokinetic study
A total of 30 rats from the PD study were randomized to two groups (control and treatment,
15 rats per group) after a 2 week wash-out period during which they were housed under a 12
h light-dark cycle with free access to food and water. All rats then received an s.c. dose of 5
mg/kg M6G. Rats in the treatment group and control groups received an s.c. dose of 20
mg/kg MKC or the same volume of saline respectively 30 min prior to M6G administration
on the contralateral side. At 30, 60, 90, 120 and 180 min after M6G administration, 3 rats
from each group were euthanized using CO2. A blood sample (2 ml) was immediately taken
from the heart and transferred into a heparinised tube. Blood samples were centrifuged at
3,000 g for 10 min and plasma collected. In order to eliminate blood in rat brain capillaries,
20 ml saline was then perfused through the rat blood circulation using a MasterFlex L/S
pump (Cole-Parmer Instrument, USA) at a rate of 10 ml/min. After perfusion, rat brain tissue
was collected. Both plasma and brain tissue were stored at – 80 oC until analysis (< 2 weeks)
using the sample preparation and LC-MS/MS assay described in Section 7.2.2 above.
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7.2.5. Statistical analysis
Data were analysed by one-way ANOVA with Tukey‟s or Dunnett‟s post hoc tests
(depending on the results of homogeneity of variance tests for multiple comparisions) with
SPSS 11.0 (Systat Software Inc., San Jose, CA). Values of p < 0.05 were considered
significantly different from control. Comparison of two slopes was conducted by a method
equivalent to an Analysis of Covariance (ANCOVA).271 The area under the analgesic effect
versus time curve (AUAE) was calculated for each individual rat and analysed by one-way
ANOVA.

7.3. RESULTS

7.3.1. Pharmacodynamic study
Rats were familiarized to the apparatus and test procedure in order to minimize any
hypoalgesia or hyperalgesia induced by novelty and restraint. After the familiarization period,
rats were tested three times before MKC (or saline) administration and three times before
M6G administration. Figure 7-5 showed the baseline latency. The first three time points were
pre-MKC baseline and the last three points pre-M6G baseline. A general linear model test
showed MKC treatment; time point and the interaction between MKC treatment and time
point were not significant.
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Figure 7-5. Baseline measurements. The first three time points were pre-MKC baselines and
the last three points pre-M6G baselines (Data are means ± SD, n=8 rats/group).

The maximum analgesic effect was seen 30 ~ 45 min after administration of M6G (Figure 76). At the maximum analgesic effect, the latencies the C, L and M groups were about 20%
whereas the H group showed a higher latency of around 30% which this was not significantly
different from that of C. At 2 h after M6G administration, there was almost no analgesic
effect observed in C, L or M groups, but the H group showed an analgesic effect which was
significantly (p<0.05) above that of C. Only in the H group the AUAE was significantly
(p<0.05) greater than control (Figure 7-7).
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Figure 7-6. Effect of different doses of MKC (5, 10 and 20 mg/kg) on the analgesic activity
of M6G MKC and M6G were given by subcutaneous injection at different sites (Data are
means ± SD n=8 rats/group).
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Figure 7-7. Effect of MKC on the analgesic effect of M6G based on the areas under the
analgesic effect vs. time curves (Data are means ± SD, n=8 rat/group).
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7.3.2. Pharmacokinetic study
Since only the MKC dose of 20 mg/kg produced a significant pharmacodynamic effect, only
the 20 mg/kg dose was assessed against control in the PK study. The MKC-treated group
showed higher M6G levels in both plasma and brain tissue (Figure 7-8). The 95% confidence
intervals of the AUCt0 of each group, calculated based on a serial sacrifice design,272-273 are
listed in Table 7-2. The AUC of the treatment group was significantly higher than that of the

M6G concentration in plasma (ng/ml)

control group in both plasma and brain.

10000

A

8000
Control
Treatment

6000

4000

2000

0

0

20

40

60

80

100

120

140

160

180

200

M6G concentration in whole brain (ng/gram)

Time (min)
25

B
20

15

10

5
Control
Treatment
0

0

20

40

60

80

100

120

140

160

180

200

Time (min)

Figure 7-8. Effect of treatment with MKC (s.c. 20 mg/kg) 30 minutes prior to M6G (s.c. 5
mg/kg) on the (A) plasma and (B) brain concentration-time profiles of M6G (Data are means
± SD, for three rats at each time point).
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Table 7-2. 95% confidence intervals of AUC(0-180) for
In Plasma (h·ng/ml)

In Brain (h·ng/g brain )

Control

5277~5845

28.5~32.0

Treatment

8123~9361

34.5~40.6

7.4. DISCUSION
The pharmacodynamic study showed that an s.c dose of 5 mg/kg M6G produced an analgesic
effect in rats. Rats treated with MKC showed maximum analgesia at 40-60 minutes which
was slightly later than in the control group. The low and medium doses of MKC produced no
effect on the analgesic effect of M6G, but the dose of 20 mg/kg MKC significantly enhanced
the effect. This suggests 20 mg/kg is an effective dose of MKC to enhance brain uptake of
M6G in rat. Accordingly this dose was chosen for the pharmacokinetic study.

Pharmacokinetic data showed the tmax of M6G at 30 min in both plasma and brain tissue.
However since this was the first sample taken, the true tmax may have been earlier. A larger
study using more animals, or a different blood sampling protocol would be required to assess
this. A tmax of 15 min for both plasma and whole brain has been reported after s.c. injection of
M6G in rat.98,102 It has also been reported that a pronounced delay occurs between the Cmax in
the plasma concentration-time profile and the Cmax in the analgesic effect-time profile.274
This is also found in the present study where the plasma peak occurred at 30 min (or earlier)
and the maximum analgesic effect occurred at 40-60 minutes. This is believed to be due to
the slow permeation of the hydrophilic M6G across the BBB.275-276 Later, it was found that a
slow passage across the BBB only partially explains the delay in analgesic effect M6G.
Another reason for the delay is the distribution of M6G within the brain to the site of
action.277 The latter may explain why the peak in brain M6G levels (30 min or earlier)
occurred before the peak in analgesic activity (40-60 minutes).
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MKC treatment significantly increased the AUC of M6G in both plasma and brain. This
increase could be due to increased bioavailability from the s.c. site or to changes in clearance
or volume distribution of M6G or to a combination of factors. After s.c. injection, the
bioavailability of M6G has been reported to be 100% in human94,278 and ~83% in rat.279 If
this 83 % figure is applicable to the current study, the significant increase in the AUC from
5600 to 8700 h.ng/ml (Table 7-2), a 57 % increase, can not be explained, or at least solely
explained, by increased bioavailability from the s.c. site. The terminal slopes (last three time
points) of the concentration-time curves of the control and treatment groups were -0.0294 ±
0.0032 and -0.0174 ± 0.0024 respectively. Comparing the slopes using a method equivalent
to an Analysis of Covariance (Graphpad Prism5.0 software),271 showed that the control group
has a significantly steeper slope (p=0.01112) than the treatment group (Figure 7-9). This
suggests that the clearance or volume of distribution of M6G, or both, have been affected by
MKC. An intravenous M6G study would be required to assess this with confidence.
However, some understanding can be gained by noting that the elimination rate of M6G in
the treatment group is slower than in the control group while the plasma levels are higher
(Figure 7-9) suggesting MKC may have decreased the clearance of M6G. M6G is mainly
eliminated by renal excretion and M6G is known to accumulate in the body when renal
function is impaired.280-281 It can be speculated M6G elimination is decreased due to an
MKC-mediated decreases in renal clearance.
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Figure 7-9. Effect of MKC (20 mg/kg) s.c.) on the Ln (plasma concentration)-time profiles of
M6G (5 mg/kg s.c.) administered 30 min later (Data are means ± SD, n=3 rats at each time
point).

The 95% confidence intervals for the AUC ratios of brain/plasma in control and treatment
group were calculated as described in Appendix 3 and are shown in Table 7-3. Ideally, the
brain/plasma concentration ratio should be determined at steady-state in order to obtain
information about the extent of drug uptake by the brain but, in this study steady-state
between plasma and brain was not achieved. Moreover, the delay in measureing of brain
concentration compared plasma concentration277 made the ratio of brain/plasma concentration
meaningless. The AUC ratio of brain/plasma is a more meaningful parameter.

For a drug which freely diffuses across the BBB the free (unbound) concentration in the brain
should be same as the unbound concentration in the plasma at steady state. If an efflux
mechanism is involved, the free concentration in the brain should be lower than the free
concentration in the plasma. Only total concentrations were measured in this study but since
M6G is reported to be bind to plasma proteins to only a low degree (15%),97 binding is
neglected in the following discussion. It was shown that the brain/plasma AUC ratios for the
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control and treatment groups were very small which may suggest M6G transport across the
BBB is limited by an efflux transport system. As steady-state was not maintained and total
concentration rather than the free concentration of M6G was measured. This postulation is
very tentative.

The concentration of M6G in the brain of the treatment group was higher than that in the
control group (Figure 7-8B) consistent with the higher analgesic effect observed in the MKC
group (Figure 7-7), However, the AUC ratio in the treatment group was significantly lower
than that in the control group (Table 7-3). The lower ratio could be due to decreased M6G in
the brain but, this contrast with the results of in vitro studies in which MKC was shown to
enhance M6G permeation and uptake in RBE4 cells (Figures 6-3 and 6-5). Another
explanation for the lower ratio is that the plasma concentration in the treatment group was
higher due to renal impairment of M6G by MKC. To investigate further, it will be useful to
determine the free concentration of M6G in both plasma and brain at steady state in both
control and treatment groups.

Table 7-3. Effect of MKC on the brain/plasma ratios of AUCs. Entries are 95% confidence
intervals
AUC ratio (ml/gram)
Control

0.00494~0.00586

Treatment

0.00391~0.00471

7.5. CONCLUSIONS
In the pharmacodynamic study, an s.c. dose of 20 mg/kg MKC significantly increased the
analgesic effect of an s.c. dose of 5 mg/kg M6G . In the pharmacokinetic study, MKC
increased M6G levels in both plasma and brain. This is possibly due to impairment of renal
clearance of M6G by MKC. Even though brain uptake of M6G was increased in the presence
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of MKC, the decreased brain/plasma ratio tentatively suggests that MKC did not enhance the
permeability of the BBB.
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Chapter 8. GENERAL DISCUSSION AND FUTURE STUDIES
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8.1. GENERAL DISCUSSION
The treatment of CNS diseases such as brain tumour, epilepsy and Parkinson‟s disease is a
great challenge because delivery of drugs to the brain is highly limited by the BBB. A
number of approaches to enhance brain drug delivery have been studied but without much
success. A promising strategy is to use bile salts as permeation enhancers. The effect of bile
salts on the permeability of the BBB has received little attention but a previous animal study
has shown that the semi-synthetic bile salt, MKC, enhanced brain uptake of quinine and
increases the efficacy of morphine and pentobarbital in rats. Although this probably involves
changes in the permeability of the BBB, details of the mechanism of the enhancement remain
to be clarified.

In this thesis, the effect of bile salts on membrane permeability was studied using various
models starting with phospholipid monolayers and bilayers. The bilayer model consisted of
unilamelar liposomes made of soya lecithin since these are in the liquid crystalline phase at
room temperature and therefore are in the same state as cell membranes. Unilamelar
liposomes made of DPPC were also used as they are pure phospholipids with phase transition
temperatures above room temperature, allowing studies of the effect of bile salts on lipid
membranes by DSC and IR. More complex systems including brain endothelial RBE4 cell
monolayers and whole animals were also investigated.

To understand how bile salts affect membranes, it was first necessary to examine their
physicochemical properties (Chapter 2). In this respect, it was surprising to find that the small
difference in structure between C and MKC (replacing a hydroxyl group at position 12 by a
keto group) produced a marked change in physicochemical properties. The keto group is
equatorial rather than orthogonal to the steroid skeleton so that replacement of the 12hydroxyl group changes the facial amphiphilicity of the molecule. In fact MKC has
significantly lower lipophilicity and amphiphilicity than natural bile salts suggesting it may
have the least ability to interact with biological membranes.
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In studies of the interaction between bile salts and DPPC monolayers prepared using a
Langmuir trough (Chapter 3), bile salts were found to change the phase transition behaviour
of the monolayer and increase membrane compressibility. The ability of bile salts to penetrate
into DPPC monolayers was found to be concentration dependent and to correlate with their
lipophilicity as measured in the DPPC liposome/buffer system. MKC at 13.3 μM has a
critical surface pressure of 25.2 mN/m. Despite the fact that increasing MKC concentration
could increase its critical surface pressure, maybe MKC could not penetrate into the BBB as
the BBB has high lateral packing density at 35 mN/m.282 It may require a very high
concentration of MKC to penetrate into the BBB. In the animal study, MKC concentration in
plasma might be not high enough so that no effect of MKC on BBB permeability was
observed.

The insertion of bile salts into liposome membranes reduced the membrane surface charge
and led to a decrease in zeta potential. Electrostatic attraction is probably the major driving
force of lipid membrane binding of cationic compounds. It may be expected that increases in
cellular uptake of cationic compounds such as R123 due to decreasing cell surface charge.
Unlike membrane binding determined by CE (Figure 4-5), the uptake of R123 (at 10 μM) in
RBE4 cells was not dependent on bile salt concentration (Figure 5-10A). Living cells may
maintain their surface charge at a relatively stable level by flip-flop of charged phospholipids
and through the function of ion channels. Therefore, bile salts may not induce a significant
change in cell membrane charge. On the other hand, assuming that bile salts decrease cell
membrane charge and consequently increase cell membrane binding of R123, efflux by P-gp
may compromise the increase in R123 uptake in cells. A future study of the effect of bile salts
on the surface charge of living cell membranes would be useful to elucidate whether the
change in cell membrane charge induced by bile salts influence drug cellular uptake. The
conjugated bile salt, TC, caused the most significant decrease in zeta potential. Given it has
the lowest pKa when the bile salts insert in the lipid bilayer and thus carries more negative
charge at the pH of Ringer‟s buffer (7.4) than the unconjugated bile salts. In addition, TC has
a longer side chain (taurine group) at position 17 compared with unconjugated bile salts such
that the taurine group may extend out of the lipid bilayer where it is likely to be less
influenced by steric shielding. All bile salts increased liposome membrane fluidity in both
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the bilayer core and polar head group regions as shown by fluorescence polarisation studies.
Membrane fluidization by bile salts is a possible mechanism to explain membrane
permeabilization196 and increase in drug/lipid membrane partitioning283 induced by bile salts.

The effect of bile salts on the permeability of liposome membranes was studied using CF
release and a dithionite permeability assay (Chapter 4). In general, the more lipophilic the
bile salt the greater its effect on membrane permeability (Figure 4-16). Incorporation of bile
salts into membranes at equilibrium increased dithionite permeability. More importantly, it
was postulated that the process of bile salt distribution between the outer and inner leaflets of
the liposome membrane caused marked permeabilization whereas the membrane is relatively
less leaky once equilibrium is reached (Figure 4-12). These results suggest co-administration
of a drug with a bile salt will achieve greater permeation of the drug through a membrane by
passive diffusion than pretreatment with bile salt since more drug molecules may be able to
pass through the membrane before equilibrium in the bilayer is reached.

In Chapters 5 and 6, the RBE4 cell model was used to study the effects of bile salts on
permeation via the transcellular and paracellular pathways. First, the cytotoxicity of bile salts
to RBE4 cells was investigated using assays based on hemolysis, LDH release and MTS
release. It was found that the cytotoxicity of bile salts correlated with their lipophilicity in the
hemolysis assay but, in the LDH and MTS assays, the moderately lipophilic TC showed no
evidence of cytotoxicity. This could be due to a TC-specific efflux transport system in RBE4
cells which is not present in RBCs. Moreover, the order of decreasing cytotoxicity of
unconjugated bile salts is DC > C > MKC which is same as the order of CF release induced
by these bile salts with the exception of TC. The liposome membrane has been used as a cell
membrane model to investigate the mechanism of chemical toxicity.284 Based on the results
obtained in this thesis, it appears bile salts mediate cytotoxicity through disruption of cell
membranes. The CF release study failed to predict the cytotoxicity of TC to RBE4 cells
which indicates the liposome model is only suitable for studying cytotoxicity mediated by
physical disruption of the cell membrane.
184

The effect of bile salts on drug uptake in RBE4 cells via the transcellular pathway was
studied using the P-gp substrate R123 as a model compound (Chapter 5). It was found that
bile salt monomers increased passive uptake of R123 probably by increasing membrane
fluidity. All bile salts increased cell membrane fluidity in a concentration-dependent manner
(Figures 5-6 and 5-7) consistent with their effects on membrane fluidity of liposome
membranes (Figures 4-6 and 4-7). TC decreased R123 uptake at concentrations above its
CMC despite showing no cytotoxicity (Figure 5-10 B). This indicates micelle formation as
well as cytotoxicity limits application of bile salts at high concentrations.

Surprisingly, MKC showed the least effect on lipid membranes but inhibited P-gp efflux of
R123 in RBE4 cells. Three mechanisms of P-gp inhibition have been suggested; i)
competitive or non-competitive blocking of the binding site, ii) alteration of membrane
fluidity and iii) interfering with ATP hydrolysis.226 Based on a mechanistic model, it was
suggested that MKC inhibits the kinetics of P-gp efflux rather than the binding of P-gp to its
substrate. Pharmaceutical surfactants have been found to facilitate influx of P-gp substrates
by increasing membrane fluidity through altering the secondary and tertiary structure of P-gp
embedded in the membrane.285 Although all bile salts increased membrane fluidity, it is
unlikely that MKC inhibited P-gp due to modulation of the cell membrane fluidity as MKC
showed the least ability to increase membrane fluidity. Therefore, the most possible
mechanism to explain P-gp inhibition by MKC is through interfering with ATP hydrolysis.

In Chapter 6, the effect of bile salts on drug permeation via the paracellular pathway was
studied in RBE4 cell monolayers. Initially, two approaches were evaluated for their ability to
improve the tightness of RBE4 cell monolayers. It was found that co-culture with ACM II is
the most effective way to seal tight junctions. Studies on the permeabilities of sucrose and
M6G in the absence and presence of bile salts showed that high concentrations of bile salts
(2-5 mM) were required to increase paracellular permeation of hydrophilic compounds. It
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was suggested that bile salts open tight junctions by modulation of cell membrane
deformability.

In Chapter 7, the effects of MKC on the pharmacokinetics and pharmacodynamics of M6G
was studied in rats. Results of the hotplate test showed that MKC significantly increased the
analgesic activity of M6G (s.c. 5 mg/kg) but only at the highest dose (s.c. 20 mg/kg). In the
pharmacokinetic study, it was unexpectedly found that MKC treatment decreased the
brain/plasma AUC ratio due to the fact that it increased the absolute concentration of M6G in
both brain and plasma. The very low brain/plasma AUC ratios in both control and treatment
groups suggest M6G transport across the BBB is limited by an efflux transport system.
Moreover, it was found that the MKC treatment group had a significantly lower plasma
clearance compared with the control group, which may be the reason for the higher plasma
level of M6G in the treatment group. However, because of the presence of an efflux transport
system, an increase in plasma concentration did not lead to a proportional increase in brain
concentration. In addition, MKC may cause more significant permeabilization before it
equilibrates in the cell membrane, as suggested by the flip-flop study in liposome membranes
(Figure 4-12). Therefore, pre-treatment with MKC 30 min before M6G administration may
not provide the optimum conditions for M6G penetration into the brain. It is suggested that
MKC should be co-administrated with M6G in the future studies.

8.2. FUTURE RESEARCH
The research in this thesis has stimulated some interesting questions for further study.
1. Based on the fact that insertion of bile salts into liposome membranes decreases
membrane surface charge, the effect of bile salts on the surface charge of living cell
membranes would be worthy of study. Moreover, it is of great interest to study the
effect of bile salts on cell transmembrane potentials using a voltage clamp.
Transmembrane potential is an important driving force for drug transport across
membranes.
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2. Bile salts markedly increase lipid membrane permeability before they equilibrate into
the inner and outer leaflets. It would be interesting to study the effect of bile salts on
living cell membranes before and after bile salts reach equilibrium in the cell
membrane. Bile salts may reach equilibrium in living cell membranes faster than in
lipid bilayers due to the facilitating action of a flippase or transporter.

3. Although insertion of bile salts into lipid membranes affects some biophysical
properties such as surface charge, fluidity and lipid packing, it is still not clear how
bile salts alter the lipid membrane at the molecular level. Molecular dynamic
simulation studies will be useful to investigate the effect of bile salts on the
thermodynamic and kinetic processes which govern drug binding and transport.

4. A small change in chemical structure makes MKC very different from C in its
physicochemical properties and ability to inhibit P-gp. A study of the structureactivity relationship for inhibition of P-gp by bile salts would be very useful to
understand the mechanism of inhibition and to guide the synthesis of more effective
and less toxic bile salts for use as P-gp inhibitors in the clinical setting. It is likely that
changes in the number and/or position of hydrogen bond acceptors (such as
replacement of hydroxyl group by keto group) in cholic acid will be useful since the
transmembrane sequence of P-gp is rich in hydrogen bond donor groups.286-287
Therefore increasing hydrogen bond acceptors and changing their acceptor pattern
(spatial distance) may also determine the binding with P-gp.288

5. To further study the effect of bile salts on BBB permeability, a pharmacokinetic study
in rat using microdialysis would be useful. This would preferably involve infusion of
M6G to achieve a steady state M6G blood concentration before administration of bile
salt. The determination of the free concentration of M6G in brain would provide more
useful information on its BBB permeability. In the cell culture studies, it was found
that MKC may be a P-gp inhibitor. Thus it is more realistic to study the effect of
MKC on BBB permeability of a P-gp substrate. Besides MKC, DC may be an
interesting bile salt to study in animal models as it showed the strongest interaction
with lipid membranes and cell membranes at low concentration. DC did not show
187

significant effects on P-gp efflux so that it may be more reasonable to use a model
drug which is not a substrate of an efflux transporter.
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APPENDICES

Appendix 3 Calculation of surface concentration (Γs) of bile salt in the DPPC monolayer
covered surface.

The Γs for a given AM can be calculated by means of the Gibbs isotherm with a modification

introduced by Pethica (Eq. A1.1).289
s 

1
d
1
d



    R  T d ln C s 2.3      R  T d log C s

(Eq. A1.1)

Here Γs is the relative adsorption of surfactant with reference to buffer solution. The factor Ψ
arises from the adsorption of the counterion of the ionic surfactant and was given a value of 1
for the present experimental situation. The factor Φ considers the presence of the monolayer,
and, following Pethica 289, is calculated as


AM
 
( AM  AM )

(Eq. A1.2)

where AM is the partial molecular area of the monolayer forming substance. To estimate the
value of Φ for the monolayer molecules, AM in the penetrated monolayer is required. Since

AM can not be found by direct measurements, we used an assumption suggested by
Pethica.289 In a mixed monolayer, AM at a given total surface pressure is taken to be the same

as the area of a DPPC molecule AM in a monolayer consisting of DPPC only:

(Eq. A1.3)
AM  AM
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Figure A1-1. Penetration isotherms of bile salts into DPPC monolayers dependent on AM .
surface pressures as a function of bile salt concentration.

The calculations were conducted for a surface pressure of 30 mN/m as this pressure is often
taken as the monolayer-bilayer equivalent pressure which best represents the packing density

in a biological bilayer 290-291. For AM , a value of AM = 50.5 nm2 (see π – AM isotherm of
pure DPPC; Figure 3-3) was used. The slopes of the linear sections of the penetration
isotherms are equal to d / d log C s (Figure A1-1).
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Appendix 4. Calculate bile salt partition coefficient in liposome/buffer system using zeta
potential measurements.166

The global partition coefficient of a bile salt (KpT) between a lipid and water phase is given
by the equation

K Tp 

A 
A 
T

m

(Eq. A2.1)

T

w

where [AT]m and [AT]w are the concentrations of bile salt in the lipid and water phases
respectively, which are based on the lipid and water solution volumes, Vm and Vw. The
partition coefficient can be related to the analytical concentrations [AmT] and [AwT] on the
basis of the total volume of the suspension by

K Tp 

AH   A / V  AH   A 
AH   A / V AH   A LV

m

w

m

w

m


m

m

w


w

w

(Eq. A2.2)



where [L] is the lipid concentration (M) and VФ is the lipid molar volume (L/M). AHm and
AHw neutral form of bile salt in lipid membrane phase and water phase respectively. Am- and
Aw- are deprotonated form of bile salt in lipid membrane phase and water phase respectively.

Similar expressions can be derived for the neutral (KpAH) and negative (KpA-) species as
follows:
K pAH 



K pA 

AH m  / Vm  AH m 
AH w  / Vw AH w LV

(Eq. A2.3)

A / V
A / V

(Eq. A2.4)
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On the other hand, the interaction of a bile salt with a lipid membrane can be regarded as a
binding equilibrium described by a binding constant, KbT, defined as

K bT 

A 
T
m

A L  A 
T
w

T
m
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(Eq. A2.5)

The binding constant can be related to the corresponding partition coefficient by the equation





K bT  K Tp  1 V

(Eq. A2.6)

The distribution of any compound present in both ionized and unionized forms between an
aqueous phase and a lipid membrane phase can be described by the following Langmuir
adsorption isotherm.
*
 A  K b* A ( max
  *A   *AH )Ai 


(Eq. A2.7)



*
 AH  Kb* AH ( max
  *A   *AH )AH i 

(Eq. A2.8)



where K b* A and K b* AH are the binding constants for the negatively charged and neutral forms
of the bile salt.  *A and  *AH are the number of A- and AH molecules adsorbed per unit area
*
of membrane,  max
is the maximum number of bile salt molecules in any form adsorbed per

unit area, and [Ai-] and [AHi] are the concentrations of A- and AH at the membrane surface.
The Langmuir isotherms can also be expressed in terms of partition coefficients, taking into
account Eqs A2.2-A2.5, A2.7 and A2.8.166
*A
Ai 
 *A  K p  max
* A



(Eq. A2.1)
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(Eq. A2.2)

*A
AiT 
 T*  K *pT  max
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(Eq. A2.3)



where  T*   *A   *AH and AiT  Ai   AH i . To calculate the partition coefficient, it is

 

*A
necessary to know  *A ,  *AH ,  max
, Ai and AH i  . The number of molecules per unit area,
T

 * can be related to the surface charge density on the membrane, σ, by the equation

* 

N
F

(Eq. A2.4)

where N is the Avogadro number and F is the Faraday. The parameter σ can be obtained from
the surface potential, 0 , using the Grahame equation
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  zi F0   
  1 
 RT   

  2000  r  0 RT  Ci exp




i

(Eq. A2.5)

in which R and T are the gas constant and temperatur respectively,  r and  0 are the
permittivities of the aqueous phase and vacuum, C is the molar concentration, and zi is the
charge of the ith charged species present. Because only the charged form of bile salts binding
to the membrane affect 0 , if this quantity is known, it is possible to calculate  *A .The value
of  *AH can then be obtained using an equation analogous to the Henderson-Hasselbalch
equation



*
AH



 *A
10



(Eq. A2.14)

pH  pKm

where Km is the acidity constant for the membrane bound bile salt. It has been suggested that
the pKa of an acid increases and the pKa of a base decreases on partitioning into a
phosopholipid membrane. This is due to the effects of a decreased dielectric constant in the
interfacial zone.292 Moreover, there is a so-called “diff 1-2” approximation in which the
difference between the true pKa and pKm is approximately 1 log unit for bases and 2 log units
for acids.293 The calculated pKa for unconjugated bile salts is 4.82 and for taurocholate is 1.42
(Table 2-4). It has been reported that C and DC have pKm values of 6.8 and 6.5 respectively
determined using NMR spectroscopy.117 These values are consistent with the “diff 1-2”
approximation. Unfortunately, there are no measured pKm values for MKC and TC but using
their pKa (Table 2-4) and the “diff 1-2” approximation their pKm values are estimated to be
6.8 and 3.4 respectively.

The values of σmax* can be obtained from the binding isotherm

K b AT 
*

*
 max
1  K b AT 

(Eq. A2.15)

where the values of σmax* and Kb can be obtained after fitting σ* and [AT] into equation (Eq
3.21) using non-linear regression (Figure A2-1). Using this approach, the values of σmax*A-,
σmax*AH and σmax*AT can be obtained.
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Figure A2-1. Dependence of number of charged molecules per unit area (σ*) on the
concentration of bile salts at pH 7.4, in the presence of 500 µM liposomes. The curves
represent the best fit to Eq A2.15

Based on the Gouy-Ghapman-Stern theory of the diffuse electrical double layer, the
electrostatic surface potential ( x ) at a distance x from a membrane in the special case of a
solution containing only monovalent or divalent ions is given by
x 

2kT 1   exp( x)
ln
e
1   exp( x)

(Eq. A2.16)

where k is the Boltzmann constant, e is the electron charge,  is the reciprocal of the double
layer length and α is defined by the equation



exp( e0 / 2kT)  1
exp( e0 / 2kT  1

(Eq. A2.17)

The value of κ is given by
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kT
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(Eq. A2.18)

Equation 3.22 can be solved to express α as a function of Ψx



exp(ex / 2kT)  1
exp( x)[exp(ex / 2kT)  1]

(Eq. A2.19)

This allows the calculation of α if the value of Ψ at a given distance x from the surface is
known.

Rearranging Equation 3.25, the value of Ψ0 is related to α by
0 

2kT 1  
ln
e
1

(Eq. A2.6)

and Ψ0 can be calculated if the value of Ψx is known.

At a distance of 2Ǻ from the surface of the membrane, the surface potential is defined as the
zeta potential.294 Thus zeta potential is equal to Ψ2, in which Ψ2 denotes the value of Ψ at x=2
Ǻ. On this basis it is possible to calculate α and Ψ0.

The measurement of zeta potential allows the calculation of not only σ*A- and σ*AH, but also
[Ai-]. Because the concentration of the neutral form of a bile salt is not affected by the
membrane potential, it is approximately equal to the concentration in the bulk solution, thus
[AHi] ≈ [AHw]. On the other hand, the partitioning of a negatively charged bile salts, will lead
to a negative charge in the membrane that will repel ions with the same charge in the aqueous
phase leading to the concentration of the ionized form at the interface [Ai-] being lower than
in the bulk phase, [Aw-]. The concentrations of these species follow a Boltzmann
distribution:295
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(Eq. A2.7)

The value of [Aw-] can be obtained from the Henderson-Hasselbach equation
A 
A   1  1 /10
T
w


w

(Eq. A2.8)

pH  pKa

provided that [AwT] is known from a mass balance, [AwT] = [AT] – [AmT], where [AT] is the
total amount of bile salt added to the suspension. The number of bound molecules per unit
membrane surface area, σT*, is related to [AmT] by the following equation

 T* 

A 
La  A a
T
m

T
m

L

(Eq. A2.9)
A

which can be solved for [AmT] yielding

A   1   Laa
T
m

*
A

*
AH

*
A

L

*
AH

(Eq. A2.10)

A

Now, all the variables needed to calculate the partition coefficient have been related to the
zeta potential and [AT].
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Appendix 3 Mean and variance of a ratio of peak heights of liposome-containing sample
(Hsample) and the standard solution (Hstd) were calculated according to Taylor expansions

 H sample 
 H

 ) and the variance ( Var sample  ) of the
Briefly, approximations of the mean ( E 
 H s tan dard 
 H s tan dard 

ratio can be expressed using Equation A3.1 and A3.2 respectively.
 H sample  E H sample CovH sample, H s tan dard  VarH s tan dard E H sample
 
E 


E 2 H s tan dard 
E 3 H s tan dard 
 H s tan dard  E H s tan dard 



(Eq. A3.11)
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CovH sample, H s tan dard  VarH s tan dard 
 H sample  E H sample VarH sample
  2
Var
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 2
 (Eq.
E H sampleE H s tan dard  E 2 H s tan dard  
 H s tan dard  E H s tan dard   E H sample

A3.2)
where EH sample and E H s tan dard  are the means of Hsample and Hstd respectively; VarH sample
and VarH s tan dard  are the variance of Hsample and Hstd respectively; CovH sample, H s tandard  is
covariance of Hsample and Hstd. As liposome-containing sample and the standard solution are
independent, the CovH sample, H s tandard  is zero. Thereby, Eq A3.1 and A3.2 can be simplified
to Eq. A3.3 and A3.4 respectively.
E H sample VarH s tan dard E H sample
 H sample 
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(Eq. A3.3)

(Eq. A3.4)
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