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Summary

The Anti-diabetic Compound Metformin:
Effects upon Bile Salt Absorption and Vascular Compliance.

Dale Carter
Doctor of Philosophy
2000

The anti-diabetic drug, metformin, has been shown to reduce the incidence of
macrovascular complications in type 2 diabetic patients, often associated with a
lowering of total plasma cholesterol concentrations. This thesis has investigated
potential mechanisms through which metformin might produce these effects. The
possibility that metformin reduces cholesterol concentrations by reducing the
intestinal re-uptake of bile salts was examined in anaesthetised rats with 'C
sodium glycocholate introduced into jejunal or ileal segments of small intestine.
Subsequent monitoring of the appearance of '“C sodium glycocholate in plasma
and bile showed that metformin (250mg/kg) produced different effects on bile
salt absorption in the ileal and jejunal regions. Metformin significantly reduced
the movement of '*C glycocholate from the ileum into bile and hepatic portal,
arterial, and venous plasma. Conversely, metformin increased '*C glycocholate
uptake from the jejunum.

In human Caco-2 enterocyte preparations cultured on polyester membranes in
transwell plates, metformin (102 M) significantly inhibited active transfer of 'C
sodium glycocholate from the apical to basolateral chamber. Integrity of
monolayer preparations was confirmed using the non-transportable marker *H
mannitol, Metformin (107 M) increased mannitol flux into the basolateral
chamber implying an alteration of membrane integrity. The inhibitory effect of
metformin on '*C glycocholate transfer in conjunction with increased mannitol
flux implies a specific effect upon bile salt transport.

To investigate whether metformin could reduce the onset of macrovascular
disease, normal mice received a high cholesterol (5%) diet for nine months with
and without metformin (250mg/kg). Thoracic aortic compliance was assessed
using a sensitive modification of the Mulvany and Halpern myograph. Metformin
significantly increased contractile responses and produced a leftward shift in the
dose-response to noradrenaline. Metformin also increased tissue relaxation in
response to acetylcholine at high concentrations. Microscopic examination of
thoracic aorta determined no cholesterol deposition in any experimental group.
Furthermore, plasma cholesterol concentrations actually decreased following
chronic cholesterol feeding.

Investigation of the effects of metformin upon "*C sodium glycocholate uptake
and transfer has identified a specific ileal effect to reduce bile salt re-uptake. This
effect may provide a basis for lowering circulating cholesterol concentrations
through the tightly regulated feedback mechanisms that exist between luminally
absorbed cholesterol, cholesterol derived from de novo synthesis, and the
circulating pool of bile salts derived from these sources. Chronic administration
of metformin improved aortic compliance in mice.

Type 2 Diabetes Mellitus  Cholesterol Thoracic Aorta Caco-2 Dimethylbiguanide
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Chapter One: Introduction

1.1 Diabetes Mellitus:

Diabetes mellitus can be summarised as a condition of overt hyperglycaemia
associated with a multitude of factors related to impaired metabolism of
carbohydrate and fat. The origins of this condition arise from a contribution of
genetic and environmental factors. The condition is precipitated by a deficiency

of insulin secretion or resistance to the physiological effect of insulin (DeFronzo,

1997).

There are two main types of diabetes mellitus. Insulin-dependent diabetes
mellitus (IDDM) also known as type 1, and non-insulin-dependent diabetes
mellitus (NIDDM), also known as type 2. The introduction to this thesis will
focus upon type 2 diabetes, reviewing how this disease may predispose the
patient to life-threatening complications. The main focus of this thesis, however,
will de directed towards one specific anti-diabetic drug used in the treatment of
type 2 diabetes, dimethylbiguanide (metformin). In specific, this thesis will
investigate how metformin can improve life expectancy of type 2 diabetic

patients independently of glycaemic control, via its effects on lipoprotein

parameters and on vascular compliance.

NIDDM is characteristically associated with hyperglycaemia, the patient
probably having already passed through a prodromal period of impaired glucose

tolerance (IGT) prior to definitive diabetes. These conditions are the result of
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defects in insulin action and abnormalities of insulin secretion. Impaired insulin
action, or insulin resistance, is usually accompanied by a compensatory increase
in insulin secretion limiting the extent of hyperglycaemia. As the diabetic
condition progresses, both insulin resistance and insulin deficiency become
apparent. It is generally recognised that a variety of genetic and environmental
factors confer upon an individual a susceptibility to become less sensitive to the

acute metabolic effects of insulin, eventually giving rise to a condition of insulin

resistance (DeFronzo, 1997).

Slight hyperglycaemia, a consequence of tissue resistance to insulin’s effects,
causes the pancreatic  cells to attempt to ‘compensate’ for the insulin resistance
by secreting increasing amounts of insulin (DeFronzo, 1997). The increased
levels of insulin secreted may lead to hyperinsulinaemia. This may continue for a
lifetime, however in individuals who are genetically susceptible, and whose 8
cells display limited adaptive capacity for insulin secretion, then a point is
reached where insulin secretion falls due to exhaustion of the f cell population.
This usually occurs when the fasting glucose concentration exceeds 140 mg/dl or
approximately 7.8mmol/l (DeFronzo, 1997). At this point hepatic glucose output
(HGO) begins to increase, due to both insulin resistance at the hepatic level and
falling insulin levels. HGO makes a major contribution to fasting hyperglycaemia
(DeFronzo et al., 1989). According to Scheck et al. (1991), insulin resistance in
skeletal muscle is one of the most important sites for impaired glucose uptake in

individuals with NIDDM. Insulin resistance (to the metabolic effects of insulin)

17



is, however, common in both tissue types and serves to potentiate elevated blood

glucose levels (DeFronzo, 1997).

NIDDM accounts for up to 85% of all cases of diabetes worldwide and is
associated with premature mortality as a result of its microvascular and
macrovascular complications (Weir and Leahy, 1994). The prevalence of
NIDDM is increased in people who are obese, those which are physically inactive
and first-degree relatives of NIDDM sufferers. The problem of NIDDM is
growing at an alarming rate and has been linked to industrialisation, affluence

and an increased elderly population, making diabetes the fourth or fifth leading

cause of death in most occidental societies.

1.2 NIDDM and associated conditions:

Individuals who suffer from NIDDM tend to have a variety of additional
conditions associated with their diabetic state. Together this cluster of conditions
is referred to as Syndrome X and consists of the following: -

** Insulin resistance

% Hyperinsulinaemia (initially)

% Hyperglycaemia

*» Obesity (mainly visceral)

%+ Dyslipidaemia

¢+ Atherosclerosis

% Coronary heart disease (CHD), the most common cause of death amongst

diabetic patients.

53

b%

Pro-coagulant state
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Not all of these conditions are necessarily present in a diabetic individual,
however the presence of several of these factors is commonly seen in diabetic
patients. The underlying feature of the proposed syndrome is believed to be
insulin resistance, with hyperinsulinaemia and the other features occurring
consequentially (Reaven, 1988). NIDDM itself, is a condition that leaves the
sufferer susceptible to serious microvascular complications such as retinopathy,
nephropathy, and neuropathy. Furthermore, the presence of syndrome X

increases the prevalence of macrovascular disease in the diabetic individual.

1.2.1 Insulin resistance:

Insulin resistance is a common condition within the general population. Indeed
evidence exists linking advancing age with a reduced sensitivity to insulin
(DeFronzo, 1979). The majority of patients with IGT or NIDDM are insulin
resistant, and initially the plasma insulin concentrations are raised. If, however,
the pancreatic B cells are able to maintain the plasma glucose level within a
‘normal range’ then hyperglycaemia will not result. It is only when they are no
longer able to sustain the increased levels of insulin secretion (which are required
to compensate for the underlying insulin resistance) that hyperglycaemia appears
(Reaven, 1988; Reaven ef al., 1989). Insulin resistance per se is probably present
in the majority of individuals who are glucose intolerant, albeit at a mild level.
There is a fine line between impaired glucose tolerance and overt diabetes, the
latter may never develop and is ultimately dependent upon the magnitude of
resistance to insulin and the adaptability of the B cells to compensate for this

defect with hyperinsulinaemia.
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There are two hypotheses for the progression of IGT to NIDDM as reviewed by
DeFronzo (1997). The first hypothesis is that insulin resistance is the primary
metabolic defect, and enhanced insulin secretion is merely a consequence of this.
The second hypothesis involves the over secretion of insulin as the primary event,
with insulin resistance as a consequence, presumably through down-regulation of
insulin receptors. Indeed, there are arguments in support of both as to the origins
of this disease, each as plausible as one another. Nevertheless we do not know for
certain which metabolic defect precedes the development of type 2 diabetes,
although the volume of evidence presently available suggests an initial defect of

insulin resistance.

In a study by Taylor et al. (1992), some patients were seen to develop diabetes as
a result of mutations in the insulin receptor gene. Such patients became severely
resistant to insulin and consequently hyperinsulinaemic. This, according to
Taylor et al. (1994), implies that both insulin resistance and hyperinsulinaemia
commonly exist together and are instrumental in the progression of the disease.
However, one of these factors alone can be a sufficient cause of diabetes and can

be primary to hyperinsulinaemia in the development of NIDDM.

An alternative possibility in some individuals is that a primary defect of insulin
secretion may be responsible for type 2 diabetes i.e. hypersecretion, as detailed by
DeFronzo (1997). This is supported by the finding that hyperinsulinaemia in the
fasting state and following a meal precede the development of insulin resistance
in individuals with juvenile-onset diabetes. Insulin receptors may be down-

regulated in insulin sensitive tissues as a result of excessive production of the
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hormone. The net result is impaired glucose transport and glucose
phosphorylation (Jeanrenaud, 1994; Del Prato et al., 1994). There are, however,
many hypotheses as to the primary cause of this insulin resistance, which is a
characteristic feature of NIDDM; these will be discussed where relevant in the

following paragraphs.

1.2.2 Sites of Insulin Resistance:

A characteristic feature of NIDDM is hyperglycaemia during both the fasting and
postprandial state. The brain is responsible for the utilisation of approximately
50-60% of the glucose during the postabsorptive state. The use of glucose by the
brain is insulin-independent and thus is not affected by the diabetic state
(DeFronzo, 1997). In the non-diabetic state, secretion of insulin is stimulated
above basal levels when glucose becomes available during a meal and the plasma
glucose concentration rises above approximately 5.5mmol/l. Insulin normally
prevents the production and release of glucose from the liver. However, in
NIDDM this insulin signal is not generated due to insulin resistance and a blunted
first phase release of the hormone. Thus, the liver continues to produce glucose
when glucose is being absorbed from the intestine, contributing to the

hyperglycaemia (DeFronzo, 1997).

1.2.2a Liver:

Hepatic glucose production (HGP) is regulated hormonally by the short-term
actions of insulin and glucagon. The disposal of glucose by comparison is
primarily under the control of insulin (Weir and Leahy, 1994). In the non-

diabetic, HGP should under normal circumstances be suppressed by
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hyperglycaemia (Revers et al., 1984). However, in type 2 diabetes this normal
autoregulation is impaired, i.e. the suppressive effect of hyperglycaemia on HGP
is diminished. Indeed, glucose production by the liver is incremental as the state
of diabetes worsens (DeFronzo, 1988). In addition to the suppressive effect of
hyperglycaemia upon HGP, insulin normally inhibits HGP. Many subjects with
NIDDM demonstrate fasting hyperinsulinaemia along with enhanced HGP
leading to the conclusion that the liver has developed resistance to the metabolic

actions of insulin (DeFronzo, 1997).

Glycogenolysis and gluconeogenesis account for glucose production from the
liver (DeFronzo and Ferrannini, 1987; Cherrington et al., 1987). Several studies,
using radiolabelled gluconeogenic precursors have shown that gluconeogenesis
accounts for over 90% of the increase in HGP in type 2 diabetes (Consoli ef al.,
1989; Consoli ef al., 1990) and reflects impaired nutrient metabolism at various
tissue sites.

In addition to insulin resistance, several mechanisms have been suggested to
contribute to the increase in gluconeogenesis in type 2 diabetes. These include
increased circulating levels of gluconeogenic precursors (such as lactate)
(Consoli et al., 1989), and hyperglucagonaemia (Baron et al., 1987). These
gluconeogenic precursors have become available to the liver due to disturbances
in other areas of metabolism, themselves quite possibly a consequence of insulin
resistance. Since insulin is known to regulate lipolysis, any reduction in the
sensitivity to insulin will have widespread metabolic ramifications. An imbalance
in the glucose-fatty acid cycle with increased free circulating fatty acid

concentrations, results in increased fatty acid oxidation in the liver. This results in
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preferential metabolism of free fatty acids (FFA) in place of glucose. In the liver
excess FFA provides an energy source which facilitates gluconeogenesis and

thereby potentiates hyperglycaemia.

1.2.2b Muscle:

Skeletal muscle is quantitatively the main site of insulin-mediated glucose
disposal. As such, skeletal muscle is seen as the major site of impaired glucose
uptake due to insulin resistance in diabetic patients (DeFronzo et al., 1985).
Hyperinsulinaemic clamp studies and forearm glucose uptake studies have
demonstrated that insulin-stimulated glucose uptake is impaired in type 2 diabetic
patients (DeFronzo, 1997). It has also been noted in various studies that basal
glucose uptake may be increased in type 2 diabetic patients (Firth et al., 1986;
Gerich et al., 1990). This can be attributed to the mass action effect of glucose,

which is seen to promote passive uptake of glucose into cells (Best ef al., 1996).

The normal fate of glucose inside cells is altered in NIDDM patients. Little
glucose is stored in the form of glycogen. This, together with impaired glucose
oxidation, means that less glucose follows the normal metabolic routes for
disposal (Felber et al., 1987). Muscle glycogen synthase activity is also impaired
and this decreases glycogen synthesis (DeFronzo, 1997). Consequently,
gluconeogenesis occurs as a result of glucose being converted into other

gluconeogenic precursors such as lactate, as mentioned previously (Avogaro ef

al., 1996).
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1.2.3 Hyperinsulinaemia:

The insulin resistance observed in obese non-diabetic individuals and those with
IGT and the early stages of NIDDM is usually ‘compensated’ by enhanced
insulin secretion (DeFronzo, 1988). This, at least initially, limits the extent to
which metabolism is disturbed. It is important to note that both resistance to, and
elevation of, plasma insulin levels are coexistent and important features
commonly found in syndrome X. Although these complications are to be
discussed individually it should be noted that the development of syndrome X

would probably not occur, were it not for the loss of insulin sensitivity.

1.2.4 Obesity:

Obesity is highly prevalent amongst diabetic populations (Golay et al., 1997). In
many cases obesity reflects a sedentary lifestyle with excessive caloric intake
(Flier, 1994). The incidence of diabetes increases with increased weight and
particularly abdominal deposition of adipose tissue (Flier, 1994). Typically in
obesity there exists insulin resistance, hyperinsulinaemia and increases in both
lipogenesis and lipolysis. This increased turnover of abdominal lipids is a
characteristic of obesity and supplies extra FFAs to the liver, thereby contributing

to hepatic insulin resistance (Golay et al., 1988) and HGO.

Increased lipid oxidation resulting from increased FFA concentrations, a
prominent feature of the ‘metabolic disorder’ in obesity, is accompanied by a
decrease in glucose oxidation and inhibition of glycogen synthesis, as predicted
by the glucose-fatty acid cycle (Boden and Chen, 1995; Ferrannini ef al., 1983;

Thiébaud et al., 1982). The hyperinsulinacmia of obesity, due partly to increased
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influx of nutrients and to compensation for increased insulin resistance, initially
prevents glucose concentrations from rising to the extent of IGT and NIDDM. In
susceptible individuals, however, who cannot maintain the increasing

requirement for hyperinsulinaemia, then IGT and NIDDM can develop.

1.2.5 Role of increased FFAs and the regulation of glycogen synthesis in
NIDDM:

The major pathway for the disposal of glucose under normal conditions is via
glycogen synthesis and is summarised in the diagram below. Rises in plasma
glucose and insulin levels stimulate glycogen synthesis and inhibit glycogen
breakdown. This inhibitory capacity is removed during times of increased energy

demand (Golay et al., 1997).

i STORAGE
! STORAGE
! GLUCOSE OF LIPID
| Syrthase Hiosphofyhu
| Gucose
transport r!um“'l i‘
Glucose 4~2200.(G oo S (‘Iumse-b-l’ LIPOLYS!S
|
Phospho-iructok.nase "\ 4
\J
Insulin Eﬁj/ Tnoles P \——=a-glycerol- !"‘/ I
Insulin Pyruvate kinase { I
TAEeRYOL Paruvate le Il\-G!yeuul
Pyruvate dehyorogerase l‘\e :
Acetyl-CoA | ~ acids
citrate
Plusma COe+H:0
membrane | Krebs Cyde
) GLUCOSE LPID
| OXiDATION CXiDATION

Figure 1.1 Adapted from Golay et al., 1997.
Glycogen metabolism and influence of FFAs.

Glucose may be stored as glycogen or alternatively oxidised in the Krebs cycle.

The oxidative pathway can be inhibited at two levels by increased oxidation of
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FFAs (Randle er al., 1963). Both glycogen mobilisation and glucose storage
become inhibited through glycogen phosphorylase and synthase inhibition

respectively as detailed by Golay er al. (1997).

Reaven (1995) has shown that lipolysis, a pathway regulated by insulin, is
impaired in obesity and diabetes. This impairment of lipolysis results in increased
circulating FFA concentrations, indicating resistance to the effects of insulin at
the level of adipose tissue itself. Increased FFA levels may also increase HGP
through gluconeogenesis, as discussed earlier (Blumenthal. 1983: Ruderman e/
al.. 1969). Elevated levels of FFA increases their uptake into cells resulting in
lipid oxidation and stimulation of gluconeogenesis via pyruvate carboxylase and
phosphenolpyruvate carboxykinase, rate-limiting enzymes in gluconeogenesis

(Williamson et al., 1966; Ruderman ef al., 1969).
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Figure 1.2 Adapted from DeFronzo, 1988.
The role of FFAs in potentiating hyperglycaemia.

Increased glucagon levels may also facilitate HGO through enhanced

gluconeogenesis and glycogenolysis. Indeed, glucagon levels are frequently



elevated in type 2 diabetes (Matsuda et al., 1992). Greater suppression of
glycogenolysis than gluconeogenesis also leads to increased HGO due to the
prevailing insulin resistance (Cherrington ef al., 1987). Thus, obesity and
diabetes, in coexistence, appear to facilitate a progressive deregulation of the

normal metabolic state.

1.3 Lipoprotein homeostasis:

To appreciate the ramifications of elevated cholesterol levels in the diabetic
individual, it is important to understand the processes underlying the regulation
of lipid metabolism in the non-diabetic. The following paragraphs are designed to
elaborate the functional metabolic pathway of lipoprotein homeostasis. Insulin is
central in regulating lipoprotein metabolism (Betteridge, 1997), and insulin
resistance in type 2 diabetics confers a defect of insulin’s role in regulating this

metabolism, but not as strongly as the pathological effect on glucose homeostasis.

There are essentially four major types of lipoprotein particles, these are
chylomicrons, very low-density lipoproteins (VLDL), low-density lipoproteins
(LDL), and high-density lipoproteins (HDL). Together these subclasses of
lipoproteins regulate the absorption and transfer of cholesterol and lipids between
cells and tissues. Lipoprotein particles consist essentially of a hydrophilic outer
coat of phospholipids, free cholesterol and apoproteins. The hydrophobic inner
core comprises triglyceride and esterified cholesterol (Betteridge, 1997). The
metabolic fate of the lipoprotein classes is strongly dependent upon the presence
of apoproteins. Specific apoprotein types also play a defining role in the structure

of these particles (Cooper, 1999).
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As detailed by Betteridge (1997), lipoprotein metabolism can be summarised by
three interrelated pathways. The exogenous pathway involves metabolism of
chylomicron particles. Chylomicrons are formed following the absorption of
dietary fat and cholesterol from the intestinal lumen following the digestive
action of bile salts and digestive enzymes. The cholesterol and fat absorbed are
enveloped within chylomicron particles following esterification, encompassing
triglycerides and cholesterol esters. Chylomicrons are triglyceride-rich containing
approximately 90% triglyceride, about 2% cholesterol esters with free cholesterol
and phospholipids constituting a further 1% and 7% respectively (Miller and
Small, 1987). Association of apoproteins occurs inside the intestinal enterocyte
and includes Apo Byg, A-I, A-II and A-IV (Cooper, 1999). Chylomicron particles
are then secreted from the enterocyte and enter the lymphatic circulation enroute
to the thoracic duct where they enter the general circulation. Compositional
changes occur on the surface of these chylomicron particles as a consequence of
HDL interaction whereby they obtain apoproteins C and E and lose some

apoprotein A (Cooper, 1999).

Once in the general circulation, chylomicron particles interact with the enzyme
lipoprotein lipase (LPL), present on the surface of endothelial cells found in
adipose tissue and a variety' of muscle types. Apoprotein C II is essential for
allowing the action of LPL (Miller and Small, 1987). LPL action hydrolyses the
triglycerides into FFAs and glycerol. These products may be utilised as a

metabolic fuel or re-esterified for storage within the cell (Levy, 1981).
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The action of LPL generates remnant particles depleted of triglyceride with a
modified lipid and apoprotein composition (Miller and Small, 1987). These
remnant particles are richer in cholesterol and are avidly taken up by hepatocytes,
via recognition of apo E (Havel and Hamilton, 1988). Transfer of extraneous
surface components is believed to occur, forming new lipoproteins with
characteristic features of HDL. This pathway may be a significant route via
which HDL particles are formed (Cooper, 1999). Clearance of these chylomicron

remnants is rapid, spending less than 30 minutes in the circulation in most

individuals (Cooper, 1999).

The endogenous pathway of lipoprotein metabolism involves VLDL particles.
This pathway is very similar to the chylomicron pathway detailed above. VLDLs
are triglyceride-rich lipoproteins synthesized by hepatocytes. They contain
cholesterol from de novo synthesis or from uptake from the plasma and
endogenously derived triglyceride (Miller and Small, 1987). Their apoprotein
constituents are apo Bjp, C and E  (Betteridge, 1997). Both cholesterol and
insulin are required for the secretion of VLDL (Khan and Fungwe, 1990;
Schonfeld, 1985). Insulin may also regulate several of the enzymes involved in
the lipogenic pathway for synthesis of the triglyceride incorporated into VLDL.
Once secreted VLDL particles interact with LPL, the affinity of this enzyme is
linked to the triglyceride content of the lipoprotein subclass (Cooper, 1999). The
triglyceride content of VLDL particles accounts for approximately 65% of their

total mass (Miller and Small, 1987).
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VLDL remnant particles (IDL) are generated following LPL action. Surface
components may again be transferred to HDL particles (Eisenberg, 1984). The
remnant particles formed contain less triglyceride, have lost some surface apo C

and are denser than the original VLDL particles (Faergeman and Havel, 1975).

The VLDL particles may undergo triglyceride depletion forming intermediate-
density lipoprotein (IDL) and, subsequently, LDL particles (Kane, 1983). During
this process most of the cholesterol remains within the lipoprotein particle. Thus
as triglyceride is removed the proportion of cholesterol increases, such that LDL
constitutes the major cholesterol rich lipoprotein subclass in the circulation
(Betteridge, 1997). Alternatively, VLDL remnants may be removed directly by
the liver. The liver removes the vast majority of VLDL remnants in the rat
accounting for the low levels of LDL in this species, in humans most VLDL

remnants are converted to LDL (Cooper, 1999).

LDL particles are essentially remnants of VLDL and are triglyceride depleted
(Levy, 1981). The contribution made by LDL particles to cholesterol homeostasis
has been reviewed by Brown and Goldstein, (1986). Essentially, the LDL particle
interacts with its specific LDL receptor. The receptor-lipoprotein complex then
becomes internalised by endocytosis with the subsequent formation of an
endocytic vesicle. Proton pumps in the membrane of this vesicle lower the
intravesicular pH causing the LDL receptor to dissociate from the LDL particle.
The dissociated LDL receptor then returns to the cell surface, while the LDL

particle becomes hydrolysed by the action of enzymes following fusion with
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lysosomes. During the hydrolytic process, protein is degraded to amino acids

while esterified cholesterol is converted to free cholesterol.

The LDL receptor pathway has two distinct functions: one to catabolise plasma
LDL, the second to deliver free cholesterol to cells (Gianturco and Bradley,
1987). Indeed, cholesterol feeding is known to suppress the synthesis of hepatic
LDL receptors while reduced cholesterol synthesis results in increased receptor
activity (Brown and Goldstein, 1983). Modification (by oxidation) may render
these lipoproteins susceptible to uptake via the scavenger receptor, ultimately
leading to the progression of atherosclerosis. Unlike the classic LDL receptor
pathway, the scavenger receptor is not down-regulated. The process of

atherogenesis is discussed in subsequent paragraphs.

It is now understood that free cholesterol, when delivered to cells, represses the
de novo synthesis of cholesterol within these cells. The pathway regulating

cholesterol homeostasis is covered in relative detail later in this chapter.

High-density lipoproteins constitute several distinct subclasses of this lipoprotein
fraction. Such lipoproteins are seen as being protective, in that they participate in
reverse cholesterol transport removing cholesterol from peripheral tissues and
returning it to the liver (Eisenberg, 1984). HDL particles may be synthesised by
the liver and intestine and appear structurally disc shaped. Their conversion to
spherical HDL particles (in plasma) is dependent upon the enzymes LCAT
(lecithin cholesterol acyltransferase) and CETP (cholesterol ester transfer protein)

(Cooper, 1999). HDL particles are also formed from redundant surface
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components transferred during triglyceride depletion of other lipoprotein
subclasses such as VLDL, or associations between phospholipids and apoproteins
(Patsch and Gotto, 1987). The HDL precursor molecules contain low amounts of

cholesterol and are composed of phospholipids and apolipoproteins.

Through the action of LCAT and CETP larger and more complex HDL
molecules are formed (Eisenberg, 1984). The mature form of HDL contains a
core of cholesteryl esters; the conversion to mature HDL is facilitated by the
presence of apo-Al (Cooper, 1999). The cholesterol ester formed within the core
of HDL particles can be transferred to VLDL and LDL particles via CETP or
delivered directly to the liver (Fielding and Fielding, 1982; Gwynne, 1989). This
transfer capability permits the HDL particles to continually operate a reverse

transport mechanism.

Several subclasses of HDL exist, notably HDL,, and HDL;. As detailed by
Eisenberg (1984), HDL; particles may contain three-fourfold more cholesteryl
and triglyceride molecules than the HDL; subfraction, and are twice as effective
in carrying triglyceride as HDL3. I will not discuss the conversionary pathway in
detail since it lies outside the focus of this thesis. Nevertheless, conversion
between these different subclasses can occur in either direction. Ultimately, these
subclasses of HDL differ in their size and density and in their ability to transport

cholesterol.

The incidence of coronary arterial disease (CAD) and CHD is strongly associated

with elevated cholesterol levels. An inverse relationship exists between the
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incidence of CAD, CHD, and HDL cholesterol levels due to its role in reverse
cholesterol transport (Gordon ef al., 1989). The HDL; subfraction is specifically
associated with the protective effect against CAD and CHD risk (Patsch and
Gotto, 1987). A relative lowering of all lipoprotein subclasses infers no greater
risk on the health of the individual, however, a concomitant lowering of HDL in

association with increased LDL levels may be life-threatening.

1.3.1 Lipoprotein metabolism in NIDDM:

Type 2 diabetes is associated with an increase in the frequency of lipid and
lipoprotein abnormalities, with characteristic dyslipidaemia often being present
prior to definitive diabetes (Laakso, 1995). The insulin resistance in type 2
diabetes, particularly at the level of the liver, often confers a defect in insulin’s
normal inhibitory action on VLDL secretion (Cummings et al., 1995). This effect
leads to hypertriglyceridaemia caused by excessive VLDL levels. Cummings et
al. (1995) has suggested that the higher VLDL concentration may be an effect of
enhanced cholesterol and triglyceride synthesis, possibly as a consequence of

increased nutrient flux to the liver.

Associated defects in the lipoprotein profile include elevated levels of LDL
(Howard et al., 1987) and reduced levels of HDL. HDL cholesterol
concentrations tend to be between 25-30% lower in type 2 diabetics, this
reduction being attributable to a lower HDL; subfraction (Bagdade, 1997). Taken
together, the altered lipid profile characteristic of diabetes predisposes the

individual to a threefold increase in the risk of cardiovascular disease compared
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to non-diabetics (Kannel and McGee, 1979). Additional risk factors such as a

sedentary life style may further advance this risk.

In type 2 diabetes the VLDL profile is characterised by an over-production of
triglyceride-rich VLDL particles (Taskinen et al., 1986). In addition, impaired
removal of these particles leads to their elevation in plasma (Taskinen, 1990). As
a result, type 2 diabetic patients display abnormally large VLDL, particles
(triglyceride-rich), and smaller VLDL; particles. Taskinen (1990) has commented
that insulin has far reaching effects on all lipoprotein fractions and that any
specific defect in this system, such as in VLDL metabolism, would have
ramifications in subsequent pathways. Thus, changes in the composition of
VLDL particles may predispose the individual to atherosclerosis (Howard and

Howard, 1994).

Impairment in the rate of LDL clearance exists in some NIDDM patients
(Howard et al., 1987). This situation is worsened by the concomitant elevation in
LDL levels commonly observed in diabetes. The majority of LDL produced in
NIDDM patients comes from the triglyceride-rich pool of VLDL particles
(Taskinen, 1990). Insulin has been shown to stimulate LDL binding in fibroblasts
and is known to regulate the normal metabolism of lipoproteins. Thus, the
prevailing hyperinsulinaemia and insulin resistance in type 2 diabetes may be

intimately involved in the defective clearance of LDL (Chait et al., 1979).

HDL concentrations within plasma are dependent upon the normal degradation of

VLDL particles. VLDL catabolism is initiated by interaction with LPL; any
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defect in LPL activity or resistance of LPL to insulin action would lower HDL
levels. As reviewed by Bagdade (1997), insulin regulates the activity of LPL and
hepatic lipase (HL). LPL levels are reduced in NIDDM patients resulting in
raised triglyceride levels due to impaired clearance of triglyceride from VLDL.
This indirectly influences the formation of HDL and the reverse cholesterol
transport process, since these particles are generated during this clearance

process.

HL is known to influence the metabolism of HDL; in type 2 diabetes the activity
of this enzyme is increased (Kasim er al., 1987). Thus, a reduced HDL
concentration may be attributed to enhanced activity of HL leading to increased
HDL clearance. In addition, Taskinen (1990) has provided evidence that reverse
cholesterol transport by HDL may be impaired due to an increased proportion of
cholesterol and triglyceride within these particles. This prevents the normal

function of cholesterol transfer via CETP between HDL and the LDL classes.

1.4 Atherogenesis and NIDDM:

Macrovascular and microvascular complications are common is type 2 diabetes.
Mortality rates from CHD range from two-four times greater in diabetics
compared to non-diabetics (Laakso and Lehto, 1997). In addition, a cluster of risk
factors exists in type 2 diabetes linked with increased cardiovascular risk, as

discussed previously (syndrome X).

Factors other than vessel occlusion may occur in blood vessels from type 2

diabetes. These are detailed by Laakso and Lehto (1997), and ultimately impair
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the elasticity of the vessel wall. Medial layer calcification may induce such
effects along with increased levels of connective tissue such as collagen and
fibronectin. While the above conditions may influence the elasticity of the vessel,
occlusion of the vessel lumen is seen as life-threatening and represents an

advanced stage in the atherosclerotic process.

The abnormal distribution of lipoproteins in diabetes is seen as a major event in
the progression of atherosclerotic vascular disease (Lopes-Virella et al., 1997).
Foam cell formation from macrophages, proliferation of endothelial cells and
monocyte interactions are believed to be a consequence of modified lipoproteins,

in particular LDL.

An initiating event in the progression of atherosclerosis is the adhesion of
monocytes to a damaged endothelial cell layer (Ross, 1986). These monocytes
then migrate into the subendothelial space and differentiate into macrophages.
He;c macrophages may be presented with, and internalise modified lipoproteins
leading to their development into foam cells. Receptors for LDL molecules exist
on the surface of macrophages, however uptake of LDL via this route is not seen
as significant. It is uptake of these lipoproteins via the scavenger receptor,
following their modification (by oxidation or acetylation), which is believed to
result in significant cholesterol accumulation (Goldstein et al., 1979). The
scavenger receptor, unlike the classical LDL receptor, is not down-regulated in
the presence of cellular cholesterol leading to unregulated cholesterol deposition.
Diets rich in cholesterol and fat may lead to the generation of VLDL particles

rich in cholesterol. Such particles may be internalised by the LDL receptor (via
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apo E interaction) leading to intracellular cholesterol accumulation (Brown and

Goldstein, 1986).

The immune system is believed to play an important role in the progression of
atherosclerosis. Lymphocytes and foam cells once activated release cytokines,
which serve to attract additional cells (Lopes-Virella et al., 1997). The net result
of mediator release is an inflammatory reaction with associated cell migration
and proliferation. Monocyte chemotactic protein is a cytokine released by
macrophages in the subendothelial space, this is a potent attractor for other
monocytes (Clemmons, 1997). The production of this factor is increased by
oxidised LDL (Cushing et al., 1990). Indeed, oxidised LDL also acts as a

monocytic attractant (Quinn et al., 1987).

Arguably one of the most significant events in the progression of arterial lesions
into fatty plaques is the migration and subsequent proliferation of smooth muscle
cells into the medial and intimal layers (Ross, 1986). Expression of fibronectin is
important in smooth muscle cell migration and proliferation (Lopes-Virella et al.,
1997). Proliferation of muscle cells is induced by mitogens secreted from plaque
cells. Fox et al. (1987) describes how platelet-derived growth factor (PDGF) is
secreted by a number of cell types including endothelial cells, macrophages and
smooth muscle cells. Both endothelial cells and macrophages play an important
role in PDGF production during early lesion formation. PDGF is one of the most
potent growth factors in non-proliferating cells (Lopes-Virella ez al., 1997).
Platelets are also a source of this mitogen; platelets become attached to the

damaged endothelial cell layer where they release this substance, inducing further
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platelet adherence and cell proliferation. Many other cytokines may be secreted
during atherogenesis, too many to list individually. Nevertheless, such mediators
are presumed to play multifactorial roles, as with PDGF, in the progression of
this disease. The exact mechanisms by which these mediators operate are slowly
becoming apparent. Several of these factors are only released by damaged or

activated cells and may be a consequence of the diabetic state.

A relatively new concept in the role of immune cells in atherogenic progression is
provided by Lopes-Virella et al. (1997). According to these authors, autoantibody
production may be triggered by modified LDL molecules leading to immune
complex generation. These immune complexes are avidly internalised via Fc
receptors on the surface of macrophages and facilitate foam cell generation. The
formation of immune complexes is believed to occur predominantly within the
subendothelial space following LDL modification. Evidence is provided that
LDL uptake via immune complexed LDL is significantly greater than native
LDL. In addition, degradation of IgG-complexed LDL has been shown to be

impaired leading to cholesterol accumulation (Lopes-Virella et al., 1997).

LDL particles modified by glycation have been identified in plasma of diabetic
patients (Lopes-Virella et al., 1997). The uptake of glycated LDL was, according
to the preceding authors, relative to the degree of glycation. Uptake of this
modified lipoprotein is not via the scavenger receptor, but a receptor of lower
affinity. In addition, advanced glycation end products have been identified on
LDL (AGE-LDL). As with oxidised LDL, foam cell formation occurs following

uptake of glycated LDL. Cross-linking of these AGEs may occur with structural
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proteins or LDL itself, leading to their entrapment in the intimal or medial layers.
This may facilitate oxidation of LDL already present or release of free radicals.
Indeed, diabetics display a propensity to glycate proteins such as collagen, this
may increase the chances of lipoprotein oxidation through trapping of these
lipoproteins in the collagen matrix (Brownlee et al., 1985). Immune reactions
have been generated to LDL molecules following minor modifications. Although
initially mild, these reactions become more severe. This provides an example of

how the immune system may propagate atherosclerotic disease.

Risk factors for CHD have been listed previously and account for a large
proportion of mortality in type 2 diabetics. Other factors intimately linked with
th_c diabetic state, such as syndrome X, may also facilitate the progression of
atherogenesis.

Conflicting evidence exists with regard to glycation of lipoproteins. However, as
detailed previously in this chapter, glycated LDL is taken up by macrophages and
may indeed be atherogenic (Lopes-Virella et al., 1997). HDL molecules may
display an impaired ability to accept cholesterol from peripheral cells and tissues
due to cholesterol and triglyceride loading (Taskinen, 1990; Duell ef al., 1990).
In addition, HDL molecules may also undergo glucosylation and are cleared at an

abnormal rate in guinea pigs (Witztum et al., 1982).

1.4.1 Haemostatic factors:
Type 2 diabetes mellitus is associated with an imbalance of some haemostatic
factors. Decreased fibrinolysis is associated with diabetes due to increased levels

of platelet activator inhibitor-1 (PAI-1) and reduced levels of tissue plasminogen
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activator (tPA) (Jokl and Colwell, 1997). The contribution such factors make in
the clotting cascade is discussed in more detail in chapter 5. Nevertheless, a pro-
coagulant state in the presence of diabetes is seen as a major risk factor in arterial
disease. It becomes apparent from the evidence presented that many factors
present in diabetes may accelerate or exacerbate the atherosclerotic process. It is
not within the scope of this thesis to categorise all factors that may facilitate
atherogenesis, rather to provide an overview of the origins of atherosclerosis and

ultimately its end points.

1.5 Cholesterol Homeostasis:

Cholesterol plays a fundamental structural role in all cells and is the origin of all
steroid hormones. Strict regulation of cholesterol levels occurs at a cellular level
ensuring that the rate of cholesterol absorption is equal to its rate of excretion
(Stange and Dietschy, 1985).

The two main enzymes responsible for regulating cholesterol synthesis and
availability are HMG-CoA reductase and acyl-coenzyme A: cholesterol
acyltransferase (ACAT). These enzymes are closely involved in cholesterol
biosynthesis and esterification, respectively. HMG-CoA reductase activity
determines the rate of cholesterol synthesis in both liver and intestine (Stange et

al., 1981).

The intestinal mucosa plays a significant role in the synthesis and delivery of
cholesterol. As reviewed by Nguyen ef al. (1994), it is the only site where
cholesterol may be absorbed, and as stated is involved in its synthesis. In

addition, it is a route along which derivatives of cholesterol may be excreted
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(Turley and Dietschy, 1988). Dietary fat and cholesterol are absorbed into
intestinal cells through the action of bile salt micelles. Uptake of triglyceride and
cholesterol and their packaging into chylomicrons has been discussed in

preceding sections and will not be reiterated here.

Stange and Dietschy (1985) provide evidence for differential rates of cholesterol
synthesis along the length of the intestine. According to these authors, the highest
rates of cholesterol synthesis, with the exception of liver, occurs in the stomach,
duodenum, and terminal ileum, respectively. The mid-region of the small
intestine is thought to be the site where most cholesterol absorption occurs, as
such synthetic rates were found to be lowest in this region. The levels of HMG-
CoA reductase are believed to be higher in the ileum than jejunum (Stange and
Dietschy, 1985). Despite this, the jejunum is regarded as the site where most
cholesterol synthesis occurs due to the greater mucosal thickness of this region.
The activity of HMG-CoA reductase is believed to be tightly regulated.
According to Stange et al. (1980), regulation of this enzyme may occur via the
LDL receptor pathway in smooth muscle cells and via HDL and VLDL receptors
in hepatocytes. Experiments performed by the above authors in a cell culture
model determined that LDL could significantly attenuate the activity of HMG-
CoA reductase. When utilising intestinal crypt and villous cells, cholesterol
feeding resulted in a marked diminution of enzyme activity in the jejunum. The
effect in the ileum was less pronounced but nevertheless significant (Stange et

al., 1981).
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Esterified cholesterol constitutes a form that is metabolically inactive (Vlahcevic
et al., 1999). In a study by Stange et al. (1983), cholesterol feeding increased the
activity of the enzyme ACAT significantly in the jejunum, but little effect was
observed in the ileum. Under normal conditions, the activity of the enzyme along
the length of intestine is very similar with slightly higher activity in the jejunum
compared with ileum. These same authors provide a model detailing cholesterol

synthesis, uptake, and excretion within intestinal cells (figure 1.3).

Esterification of cholesterol must take place for its incorporation into lipoprotein

particles. ACAT is seen as the major mucosal enzyme responsible for this
esterification (Forester et al., 1983). As with HMG-CoA reductase, the activity of

ACAT may be tightly controlled via phosphorylation and substrate supply.

1.5.1 Cholesterol within Enterocytes:

Stange et al. (1983) provide a model for intracellular cholesterol pools within
intestinal cells. These authors based their model on evidence that the first pool
(A) is formed from the absorption of dietary cholesterol and as such exists in an
unesterified form. This pool is predominantly the target for the enzyme ACAT
which esterifies cholesterol for incorporation into chylomicrons. Cholesterol
feeding results in increased ACAT activity and may be a reflection of increased
substrate availability. Pool B is derived from de novo synthesis. Inducing
increased cholesterol synthesis by, for example, cholestyramine administration
resulted in no increase in ACAT activity, suggesting independent pools may

exist, and with the synthesised pool (B) not being a substrate for ACAT activity.
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Evidence is also provided for a lack of feedback inhibition between pools A and
B, since cholesterol feeding does not significantly alter the rate of cholesterol
synthesis within intestinal cells. Some contribution exists, however, between
pools A and C providing cholesterol for membrane synthesis. Most cholesterol in
pool C is derived from the pool of newly synthesised cholesterol (pool B); a
small proportion is also available from the uptake of lipoproteins such as LDL.
Thus, the level of cholesterol in pool C is crucial due to the output of cholesterol
into cell membrane synthesis and chylomicron coats. This pool inhibits HMG-
CoA reductase activity limiting further cholesterol synthesis. Evidence is also
provided indicating that cells located in the crypts of villi in both the proximal
and distal intestine accounted for approximately 70% of cholesterol synthetic
activity. In those mature jejunal cells involved in cholesterol absorption, then

synthesis rates were depressed.

Figure 1.3 Adapted from Stange et al., 1983.
Cholesterol synthesis and absorption in intestinal epithelia.
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Cholesterol can only be excreted from the body as a constituent of bile

(Hofmann, 1994a). The bile salt pool is tightly regulated and is intimately linked
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to the cholesterol biosynthetic pathway. Taurocholate feeding results in reduced
activity of the enzyme HMG-CoA reductase (Nguyen er al., 1994). In several
additional studies, bile salt feeding was seen to reduce the activity of both HMG-
CoA reductase and 7a-hydroxylase, as reported by Duckworth er al. (1991). It
has long been proposed that bile salts can regulate their own production by
negative feedback (Goldstein and Brown, 1990). Evidence now exists that bile
salts directly repress the activity of one or more enzymatic steps via specific
nuclear receptors. This model would allow bile salts to specifically target
intestinal and hepatocytic cells in modulating cholesterol flux into bile. This

hypothesis is discussed in more detail in chapter 3.

1.6 Bile Salts:

In humans, bile is formed in the liver and stored in the gallbladder between
meals. In the rat, no gallbladder exists therefore bile is secreted directly into the
intestinal lumen via the bile duct in response to feeding. Thus, the rat provides a
convenient model for direct measurement of the rate of bile production and the
concentration of components within hepatic bile. The biliary pathway serves both
as a vehicle for bile acids to facilitate the digestion and absorption of dietary fat
and fat-soluble vitamins and provides a route for excretion of substances

including cholestero!l and xenobiotics (Hofmann, 1994a).

1.6.1 Synthesis:
Bile acids are the products of cholesterol metabolism (Bahar and Stolz, 1999),

Bile consists of cholesterol, bile salts, bilirubin, bile alcohols, and lecithin. In
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order for cholesterol to be excreted, it must undergo modification to render the

molecule water-soluble. This conversionary process begins in the liver.

The term “bile salts” bears reference specifically to a group of compounds that
undergo conjugation with sulphate (bile alcohols) or with taurine or glycine
amino acids (bile acids) (Hofmann, 1994a). The processes by which cholesterol
is converted to bile acids occur in the liver and involves a multitude of enzymatic

steps as detailed in figures 1.4 and 1.5 (Vlahcevic et al., 1999).

Briefly, there are two distinct pathways through which cholesterol may be
modified and converted to bile acids. The first pathway is termed the neutral
pathway. This is seen as the ‘classical’ pathway and involves manipulation of the
steroid nucleus prior to any side chain modifications (Vlahcevic et al., 1996). The
second pathway involves modification of the steroid side chain before any
nuclear modifications have occurred and is termed the acidic pathway, as detailed
by Vlahcevic et al. (1999).

The enzyme responsible for driving bile acid synthesis in the neutral pathway
occurs solely in the liver and is a cytochrome P450 termed 7Ta-hydroxylase
(Russell and Setchell, 1992). The acidic pathway involves a mitochondrial
enzyme termed 27-hydroxylase. This enzyme introduces a hydroxyl group at
position 27 of the carbon ring, with subsequent steps involving hydroxylation at
position 7 of the steroid ring. The two most predominant bile acids,
chenodeoxycholic acid and cholic acid, are synthesised in approximately equal
ratios via the neutral pathway (Vlahcevic et al., 1999). Bile acids and alcohols

are characterised by the presence of hydroxyl groups at positions 3 and 7 of the
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steroid nucleus. The terminal side chain group on bile alcohols is a hydroxyl
group on carbon Cy4 or Cz7 (Hoshita, 1985). In bile acids the terminal group is a
carboxyl group. The specific reactions involved in both the neutral and acidic
pathways are summarised in figures 1.4 and 1.5.

The enzyme responsible for driving bile salt synthesis via the acidic pathway is a
mitochondrial sterol 27-hydroxylase. Chenodeoxycholic acid is the predominant
end product of this pathway (Vlahcevic et al., 1996). The same enzyme is also
involved in the latter stages of bile salt formation, utilising the products of the

neutral pathway following manipulation of the steroid nucleus (see figure 1.5).

Regardless of origin, the final step in bile acid formation involves conjugation of
the molecule with either taurine or glycine (Vlahcevic et al., 1999). Conjugated
bile acids constitute the vast majority of bile acids secreted, with the amide
linkage between the amino group of the amino acid with the carboxyl group of
the bile acid (Hofmann, 1994a). In addition, the bile acids may be conjugated
with a variety of alternative molecules, as detailed by Hofmann et al. (1992a).
This conjugation step results in increased solubility of the bile acid at pH values
found in the intestinal lumen (Vlahcevic et al., 1991). In addition, conjugation
also results in ionisation of the molecule, and this in turn prevents its passive
absorption in the biliary tract (Hofmann and Mysels, 1988). Due to the higher pH

conditions that exist in hepatic bile, bile acids exist in their ionised form in this

region.
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OXIDATIVE SIDECHAIN PATHWAY
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Representation of the Oxidative
side chain pathway of Bile salt synthesis.

Adapted from Vlahcevic et al., 1999.

CYP27 = sterol 27 hydroxylase

ADH/ALDH = alcohol/aldehyde dehydrogenase
CYP 7A =7 alpha hydroxylase

CYP 12 = 12 alpha hydroxylase

CYP 27 = sterol 27 hydroxylase

CYP 7B = oxysterol 7 alpha hydroxylase
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1.6.2 Function:

Bile salts are ‘detergent-like’ in nature, and their role in micellar lipid dispersal in
the intestine is well established. Bile salts exist predominantly as monomers.
However, a concentration is reached, termed the critical micellar concentration,
where these bile salt monomers associate with one another forming the
aforementioned micelles (Donovan, 1999). In addition, a critical micellisation pH
also exists. This can be defined as a narrow pH range above which bile salts exist
in their micellar form, being freely soluble. Below this pH range they are poorly
soluble (Hofmann and Mysels, 1988). Conjugation with taurine or glycine is
believed to reduce this critical micellisation pH, resulting in conjugated bile acids

being fully soluble at the pH in the small intestine (Hofmann and Mysels, 1988).

As stated, this micellar formation is critical in permitting the absorption of fat-
soluble vitamins along with dietary fats and cholesterol which, according to
Hofmann and Mysels (1988), is achieved high up in the small intestine. Lipids
are by nature hydrophobic, their absorption from micelles and across the
enterocyte is limited by the presence of an unstirred water layer and by the
enterocyte membrane. According to Borgstrom et al. (1985), the unstirred water
layer acts as a barrier between the contents of the intestinal lumen and the brush-

border membrane of the enterocyte, thus creating a concentration gradient.

1.6.3 Transport:
Bile acids are secreted into the small intestine in response to hormonal and
nervous mechanisms in humans (Spellman er al., 1979; Rock et al., 1981),

similar mechanisms are likely to operate in rats. All bile acids/salts undergo an
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enterohepatic circulation, in which they are reabsorbed along the length of the
small intestine and returned to the liver. This reabsorption process is highly
efficient with approximately 95% of bile acids being reclaimed via this route.

Passive uptake of ionised conjugated molecules from the intestinal lumen is
however, generally slow. At the pH levels found in the small intestine, the
majority of conjugated bile acids exist in an ionised state and thus reabsorption is
limited (Amelsberg et al., 1996). Conjugation with taurine or glycine means that
these conjugated bile acids can only be actively recovered via specific
transporters. If, however, the amino acid groups become detached from the bile
acid molecule via bacterial deconjugation, or bile acids are secreted in an
unconjugated form, then these uncharged molecules can readily traverse the lipid

bilayer of intestinal cells (Dietschy, 1968).

Previous studies have demonstrated that bile acids are actively absorbed in the
ileum against a concentration gradient. The ileal mechanism is sodium-dependent
and most active in the distal ileal region (Dietschy ef al., 1966; Lack and Weiner,
1961; Playoust and Isselbacher, 1964). Unconjugated bile acids may be absorbed
passively along the entire length of the small intestine via ionic and non-ionic
diffusion (Stiehl, 1995). This pathway is believed to operate independently of the

ileal system (Holt, 1964).

According to Bahar and Stolz (1999), passive/facilitated jejunal absorption of bile
acids may account for 50% of taurocholate transport in the rat. The ileal transport
system is believed to preferentially favour trihydroxy bile acids such as

glycocholate (Bahar and Stolz, 1999), whilst uptake in the jejunum diminishes as
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the number of hydroxyl groups increase (Stiehl, 1995). The presence of a highly
specific transport pathway for bile acids in the terminal ileum is believed to
permit almost complete reabsorption of bile acids and prevent their progression
into the colon. Any bile salts that pass into the colon may undergo bacterial
modification and may induce electrolyte and water secretion into the colon,
leading to diarrhoea. Indeed, Mekhjian et al. (1971) found that both conjugated
and unconjugated bile acids (3-5mmol/l) induced the secretion of water and
sodium ions into the colon. Binder and Rawlins (1973) later confirmed these

observations.

Once absorbed, bile acids must pass through the enterocyte, across the basolateral
membrane and into the portal circulation. In the circulation bile acids exist
predominantly bound to albumin (99% binding for dihydroxy and 70% binding
for trihydroxy acids) (Roda et al., 1982). Binding of bile acids to plasma proteins
appears to reduce their renal filtration and urinary excretion (Craddock e al.,
1998). These bound bile acids are removed from the circulation by the liver
during their first pass, the process being 70-90% efficient (Bahar and Stolz,
1999). Any bile acids escaping this first pass clearance are recirculated to the

liver and subsequently extracted.

In rat predominantly taurine conjugation of cholic acid occurs (Elliot, 1985).
Such conjugated bile acids cannot be absorbed passively due to their protonation.
However, preliminary evidence exists that the tight junctions between intestinal

cells may become more open during digestion, allowing the paracellular transfer
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of bile acids (Madara, 1989). Such an effect may increase the rate of uptake of
the majority of bile acids (Hofmann, 1994b).

Any bile acids not recovered by the active transporter of the ileum will pass into
the large intestine and colon. Here bacterial modification of bile acids occurs and
involves the lysis of the amide bond between the amino and bile salt.
Alternatively, they may cause dehydroxylation and oxidation of the hydroxyl
groups (Elliot, 1985). As stated, this deconjugation results in unconjugated bile
acids which may be absorbed passively depending upon their surface charge.
Such products of bacterial modification are termed secondary bile acids and are
returned to the liver and reconjugated before undergoing a further enterohepatic

cycle.

The cellular transport mechanisms involved in the transfer of bile acids by the
ileal and jejunal transporters are discussed in more detail in chapter 3. The
experiments detailed in subsequent chapters have utilised a radiolabelled
trihydroxy bile acid ¢ glycocholic acid, prepared from cholic acid and 1-'*C
glycine, Such trihydroxy acids are characterised by the presence of three
hydroxyl groups usually at positions 3, 7, and 12 of the steroid ring, Although in
the rat taurocholic acid is the predominant conjugated bile acid, glycocholic acid
was used throughout since this molecule is transported with similar efficiency to
taurocholate despite not being a normal constituent of rat bile (Lack and Weiner,

1961).
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1.7 Treatment regimens in NIDDM:
The regimen for treatment lies most fundamentally with attempting to normalise
metabolism and control the hyperglycaemia whilst also attempting to rectify or

correct the associated risk factors of the metabolic (insulin resistance) syndrome.

1.7.1 Dietary therapy:

Dietary management is the most fundamental method to control glycaemia in
diabetic subjects. The currently recommended diet for such individuals consists
of a high proportion of complex carbohydrate, low in fat with moderate amounts
of protein (Crapo, 1994). Dietary measures are successful in less than 20% of
NIDDM patients and rarely remains effective due to the progressive nature of the
disease (UKPDS, 1995). An inherent problem with such a treatment is that
compliance by the patient can be lacking, which can lead to the advancement of
the hyperglycaemia and insulin resistance. Nevertheless, dietary restriction can
reduce lipid and glucose levels in NIDDM, reducing cardiovascular risk factors
(Crapo, 1994).

In addition to dietary management, exercise provokes a reduction in excessive
glucose levels evident in diabetes. The beneficial effect of strenuous glycogen
depleting exercise in NIDDM patients is an increase in both peripheral insulin
sensitivity and non-insulin-mediated glucose disposal, which can persist for

longer than 12 hours (Goodyear and Smith, 1994).

1.7.2 Anti-diabetic agents:
There are many agents currently used in the management and treatment of type 2

diabetes. It is not within the scope of this thesis to cover in detail each compound
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or their class. However, their benefits to the diabetic patient will be mentioned
briefly. Metformin, as a treatment, however, will be covered in detail since it is a
major focus of this thesis. Metformin has become the most widely prescribed
agent in the treatment of type 2 diabetes. This compound is associated with
several beneficial side effects which significantly reduce mortality rates from

micro- and macrovascular complications in the diabetic (UKPDS, 1998).

1.7.2a Alpha-glucosidase Inhibitors:

These compounds delay the absorption of glucose by slowing complex
polysaccharide digestion. As such they produce a dose-related decrease in
postprandial hyperglycaemia (Bailey, 1997b). In NIDDM patients these agents
cause a reduction in the postprandial plasma insulin response and may improve
basal blood glucose concentrations to a small extent. Interestingly, in patients
with hypertriglyceridaemia alpha-glucosidase therapy can reduce serum
triglycerides, possibly by decreasing VLDL synthesis (Clissold and Edwards,
1988). This may have important implications for the elevated triglyceride levels

in NIDDM.

1.7.2b Sulphonylureas:

These oral anti-diabetic agents stimulate insulin secretion from the B cell (Bailey,
1997b). Sulphonylureas induce insulin secretion by closing ATP-sensitive K*-
channels in the plasma membrane of the B cell (Bailey, 2000). Approximately 10-

15% of NIDDM patients prove unresponsive to sulphonylureas in terms of
glycaemic response, and are classed as primary failures (Balodimos et al., 1966).

In the same study, secondary failures accounted for around 25% of patients, This
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may reflect a progressive loss of overall B cell function. Sulphonylureas have no

profound effect on lipid metabolism. By reducing glucotoxicity, sulphonylureas
may improve the sensitivity of tissues such as liver and muscle to insulin

(Lebovitz, 1994), although they have no direct insulin-sensitising effect.

1.7.2¢ Thiazolidinediones:

Thiazolidinediones represent a group of anti-diabetic agents that potentiate the
action of insulin on the metabolism of carbohydrate and lipids by stimulating the
nuclear receptor PPARy (Day, 1999). They lower plasma insulin concentrations
and increase insulin-stimulated glucose disposal and inhibit glucose production
(Day, 1999). They increase glycogenesis and glycolysis in muscle, stimulate
glucose oxidation and lipogenesis in adipose tissue and reduce gluconeogenesis

in the liver (Hofmann ez al., 1991; Hofmann et al., 1992b).

1.7.2d Insulin therapy:

Diabetic patients who fail to achieve adequate glycaemic control with diet and
oral anti-diabetic drugs or those where diagnosis of the condition occurs too late,
will eventually require exogenous insulin. It is seen by many as the last resort in
treatment of type 2 diabetes and a means to suppress the advancement of the
disease, rather than correct the underlying metabolic defects associated with the
condition. Nevertheless, insulin therapy is equally as effective as alternative
treatments in the prevention of microvascular complications associated with

diabetes (Rosenzweig, 1994).
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The decision to begin insulin therapy is dependent upon the symptoms
experienced and the severity of hyperglycaemia that exists. The paradox of
insulin therapy in the treatment of NIDDM is that it may further exacerbate the
insulin resistance that already exists (since supra-optimal concentrations are
required to induce a physiological effect). Hyperglycaemia can usually be
improved by aggressive insulin therapy, which can overcome the insulin
resistance and glucose toxicity, but usually leads to weight gain and an increased

occurrence of hypoglycaemic episodes (Rosenzweig, 1994).

1.7.3 Metformin

Metformin, a member of the biguanide family of anti-diabetic agents, has proved
equally effective and in some instances more effective than alternative oral
treatment regimens for type 2 diabetes (UKPDS, 1995). Metformin is classed as
an anti-hyperglycaemic agent since it lowers blood glucose concentrations
without inducing hypoglycaemia; it does not stimulate insulin secretion (Bailey,
1992). However, the glucose lowering effects appear to require the presence of

insulin (Wiernsperger and Bailey, 1999).

1.7.3a Glucose lowering action:

The glucose lowering effect of metformin is attributable to reduced HGO through
suppression of gluconeogenesis and glycogenolysis, and an increase in glucose
utilisation (Wiernsperger and Bailey, 1999). Metformin’s effects in p.eripheral
tissues include increased insulin-mediated glucose uptake, specifically in skeletal
muscle, and oxidative glucose disposal in muscle and non-insulin-mediated

glucose utilisation in the intestine (Bailey, 1992). Additionally, metformin may
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also reduce fatty acid oxidation (Wiernsperger and Bailey, 1999). Metformin has
been shown to improve the action of insulin via several mechanisms. These
include increasing glucose transporter (GLUT 4) translocation to the plasma
membrane, increasing tyrosine kinase activity in the insulin receptor, and
increasing the activity of glycogen synthase (Howlett and Bailey, 1999).
Importantly, metformin appears to improve the sensitivity of tissues, specifically
liver, to the glucose lowering effect of insulin, thereby reducing the prevailing

hyperglycaemia.

Metformin becomes heavily concentrated within cells of the intestinal tract
(Wilcock and Bailey, 1994). This accumulation may be one thousandfold greater
in the intestine compared with other tissues and may account for several of its
effects. Metformin is excreted unchanged in urine with approximately 90% being
cleared within twelve hours. It is poorly absorbed via the intestine, an effect
which may be related to its ionisation and hydrophobicity (Bailey, 1992; Vidon et
al., 1988). Unlike insulin, metformin does not increase body weight and appears
to impose a variety of beneficial effects in several different physiological systems

in diabetic individuals.

1.7.3b Effects upon Lipids and Lipoproteins:

Type 2 diabetic patients characteristically demonstrate lipid and lipoprotein
abnormalities, which can be partially redressed by metformin therapy. One
primary cause of increased HGO in type 2 patients is elevated fatty acid
concentrations. As detailed earlier in this chapter, these elevated fatty acids serve

as substrates for hepatic metabolism and are oxidised preferentially to glucose.
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According to Randle ef al. (1705), elevated fatty acids inhibit the metabolism of
glucose in muscle and stimulate gluconeogenesis, contributing to elevated
glucose levels. The improvements in insulin-stimulated glucose disposal detailed
earlier, along with effects of metformin on fatty acid oxidation, serve to lower the

contribution of fatty acids to the generation of glucose.

The abnormal lipid profile in diabetic patients renders these individuals
susceptible to a greater risk of CHD (Laakso and Lehto, 1997). Metformin has
been shown to partially correct these lipid abnormalities. In studies performed by
Cusi and DeFronzo (1998), metformin was shown to reduce triglyceride levels by
as much as 25%. VLDL levels were also reduced to a similar level or in some
instances by up to 50% (reviewed by Bailey, 1992). Metformin has also been
shown to decrease the amount of cholesterol in VLDL particles favourably
altering their composition (Schneider er al., 1990). LDL levels, commonly
elevated in diabetes, show a modest reduction following metformin therapy
(Rains et al., 1988; Rains et al., 1989). In addition, HDL levels show a modest
increase following metformin therapy (Janka, 1985). The correctional effect upon
lipid profiles is also evident in non-diabetic individuals who demonstrate

hypertriglyceridaemia and elevated cholesterols (Cusi and DeFronzo, 1998).

Metformin may also influence cholesterol metabolism at the level of cholesterol
synthesis. Evidence exists that metformin can decrease the activity of HMG-CoA
reductase and ACAT. The activity of these enzymes, involved in cholesterol
synthesis and esterification, respectively, was suppressed by metformin in the

intestine of diabetic rats. This suggests a mechanism by which metformin may
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suppress cholesterol synthesis and storage (Scott and Tomkin, 1983; Ni Neill et
al., 1987). Similarly, metformin also reduced the absorption of cholesterol

administered orally (Cusi and DeFronzo, 1998).

1.7.3c Vascular Effects:

Metformin also imposes beneficial effects on the vascular system with important
implications in the development of atherosclerosis. Metformin has been shown to
reduce several risk factors linked with cardiovascular disease. These include
increasing the rate of fibrinolysis and reducing PAI-1 levels (Bailey, 1997a).

In a study by Biinting et al. (1986), metformin was shown to decrease the
proliferation of vascular smooth muscle cells in vitro. This action of the drug is of
significance not only in the diabetic but also in the non-diabetic. Conflicting data
exist for a beneficial effect of metformin upon blood pressure and hypertension.
It has been shown to reduce blood pressure in rat models of hypertension, but the
majority of clinical data indicate little effect of the drug on blood pressure in
normotensive patients. As discussed earlier, hyperinsulinaemia is a positive risk
factor for cardiovascular disease, as is hypertension and obesity. Although
metformin does not reduce hypertension in humans, its effects upon elevated
lipoproteins and insulin resistance may increase insulin sensitivity in tissues such

as vascular smooth muscle (Fantus and Brosseau, 1986).

This insulin-sensitising effect is effectively demonstrated at the level of the liver
and reduced HGO following metformin therapy. If metformin imposed similar
insulin-sensitising and growth-inhibiting effects in vascular tissue, this could

contribute to a beneficial effect upon the vasculature reflected, possibly, by a
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modest decrease in hypertension, blood pressure and, ultimately, the progression
of central and peripheral vascular disease. Metformin may also influence vascular
tone at the level of the endothelium. According to Cusi and DeFronzo (1998),
metformin is associated with increased glucose transport, activity of tyrosine

kinases, and the general vasodilatory response to L-arginine.

Type 2 diabetic patients often demonstrate abnormal haemostatic function (Jokl
and Colwell, 1997). Elevated levels of PAI-1 are common in both diabetic and
non-diabetic individuals with insulin resistance (Jokl and Colwell, 1997).
Metformin is associated with reduced levels of t-PA and PAI-1 antigen in
patients with peripheral vascular disease and fibrinolytic impairment (Montanari

et al., 1992).

1.7.3d Contraindications:

Serious side effects of metformin therapy are rare. Clear contraindications to
therapy have been identified and if adhered to result in few deaths from this
compound. Lactic acidosis, by far the most serious side effect, accounts for only
0.03 cases per 1000 patient-years of treatment (Bailey, 1997a). Gastrointestinal
(GI) symptoms are a common minor side effect of metformin therapy. Symptoms
include diarrhoea, vomiting, bloating, metallic taste, flatulence, and nausea (Cusi
and DeFronzo, 1998). The GI symptoms can be alleviated by reducing the dose
of metformin. Only in less than 5% of cases do these GI symptoms become
intolerable for the patient and metformin has to be withdrawn. Malabsorption of

vitamin By, is a further side effect of metformin treatment (Bailey, 1997a). In
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some cases this may be overcome by calcium or cyanocobalamin

supplementation.

1.7.3¢ Hypotheses for Metformin's Cholesterol lowering effect:

Although it is generally agreed that metformin can lower cholesterol levels by
increasing HDL and lowering VLDL, it is unclear how the drug actually achieves
this (Cusi and DeFronzo, 1998). The cholesterol lowering effect is predominantly
seen in hypercholesterolaemic individuals with diabetes, however, it is also
evident in non-diabetics suffering from elevated cholesterol levels (Bailey, 1992).
This cholesterol stabilising effect is certainly advantageous and may help to
lower the incidence of atherosclerosis among the diabetic population. One aim of

this thesis is to account for the cholesterol lowering effect of metformin.

A hypothesis put forward by Scarpello et al. (1998) involves metformin
inhibiting bile salt uptake in the small intestine, resulting in the passage of
unabsorbed bile salts into the colon where they may induce diarrhoea or be
excreted in the faeces. Bile salts are synthesized from cholesterol and are the
major pathway through which cholesterol may be excreted from the body
(Hofmann, 1994a). Increased excretion via the faecal route would result in a
reduction in the circulating bile salt/acid pool and the subsequent synthesis of
additional bile salts to replenish those lost through malabsorption. Thus, hepatic
LDL receptors would be up-regulated to provide the precursor for bile salt
synthesis, accounting for the reduction in plasma cholesterol levels evident

following metformin therapy. An alternative hypothesis involves a direct action
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of metformin upon the enzymes involved in cholesterol synthesis and

esterification, as detailed earlier.

1.8 Aims and objectives of this thesis:
Type 2 diabetic patients commonly exhibit abnormal circulating concentrations

of lipoproteins, which may contribute to the increased incidence of CHD in these
patients. In particular, VLDL and LDL levels are often elevated in diabetes,
whereas there may be a concomitant decrease in the HDL fraction (Cusi and

DeFronzo, 1988).

Metformin, an anti-hyperglycaemic agent used in the treatment of type 2
diabetes, is frequently associated with a small reduction in the circulating levels
of LDL cholesterol and sometimes a small increase in HDL cholesterol,
especially in hypercholesterolaemic patients. Treatment of type 2 diabetic
patients with metformin has also been reported to reduce the incidence of micro-

and macrovascular complications (UKPDS, 1998).

Recent clinical evidence suggests that metformin may reduce the intestinal
absorption of bile salts (Scarpello et al., 1998). Bile salts are actively reabsorbed
in the terminal region of the ileum and contribute to the tightly regulated pool of
circulating cholesterol via their continued synthesis, secretion, and reabsorption.
Thus, a reduction in the absorption of bile salts in the terminal small intestine
may account for the modest fall in circulating total cholesterol levels in patients
receiving metformin therapy. Moreover, the cholesterol lowering action of

metformin may be related to the lower mortality rates from microvascular and
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macrovascular complications compared with alternative oral anti-diabetic agents

(UKPDS, 1998).

The aim of this thesis is to investigate the effect of metformin on bile salt
absorption from the intestine and to evaluate potential mechanisms involved
utilising whole animal, isolated tissue, and cultured cell models. In addition,
studies have been undertaken to investigate the effect of chronic metformin
therapy upon cholesterol deposition within aortic vessels, and upon the
compliance of these vessels in response of vascular smooth muscle to the
contractile influence of noradrenaline (NA) and the vasodilatory effect of

acetylcholine (Ach).
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Materials and Methods
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Chapter Two: Materials and Methods

2.1 In vivo studies:

2.1.1 Animal Care and Preparation:

Male rats of the Wistar strain weighing between 150-250g were used throughout.
Animals were fed a standard laboratory pellet diet (SDS Economy Rodent
Breeder, Special Diet Services, Witham Essex, U.K.) and tap water ad libitum.
Food was withheld for a period of 12h prior to commencement of procedures,
while tap water remained available ad libitum. During the period when food was
withheld, the animals were housed separately in a large metallic cage with wide
mesh flooring to prevent coprophagy. The animal unit was air conditioned at

22+2°C with a regular lighting schedule of 12h light and 12h dark.

Prior to experimentation, the animals were weighed and injected intra-
peritoneally with Sagatal (sodium pentobarbitone, Rhone Mérieux, France) at a
concentration of 60mg/kg. Once anaesthesia had been induced, a lateral midline
incision was made into the abdomen and the intestine exposed. The bile duct was
exposed by threading a suture (Mersilk 4/0 Ethicon Ltd, Edinburgh, U.K) around
the jejunum, to retract the jejunum to the right, and expose the bile duct close to
the liver. The bile duct was partially cut and cannulated with a pp10 cannula. The
cannula was secured using a braided suture and bile subsequently collected. A
5cm region of distal ileum or proximal jejunum was selected and tied off at either

end with ligatures. In the case of ileum, a region was selected 2-3cm proximal to
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the ileo-caecal junction. For jejunum, a region 2-3cm distal from the ligament of
Treitz was selected. Throughout the experiment the animal’s temperature was
continually monitored. The animal was maintained at approximately
thermoneutrality using an angle poise lamp positioned approximately 30cm

away, and by using tissue paper covering the abdomen.

2.1.2 Radiolabel Preparation and Administration:

Radiolabelled [1-'*C] Glycocholic acid, sodium salt (Amersham U.K., specific
activity 57mCi/mmol) at a concentration of 1uCi was dissolved in a 1ml solution
of unlabelled glycocholic acid (Sigma) at a concentration of 20mmol/l for
administration to ileum and 8mmol/l for administration to jejunum. Drug treated
animals received metformin (Sigma) at a concentration of 250mg/kg dissolved in
the solution of unlabelled glycocholate/'*C sodium glycocholate. This solution
was injected directly into the isolated region of intestine using a Sml syringe and
25G needle. To assist the maintenance of body temperature, peritoneal muscle

was closed at the site of surgical incision using artery clamps.

2.1.3 Sample Collection #1:

Bile samples from the biliary cannula and blood samples from tail vein were
collected at 10-minute intervals over a 180-minute period. Blood samples were
centrifuged upon collection and the plasma layer removed and stored at 4°C,
Upon cessation of the experiment, samples of liver, ileum, jejunum, caecum,
ascending colon and the luminal contents of the relevant segments of ileum or

jejunum were collected. Tissues were weighed and placed in scintillation vials

with 0.5ml of 1M sodium hydroxide (NaOH), heated to 60°C until dissolved,
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mixed with Sml of scintillation fluid (Optiphase ‘Hisafe’ III, Fisons) and vortex
mixed. Bile and plasma samples (20ul) were mixed with 5ml scintillation fluid.
All samples were counted for '*C on a Packard 1600/1900 TR scintillation

counter.

2.1.4 Surgical Manipulation:

A second series of similar experiments was performed using male Wistar rats
weighing between 150-200g. Animals were starved and surgically manipulated as
detailed in section 2.1.1. Additionally, the carotid artery was cannulated with a
pp10 cannula and secured using ligatures. This was achieved by making a 2;3cm
lateral incision through skin covering the ventral surface of the neck. Muscle
covering the trachea was then blunt dissected and split longitudinally using
scissors. The left carotid artery, running parallel to the trachea, was readily

accessible.

Curved forceps were used to gently separate the vagus nerve from the left carotid
artery along a length of approximately 2cm. A ligature was secured distally to the
proposed site of incision to prevent backflow of blood. The carotid artery was
then clamped proximally to the intended site of cannulation using an artery clamp
and a small incision made into the artery. The vessel was cannulated through the
incision using pp10 tubing and secured with a ligature. Prior to cannulation, the
cannula tubing was passed over a 26G needle attached to a Sml syringe
containing heparin (Sigma, 50units/ml) to prevent blood clotting at the point of

incision. Radiolabel was prepared and injected into ileal or jejunal regions as
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detailed in section 2.1.2. Bile samples were collected at 10-minute intervals over

a period of 60 minutes.

2.1.5 Sample collection #2:

Blood samples (150pul) were withdrawn from the carotid artery at 10-minute
intervals, centrifuged, and plasma removed and stored at 4°C until conclusion of
the experiment. Hepatic portal vein (HPV) samples were collected every 30
minutes over the duration of the experiment. Prior to experimentation, needles
(25G) were soaked overnight in heparin (500units/ml) to prevent clotting upon
incision into the HPV. The needle was inserted at a shallow angle along the
direction of blood flow and approximately 200ul of blood withdrawn.
Haemorrhage was prevented by the gentle application of pressure using a swab
following removal of the needle. Blood samples were then centrifuged, and
plasma removed and stored at 4°C until required. Bile samples were weighed at
the end of the experiment and 20p! placed in Sml scintillation fluid. Tissues were
removed, weighed, and dissolved in 0.5ml NaOH (IM) before being mixed with
scintillation fluid (5Sml). All samples were counted for l‘1C; results are expressed

as disintegrations per minute (dpm) per microlitre plasma/bile and per mg tissue.

2.2 Thin Layer Chromatography:
In order to confirm that the radiolabelled molecule collected in bile and plasma
samples was the same as that introduced, i.e., intact glycocholate, thin layer

chromatography (TLC) was performed. The method employed was derived from
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routine procedures undertaken at Aston University to confirm the integrity of

steroids and related compounds including bile salts.

Plasma sample (A) was obtained from the tail of an anaesthetised animal prior to
bile salt administration and therefore contained no radiolabel. Sample B was

collected from the HPV during bile salt absorption studies and contained
4,56dpm of 4C glycocholate per microlitre plasma. Dilute radiolabel (0.1pl
diluted tenfold with serum) was added to sample A for comparison with sample
B. Equal volumes of chloroform-methanol (50ul) were added to plasma samples
to precipitate protein. Samples were allowed to stand for 5 minutes and were then
centrifuged for 60 seconds. The upper lipid layer was subsequently removed and

stored at 4°C until required.

Preparation of the TLC plate involved stripping 1cm of silica powder from either
side along the intended direction of solvent flow. A faint pencil line was drawn
2cm from the bottom of the plate and represented the point of origin of the
samples. Plasma samples were spaced 6¢cm apart and from either side of the plate;
the sample was introduced onto the silica in 0.5pl aliquots and dried between
applications using a hairdryer. Once dried, the plate was introduced into a
covered glass container and placed vertically in 103ml solvent (64ml hexane,
35ml diethylether, 4ml acetic acid) which was allowed to travel vertically by
capillary action for a period of 45 minutes. During this time solvent flow resulted
in the separation of substances relative to their molecular weight. After 45

minutes the plate was removed and lipids identified in the presence of iodine

69



vapour. Separated fractions were marked with pencil and measured from the

point of origin to the solvent front and their Rf values determined

The chromatography plate was divided into lcm sections from which the silica
was scraped using a razor blade and added to Sml scintillation fluid. The vials
were vortex mixed for 20 seconds and counted for **C. The results demonstrated
that virtually all radiolabel was located in the final band of silica in both samples.
This suggests that the '*C sodium glycocholate recovered during absorption
studies is the same as that initially added. Some streaking was observed in initial
experiments and may be attributed to insignificant amounts of radiolabel being

attached to plasma proteins of differing molecular weights.

2.3 Chronic Cholesterol Feeding Studies:

Sixteen male homozygous lean (HO) mice from the Aston colony used to breed
the ob/ob mutants were initially used to study the chronic effect of metformin
administration during consumption of a high cholesterol diet. Mice were
maintained on a standard powdered diet (SDS Economy Rodent Breeder, Witham
Essex, U.K.) supplemented with 5% cholesterol and 4% lard for a period of
eight-nine months. The diet was prepared by mixing 40g melted lard with 50g
powdered cholesterol (Sigma) and 910g standard powdered diet. This was then
mixed with approximately 800ml tap water and dried overnight at 70°C. Animals
were housed in plastic cages with the food and water available ad libitum. The
animal unit environment was controlled at a temperature of 22°C + 2°C with a
regular 12h light-dark lighting schedule. The bedding of sawdust was changed

weekly along with cages and water bottles. Animals were housed in two
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experimental groups; eight controls and eight metformin treated animals. Drug
treated animals were supplied with drinking water containing metformin at a
concentration of 250mg/kg, the volume of water supplied was in excess of their
normal drinking capabilities and was thus available ad libitum. Food was
replenished every other day where necessary and animals were weighed weekly.

At intervals throughout the experiment, tail vein blood samples were collected
and plasma was separated by centrifugation and retained for determination of
plasma cholesterol levels at a later date. After a period of eight months, the
animals were anaesthetised with halothane and killed by cervical dislocation.
Tissues (liver and aorta) were removed for histology (section 2.4) and arterial

compliance studies.

2.3.1 Arterial Compliance studies:

2.3.1a Study #1:

A segment of thoracic aorta measuring approximately 2cm was removed and
placed in chilled physiological salt solution (PSS) buffer (Palmer et al., 1998;
appendix II). Aorta was removed under careful dissection by inserting curved
watchmaker’s forceps under the vessel and carefully dissecting the fatty tissue
surrounding the organ as it runs parallel with the vertebral column. Tissue was
trimmed of any remaining fatty tissue under a dissecting microscope, and
mounted horizontally between two wire triangles in order to quantify compliance.
The tissue was placed into an organ bath containing PSS buffer prewarmed to
37°C, gassed with 5% CO; and 95% air. Aortic tissues were subjected to a resting

tension of 1g and allowed to equilibrate for 60-90 minutes. Compliance was
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determined using standard organ bath and compliance apparatus (electromed
amplifiers, isometric transducers (Poiden UF1) and a BBC Goerz chart recorder).

Vessel contraction was recorded following the addition of NA (bitartrate salt;
Sigma; 3 x 10° - 1 x 10 M) directly to the organ bath. Results are expressed as

percentage contraction to NA of the cholesterol fed group.

2.3.1b The Mulvany and Halpern based multimyograph (Study #2):

The above apparatus was leased from Danish Myotech Technologies (Aarhus,
Denmark, model 610M; figures ¢ + d, appendix I) in order to measure the
compliance and responsiveness of large vessel resistance to contractile and
relaxant agonists. Essentially, these experiments were a repeat of experiments in
section 2.3.1a, using more sensitive apparatus, although some modifications were

implemented in the light of the previous experiments.

Animals were divided in_to three experimental groups: a control group which
received normal pellet diet and tap water; a cholesterol fed group which received
high cholesterol diet (5% cholesterol, 4% lard w/w of diet) and tap water; and a
drug treated group. The drug treated group received a high cholesterol diet and
metformin in tap water at a dose of 250mg/kg. Animals were kept under identical
conditions as in section 2.3 and subject to the same treatments. The experimental
time period represented approximately eight-nine months. Unlike the previous set

of experiments, blood samples were not removed from the tail during this trial.

In a preliminary part of the present study to assess the use of anaesthesia, it was

discovered that inducing halothane anaesthesia in order to conduct cardiac
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puncture influenced the functioning of the aortic vessel. Animals were therefore
stunned and killed by cervical dislocation to alleviate this effect. Blood was
obtained from the heart once cervical dislocation had been performed and this
was used to determine cholesterol concentrations and clotting factors at a later
date (sections 2.5 and 2.6 respectively). The excised vessel was immediately
immersed in chilled PSS buffer and trimmed free of adherent connective tissue
under a dissecting microscope. At this point a 0.5cm segment of the vessel was
placed in 2.5% glutaraldehyde (Sigma) in 0.2M phosphate buffer for electron
microscopy. In addition, a segment of vessel was also embedded in OCT (BDH)
mounting compound for cryotomy. The remaining length of aorta was then
divided into two sections approximately 0.5cm in length and carefully mounted

onto the wire supports of the myograph system.

The tissue was subject to a resting tension of 1g throughout the experiment,
which was measured using a micropositioner. Each tissue segment was placed in
an individual organ bath, gassed continually with 5% CO, and 95% air, and
maintained at 37°C. As in the initial experiments, a contractile dose-response
curve was established in response to NA (5 x 107 -1 x 10 M). In addition, the
ability of the vessel to relax in response to Ach was also investigated (1 x 1671
x 10 M). Vessel reactivity was recorded on a chart recorder (BBC Goerz)
through a force transducer output. Results are expressed as a percentage

contraction to NA of the control group, and a percentage relaxation to Ach of the

maximally achieved contractile response.
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Preliminary experiments were also performed to assess vessel compliance in the
absence of a functional endothelial cell layer. During these experiments the vessel
lumen was carefully rubbed using the tips of fine forceps to disrupt the
endothelial cell layer, and the vessel subsequently contracted with NA. It became
evident that vessel damage was occurring as the vessel lumen was rubbed,
resulting in a diminished contractile response. It was subsequently decided to
perform future experiments in the presence of the endothelial cell layer, to

maintain tissue viability.

2.4 Histology:
Aortic samples removed from control and drug treated mice were subject to

histological examination under light (Leitz Wetzlar microscope) and electron

microscopy.

2.4.1 Cryotomy:

In order to quantify the presence of cholesterol and lipids in aortic samples, it was
necessary to section samples using a cryostat since conventional histological
procedures would result in lipid loss. Thoracic aorta was removed and
immediately frozen (using dry ice) in OCT mounting compound onto a cryostat
chuck. Once frozen the tissue was stored at -70°C wrapped in aluminium foil.
Sectioning tissue involved attachment of the frozen specimen of tissue to a chuck
of the cryostat using mounting compound. Once the tissue sample had
equilibrated to the temperature within the cryostat chamber (approximately 60

minutes at -24°C), the sample could be sectioned either manually or

mechanically.
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Sections of tissue (12pm thickness) were delivered serially and attached to
‘microscope slides (Sigma; aminoalkylsaline coated, or BDH; electrostatically
charged) by capillary action. The sections were allowed to air dry overnight and
were then stained for the presence of lipids using Oil red O or Sudan III and IV
(appendix II). Cholesterol was determined using the enzymatic method described
in section 2.4.2, and the perchloric acid-naphthoquinone (PAN) method
(appendix II). For identification of aortic structure, traditional stains
(Haematoxylin Gill III, Fisher; Carazzi’s, see appendix II; and Eosin Y, 1%
aqueous, Fisher) were used (Bancroft and Stevens). Since the PAN method
(Adams, 1961) proved difficult to employ, and staining to an appreciable extent
difficult to achieve, the enzymatic method (described below) for determining the

presence of cholesterol was used routinely.

2.4.2 Enzymatic Cholesterol Determination:

Emis et al. (1977) described a method for the determination of total cholesterol
and its esters within tissue. The method involves the production of hydrogen
peroxide (H;0;) from free cholesterol following the enzymatic action of
cholesterol oxidase. An insoluble brown complex is generated at sites of H,0,
production in the presence of 3,3’-diaminobenzidine tetrahydrochloride (DAB),
the reaction being driven by peroxidase.

The overall reaction involves the production of cholesterol and fatty acid from
cholesterol ester via the enzyme cholesterol ester hydrolase. Cholesterol in the
presence of oxygen is converted to cholest-4-en-3-on and H,0; by cholesterol
oxidase enzyme. The H;0; in the presence of DAB is converted by horseradish

peroxidase to an insoluble brown coloured polymer.
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Cholesterol esterase (from Pseudomonas fluorescens, 2mg/ml in 3.2M
ammonium sulphate, 10units/mg) was purchased from Sigma along with
cholesterol oxidase (from Nocardia erythropolis, 1mg/ml in 1M ammonium
sulphate, 20units/mg) and DAB (tetrahydrochloride). Peroxidase (from
horseradish, 10mg/ml in 3.2M ammonium sulphate, 250units/mg) was purchased
from Boehringer Mannheim. All reagents were prepared freshly on the day of

use, immediately prior to the experiment.

A solution of 0.1M phosphate buffer containing 1.4units/ml cholesterol esterase,
0.4units/ml cholesterol oxidase, 50units/ml peroxidase, 0.5mg/ml DAB, and
0.1% (v/v) triton X-100 was prepared. Frozen sections (12pum in thickness) were
taken from aortic samples frozen at the time of the vascular response study
(section 2.3.1b), attached to BDH Superfrost slides and air dried. Slides were
rinsed initially in 0.1M phosphate buffer for 15 minutes and immersed in the
incubation medium described above for 150 minutes. The medium was kept at
37°C throughout and masked from daylight using foil to prevent the photo-

oxidation of DAB.

Slides were then washed in cold 0.1M phosphate buffer for 15 minutes to remove
all traces of unreacted DAB. Sections were then counterstained with Carazzi’s
haematoxylin (appendix II), passed through 70% alcohol, 100% alcohol, and
xylene before being mounted using DPX (Fisher). Observation of the sections
under light microscopy revealed that no deposition of cholesterol was evident in
the arterial wall (figures e-j, appendix I). The positive control (adrenal gland)

stained very lightly with DAB. However, following counterstaining with
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haematoxylin, this colouration was masked. The DAB complex was evident in
small quantities in some fatty tissue surrounding the aortic structure (figure j,
appendix I). This provides evidence that if cholesterol was present in the arterial
wall it would have been visible by the formation of the DAB complex. Sections
of aorta from all animals were counterstained with haematoxylin, mounted in

DPX and photographs taken for structural reference.

2.5 Determination of Total Plasma Cholesterol:

Plasma samples from mice subject to high cholesterol feeding with and without
metformin (section 2.3) were collected and stored at -20°C until required. Total
cholesterol levels were measured utilising the CHOD-PAP method, as described
below. The assay kit was purchased from Boehringher Mannheim and the

reaction summarised below.

Cholesterol esterase

Cholesterol esters + 0 ~T—— > Cholesterol + fatty acid

Cholesterol oxidase

Cholesterol + O; —> A’-cholestenone + H,0,
Peroxidase
2 H,0, + 4-aminophenazone :> 4-(p-benzoquinone-
+ phenol monoimino)-phenazone
+ 4 H,O

Cholesterol esters are hydrolysed by cholesterol ester hydrolase into free
cholesterol. Free cholesterol is subsequently converted to cholestenone along

with H,0; by cholesterol oxidase. In the presence of aminophenazone, phenol,
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and peroxidase, cholestenone is converted to a chromogen with a maximum
absorption at 500nm (Allain et al., 1974). The reactions were quantified using a
spectrophotometer (LKB 4053 Ultrospec K) by the use of H,0,-dependent colour
forming reactions. Plasma samples (20pu1) were pipetted into the reagent solution
(2ml) and mixed. A single blank was used for each experiment and consisted of
reagent solution (2ml). All samples were incubated at 37°C for 5 minutes to

facilitate the colour forming reaction and were read at 500nm within one hour.

2.6 Factor XIII Analysis:

During the cholesterol feeding studies (section 2.3), blood samples were collected
by cardiac puncture from the mice following cervical dislocation. The blood was
added to anticoagulant (tri-sodium citrate, 0.1M) in a ratio of 9:1, blood to
anticoagulant. Samples were placed immediately on ice and subsequently
centrifuged at 2560rpm for 30 minutes at 4°C (Baird and Tatlock Mark IV
refrigerated centrifuge). Following centrifugation, plasma was separated from the
pellet of blood cells and immediately stored at -20°C. Samples were assayed ata
later date for the activity of factor XIII, a factor involved in the stabilisation of
the fibrin clot. The procedure involves the conversion of fibrinogen to fibrin in
the presence of the enzyme thrombin. The activity of factor XIII was then

measured using the procedure detailed below.

2.6.1 Factor XIII Activity Assay:
Blood plasma samples obtained from experimental mice utilised in arterial
compliance studies (2.3.1a and b) were used to determine the activity of factor

XIII. Factor XIII was selected for study because it is a factor essential for fibrin
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clot stabilisation (Muszbek et al., 1996). It may also affect cross-linking of
proteins in the vessel wall, which could alter compliance, and might contribute to
beneficial vascular effects seen with metformin therapy. Being a guanidine,
metformin might also alter factor XIII activity since metformin is known to
increase fibrinolysis (Chakrabarti et al.,, 1965). A disproportionate balance
between fibrin clot formation and fibrinolysis may exist in diabetes (Jokl and
Colwell, 1997). As such, plasma samples obtained during cardiac puncture were
used to determine the activity of factor XIII in mice receiving a normal rodent

diet and a high cholesterol diet with and without metformin.

Plasma samples were centrifuged at 4°C at 2560rpm to separate blood cells, and
stored at 20°C until required. Assays for Factor XIII activity were performed by
myself at Leeds General Infirmary, Unit of Molecular Vascular Medicine, where
the assay is routinely used in human studies. The opportunity to undertake this
work at Leeds was kindly made available courtesy of Professor Grant, and

guidance provided in the procedures thanks to Dr Ari¢ns.

Mouse fibrinogen was purchased from Sigma chemicals and used in the

microtiter assay along with 5-(biotinamido)pentylamine as substrates.

Mouse fibrinogen (100p1) was used to coat Nunc Immuno Maxisorp microtiter
plates at 40pg/ml in TBS buffer (40mmol/l Tris-HCL, 140mmol/l NaCl and
0.02% (w/v) NaN3, pH8.3) for 45 minutes at room temperature. The solution was
discarded and the reaction blocked by the addition of 200ul TBS containing 1%

BSA for 20 minutes at 37°C. Following this incubation, wells were washed twice
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in 300ul TBS buffer. Plasma samples taken into 0.1M tri-sodium citrate buffer

were diluted 1:10 with TBS buffer and 10l of the dilute samples reverse pipetted

in to the centre of each well in duplicate.

A reaction solution consisting of a-thrombin 1.111U/ml (Sigma), 5-
(biotinamido)pentylamine 1.11mmol/l (Pierce Chemical Company), DTT
(Dithiothreitol) 0.56mmol/l (Sigma), and CaCl; 0.11M was prepared in TBS
beforehand and kept on ice until required. This solution was delivered (90ul) into
each well to initiate the cross-linking reaction, and incubated for 3 and 10
minutes. The reaction was stopped by the addition of 200ul 200mM EDTA after
3 minutes and 10 minutes. Wells were washed twice with 300ul TBS, and 100u1
of 10pg/ml streptavidin-alkaline phosphatase (Sigma) in TBS containing 0.1%

BSA added to each well and allowed to incubate for one hour at 37°C.

The assay works on the basis of coating wells of microtiter plates with
fibrinogen. Coated fibrinogen in the presence of activated factor XIII becomes
converted to fibrin monomers (Song et al., 1994). Factor XIII becomes activated
in the presence of thrombin and calcium. Incorporation of 5-
(biotinamido)pentylamine occurs into adsorbed fibrin following commencement
of the fibrinogen to fibrin conversion. Biotinylated products were detected by
incubating with streptavidin-alkaline phosphatase and reading the absorbency at
405nm for p-nitrophenol. Absorbance was measured on a Titertek automated

absorbance reader (Flow Laboratories).
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2.7.1 Everted Intestinal Sacs:

Following the in vivo observation that bile salt transport could be influenced
differently by metformin in ileum and jejunum, an in vitro model was established
to examine the effects of metformin on bile salt transport in isolated everted
intestinal sacs. Everted intestinal sacs have been used previously to study the
transport characteristics of sugars, amino acids and bile salts (Caspary, 1971;

Holt, 1964; Lack and Weiner, 1961; Caspary and Creutzfeldt, 1975).

The model utilised herein for bile salt transport was based on that of Lack and
Weiner (1961), with additional methodology adapted from Wilson and Wiseman

(1954).

Male rats of the Wistar strain weighing approximately 200g were used. Unlike
the in vivo rat model, the decision was taken not to starve the animals prior to
experimentation since the intestinal contents could be removed during the
eversion process. Observations were also noted in the literature suggesting
starvation may reduce mucosal and serosal fluid transfer compared to ad-lib fed
animals (Perris, 1964). Thus, food and water were available ad libitum. Initially,
animals were killed by stunning and cervical dislocation. However, the intestine
is incredibly sensitive to shock. Since it appeared that this initial shock might

induce massive vasoconstriction of the tissue, subsequent animals were killed by

sodium pentobarbitone overdose.
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Following pentobarbitone overdose, a midline incision was made into the
abdomen and the intestine exposed. The whole of the small intestine was
removed by severing the upper duodenum and the lower ileum. The intestinal
tissue was separated from the attached mesentery by manual stripping, placed
into Krebs-Henseleit buffer (appendix II) and allowed to equilibrate to room
temperature. At this point, any excessive fatty tissue was removed along the site

of mesenteric attachment.

The intestine was then secured to a glass rod (0.5cm diameter) using a ligature
and the remaining tissue rolled over the secured site. The everted intestine was
then returned into buffer at room temperature. To prevent damage to the intestinal
mucosa, the everted tissue was placed onto filter paper discs saturated with 0.9%
NaCl. Five centimetre regions of intestine were then measured, cut, and placed

back into Krebs-Henseleit buffer.

A preweighed ligature was tied around one end of each sac. A second ligature,
also preweighed, was tied loosely around the open end in preparation for
tightening. The ligatures were bathed in buffer solution prior to weighing to allow
saturation of the material. This was performed to prevent absorption of fluid by
the ligatures and therefore avoid inaccurate quantitation of fluid uptake into the
sac preparation. Each sac (plus the two ligatures) was weighed (W1) using a
torsion balance. A blunt needle attached to a 1ml syringe was then introduced
into the intestinal lumen and the second ligature secured over the needle.
Approximately 0.5ml of solution (Krebs-Henseleit buffer containing unlabelled

glycocholic acid at 10mmol/l for ileum and Smmol/l for jejunum) was injected
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into the sac. As the needle was removed from the lumen, the second ligature was

tied securely and the sac was reweighed (W2).

The sac was then placed into a 50ml conical flask containing 15ml Krebs-
Henseleit buffer with unlabelled glycocholic acid at the concentrations described
above. In addition, metformin was present at a concentration of 1 x 10° M, 1 x
102 M and 5 x 10% M, where appropriate. Radiolabelled sodium glycocholate
was also added to all flasks (1puCi). The flasks were stoppered using ‘suba-seals’
and placed into a shaking water bath (37°C) maintained at approximately 90
oscillations per minute. The tissue was aerated continually for 90 minutes with
5% CO; and 95% air. Following 90 minutes incubation, each sac was removed
from the bathing solution, blotted, and weighed (W3). Intestinal fluid contents
were then removed using a 1ml syringe with a 26G needle attached. The weight
of the tissue less the intestinal contents was then recorded (W4). A section of the
intestinal sac wall was removed, weighed and dissolved in 0.5ml NaOH (1M) at

60°c for 30 minutes.

Triplicate samples (20u1) were removed from the solution bathing the intestinal
sacs and the solution from within the lumen. Samples were added to Sml
scintillation fluid and counted for the presence of '*C. Results represent values of
dpm per pl solution or per mg tissue and are expressed as percentage of controls.

Using the weights recorded throughout the experiment, it was possible to

determine the serosal and mucosal fluid transfer, along with the volume of fluid
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retained within the intestinal wall. The calculation is similar to that used by Perris

(1964) and is as follows:

W1 = Weight of empty gut including two saturated ligatures
W2 = Weight of initial full gut including two saturated ligatures
W3 = Weight of full gut following 90 minute incubation including two saturated

ligatures

W4 = Weight of final empty gut (contents removed) including two saturated

ligatures

Mucosal fluid transfer (A) = W3 - W2
Gut fluid uptake (B) = W4 - W1
Serosal fluid transfer (C)=A - B

Initial wet weight of tissue = W1 — weight of ligatures

If A is > than B then C = serosal fluid uptake, with B value from mucosal surface.

If B is > than A then C = serosal fluid loss, with B value from serosal surface.

Parsons et al. (1958) originally described the terminology used above; i.e. serosal
fluid transfer is the increase or decrease in the volume inside the sac following
incubation. Mucosal fluid transfer is defined as the diminution in the volume of
the mucosal fluid (fluid bathing the sac) over the incubation period. The gut fluid
uptake represents the volume of fluid retained within the intestinal wall and may
originate from either mucosal or serosal surfaces in this model. Results are

expressed as the percentagé fluid transfer in microlitres, of control values. These
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calculations were made following each experiment and were introduced as a
measure of the absorptive capacity of the intestinal tissue. Frequently, however,
the absorptive function of the intestinal regions was influenced by the presence of
metformin. In some instances, the results may not accurately reflect the true
nature of the absorption capacity of the specified regions, due to the localised

drug effect. This is discussed further in chapter 3.

2.8 Cell Culture:

2.8.1 L6 Skeletal Muscle Cell Culture:

2.8.1a Supplements and Media:

Sterile DMEM (Dulbecco’s Modified Eagle Medium) was purchased from Gibco
as 500ml solutions supplemented with 0.11g/l sodium pyruvate and 2500mg/1
glucose. Medium was supplemented with foetal calf serum (FCS) at 5% for
complete medium and 0.5% for serum-depleted medium. Antibiotic/antimycotic
solution (100 x, containing 100units/ml penicillin G sodium, 10mg/ml
streptomycin sulphate, 25ug/ml amphotericin B as fungizone in 0.85% saline)
and L-glutamine (2mmol/l) were also added. All supplements for L6 media were

purchased from Gibco.

L6 skeletal muscle cells were originally derived from the thigh of newborn rats
(Yaffe, 1968). They are used widely as a culture model for glucose uptake since
the primary site for glucose uptake and utilisation in vivo occurs in skeletal

muscle, and insulin resistance at the level of this tissue is a major contributory
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factor to hyperglycaemia (Baron ef al., 1988). Studies characterising the L6 cell
line and their suitability for glucose uptake and affinity for metformin have been
performed by Bates (1999). Thus, the experiments described herein represent
preliminary studies designed to confirm the findings of Bates (1999). Aseptic

technique was employed for all cell culture studies.

2.8.1b L6 Muscle Cell Maintenance and Propagation:

The L6 cell line was sustained as a monolayer culture in 75cm’ culture flasks
(Sarstedt). Monolayers were cultured in 20ml DMEM medium supplemented
with 5% FCS, 1% antibiotic and L-glutamine (2mmol/l). Flasks were incubated at
37°C under 5% CO, and 95% air until confluent (Heraeus Instruments, Model

BB6220). Cells were passaged at approximately 80% confluence.

All DMEM was aspirated from confluent flasks and discarded. Approximately
Sml of trypsin-EDTA (0.5g porcine trypsin, 0.2g EDTA, 4Na/l of HBSS; Sigma)
was added to the flasks to detach cells. Flasks were agitated for approximately 10
minutes until all cells were visibly detached under an inverted microscope
(Olympus CK 2, Olympus Optical Co. U. K.). The trypsinised cells were
centrifuged (MSE Mistral 2000, Fisher Scientific Loughborough, UK) for 5
minutes at 1000rpm and the supernatant discarded. The cell pellet was
resuspended with 10ml of fresh medium to obtain a cell suspension, and 1ml of
this suspension was added to 20ml prewarmed DMEM in fresh culture flasks.
Cell type, date, and passage numbers were recorded for each flask. Flasks were
incubated for 3-4 days until confluent. The remaining cell suspension was used

for subsequent experimentation.

86



2.8.1¢ L6 Cell seeding:

Trypsinised cells were seeded into 24 well plates (16mm wells containing 5 x 10°
cells per ml medium) and grown to confluence for 2-Deoxy-D-[1,2-°H] glucose
uptake experiments. Plates were serum-starved by the addition of DMEM
supplemented with 0.5% FCS. Following serum starving, appropriate drugs were
added onto cells for 24 hours prior to experimentation (metformin 10°-10° M,

insulin 10° - 10° M).

2.8.1d Uptake of 2-Deoxy-D-[1,2->H] Glucose into L6 Muscle Cells:

In order to determine the uptake of glucose into muscle cells, a radiolabelled
glucose analogue was used (2-deoxy-D-[1,2-’H] glucose, Amersham; Specific
activity 60.0Ci/mmol). This labelled molecule is transported via the same route as
traditional glucose but is not metabolised past the point of phosphorylation
(Walker et al., 1989). This pathway allows the determination of *H-2-DG once
the muscle cells have been lysed. Details relating to the growth stages of these
cells and their subsequent differentiation has been previously characterised by
Bates (1999). L6 muscle cells in vitro differentiate into multinucleated myotubes
following membrane fusion, mimicking the process of maturation occurring
during muscle ontogenesis (Klip and Leiter, 1990). Over time these muscle cells

align and eventually undergo differentiation and fusion into myotubes.

Plates of confluent serum-starved cells were washed with 1ml of glucose-free
Krebs-Ringer buffer solution maintained at room temperature (appendix II). This
solution was aspirated and discarded. A second solution of glucose-free Krebs

buffer, containing the radiolabel 2-deoxy-D-[1,2-°H] glucose (7.4Kbg/ml,
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0.2uCi/ml) and 0.0162mg/ml unlabelled 2-DG (Sigma), was then added to each
well at a volume of 1ml and incubated for 10 minutes at room temperature. The
radiolabel solution was then aspirated from the wells and discarded. An ice-cold
solution of glucose-free Krebs buffer was used to wash the cells of radiolabel and
terminate glucose uptake. Cells were lysed by the addition of 0.5ml (1IM) NaOH
over a period of 60 minutes. Post-incubation, contents of each well were
collected individually using a Gilson pipette and added to Sml scintillation fluid.
Samples were vortex mixed and counted for *H using a Packard 1600/1900 TR

scintillation counter.

2.8.2 Caco-2 Cell Culture:

2.8.2a Caco-2 Media and Supplements:

Sterile DMEM was purchased from Gibco as 500ml solutions supplemented with
0.11g/l sodium pyruvate and 4500mg/l glucose. Medium was supplemented with
FCS at 10% for complete medium. The following supplements were also added:
Non-essential amino acids (Sigma, 5ml of a 10mM 100 x solution).

Antibiotic/antimycotic solution (100 x, containing 100units/ml penicillin G

sodium, 10mg/ml streptomycin sulphate, 25pug/ml amphotericin B as fungizone

in 0.85% saline) and L-glutamine (2mmol/l). Hepes (Sigma, 2.45ml of a 1M
solution) was also added. Complete medium for the subculture of Caco-2 cells

was refrigerated at 5°C for up to 14 days.
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All supplements, unless stated as sterile by the supplier, were filter sterilised and
added directly to the medium. FCS was aliquoted into 25ml samples and stored at
-20°C. The antibiotic solution was stored in 5ml aliquots at -20°C, whilst L-
glutamine was prepared as a 200mmol/l stock and stored as Sml aliquots at -

20°C. Hepes buffer and non-essential amino acids were stored at 5°C.

2.8.2b Maintenance and Propagation:

Caco-2 cells were purchased from the European Culture Collection as a growing
culture and are derived from a primary colonic tumour of a 72-year-old caucasian
male (Fogh et al., 1977). Medium covering confluent cells was aspirated and

discarded. A solution of PBS-EDTA (Sigma, 5ml of 0.02% solution EDTA
prepared in Ca®* and Mg*-free buffer) prewarmed to 37°C was added to the
culture flasks and allowed to stand for 5 minutes. The PBS-EDTA solution was
aspirated, discarded, and 2ml trypsin-EDTA (Gibco, 2.5ml 1 x solution
containing 0.5g trypsin, 0.2g EDTA, 4Na/l) was added to the flasks and
incubated at 37°C for approximately 2 minutes. Following this incubation, the

trypsin-EDTA solution was aspirated and flask(s) incubated for 5 minutes. Cells

were disaggregated by sharp tapping of the flask.

A single cell suspension was obtained by adding 10ml fresh DMEM medium and
repeat pipetting. The generation of single cells is essential to obtain an even
distribution of the cells for subsequent seeding. Fresh flasks containing 9ml
prewarmed complete DMEM (37°C) were seeded with 3ml of the trypsinised cell

suspension. Flasks were incubated at 37°C under 5% CO; and 95% air until
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confluent. Monolayers were passaged at approximately 80% confluence to

facilitate the generation of single cell suspensions.

2.8.2¢ Seeding Transwell Inserts:

Caco-2 cells display many characteristics of ileocytes in the small intestine. They
are epithelial in nature and form monolayers (Pinto et al., 1983). Caco-2 cells
exhibit a functional intact transport system for bile salts and many other actively
transported molecules. The Caco-2 bile acid transporter is reportedly the same as
the ileal bile acid transporter in vivo (Kanda et al., 1998). These characteristics
make them an ideal model to study the transport of specific molecules, in
particular bile salts (Hidalgo and Borchardt, 1990). When seeding cell inserts,
cells are passaged as detailed in section 2.8.2b. Following trypsinisation, the cell
monolayer was resuspended in 11ml of complete medium and a single cell
suspension obtained by repeated pipetting. A 1ml sample was removed into an

eppendorf and used to determine the cell concentration. Trypan blue (100pl;
Sigma) was added to 400pl] of the cell sample and the cell concentration and

viability determined using a haemocytometer. The cell concentration required for

seeding inserts was 200,000 cells/ml.

Following cell concentration adjustments, 2ml of fresh complete medium was
added to the basolateral side of each insert. Transwell inserts and plates were
purchased from Corning (Corning Costar, Buckinghamshire, U.K. type 3452,
pore size 3.0pm, growth area 4.7cm? insert diameter 24mm, polyester
membrane) and were seeded at 200,000 cells/ml, i.e. 400,000 cells/insert. The

cell suspension was then slowly added to the apical chamber of the insert (2ml),
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and the cells observed using an inverted microscope. The plates were incubated at
37°C for 21 days to facilitate monolayer formation, with the medium in both the
basolateral and apical chambers changed every other day. After 21 days
incubation, the viability of the monolayer was determined visually using an
inverted microscope. Prior to experimentation, 2.6ml Hanks Balanced Salt
Solution (HBSS; Gibco) was added to the basolateral side of the inserts and

1.5ml added to the apical chamber.

2.8.2d Long-term Storage of Caco-2 Cells:

Caco-2 cells were frozen under liquid nitrogen for long-term storage. The cells
were trypsinised and resuspended as described previously (section 2.8.2b). The
cell suspension was centrifuged for 5 minutes at 1000rpm to pellet the cells. The
supernatant was aspirated and the pellet resuspended in 3ml freezing medium
(90% FCS, 10% Dimethyl sulphoxide, DMSO; Sigma). The pellet was gently
resuspended in this medium and Iml added to cryovials. The cells were frozen at
a rate of approximately 1°C per minute and placed into the -70°C freezer

overnight. Cryovials were then stored under liquid nitrogen.

2.8.2¢ Propagation of Cells from Long-term Storage:

Complete medium was prepared as before with 20% FCS. Fresh 25cm® flasks
containing 9ml prewarmed DMEM were used to resuspend the thawed cell
suspension. Cells were thawed rapidly by partial submergence of cryovials in a
warm water bath (37°C). Cells were gently resuspended and slowly added drop-
wise into the culture medium of the 25cm’ flasks. Flasks were incubated

undisturbed for 7 days at 37°C in 5% CO; and 95% air. Following incubation,
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cells were passaged from one 25cm’ flask into two 75cm’ flasks, following the

procedure detailed in section 2.8.2b.

2.8.2f Bile Salt Transport Studies:
Caco-2 cells were seeded onto Transwell cell inserts (section 2.8.2¢) and allowed
to form a monolayer for 21 days. Following 21 days incubation, medium in both

the basolateral and apical chambers was substituted for HBSS, 2.6ml and 1.5ml

respectively.

Figure 2.1
Representation of the Transwell culture system.

Aston University

ustration removed for copyright restrictions

24 mm Transwell

Radiolabelled bile salt (0.1uCi MC sodium glycocholate, Amersham; specific
activity 57mCi/mmol) and radiolabelled mannitol (0.5uCi, Sigma; specific
activity 19.1Ci/mmol) were added into each apical chamber. Subsequent
experiments involved the addition of D-[U-"*C] Glucose (Amersham; specific

activity 297mCi/mmol) to apical chambers, as indicated in chapter 4. Where
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appropriate, metformin, ouabain, and 20pul of a 10mmol/l solution of unlabelled
glycocholic acid (Sigma; final concentration 0.133pumol/ml) were also added to
the apical or basolateral chambers, as indicated in the relevant chapter. Plates
were incubated in a water bath for 24h at 37°C. Basolateral and apical contents
were removed and placed into vials containing 8ml scintillation fluid per 1ml
sample. Transwell inserts were cut from their plastic supports and the cell
monolayer dissolved in 2ml NaOH (1M) for 60 minutes and scintillant added.
Samples were counted for '*C and *H using a Packard 1600/1900 TR scintillation

counter.

2.8.2g Determination of Monolayer Integrity:

Transwell inserts utilised in transfer experiments were stained to determine the
integrity of the cell monolayer. The procedure employed (Manufacturers
instructions, Millipore, Hertfordshire, 1989) involved washing the cell insert free

of culture medium using sterile phosphate buffered saline (PBS).

The monolayer was fixed using 3% glutaraldehyde (Sigma) in PBS stored at 4°C
for 15 minutes. Methanol was then added to the insert and incubated at room
temperature for 10 minutes. Haematoxylin solution (Sigma; Gill 1) was used to
stain the monolayer for 9 minutes before being washed with purified water
(Fisher, HPLC grade) and the stain differentiated in 0.5% hydrochloric acid in

70% ethanol for 45 seconds.

The insert was again washed with purified water before the addition of dilute

ammonium hydroxide (10 drops of 1M concentrated solution in 100m! distilled
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water). The insert was further washed in purified water and was cut free of its
supporting matrix. The insert was placed on a microscope slide and mounted in a
compound suitable for ‘wet’ samples such as ‘hydromount’ (BDH). The nuclei of
the Caco-2 cells stain a deep blue colour and the general coverage of the insert
with cells was clearly evident under light microscopy. The polyester insert itself
did not stain with the haematoxylin; thus any blue colouration was attributed
solely to the Caco-2 cells. The presence of the insert did, however, impair the
ability to observe cells under higher magnification. As such, this method is useful
to determine cell coverage but is not useful for determining whether the cell layer

is specifically a monolayer or whether several cell layers are present.

2.8.3 The A7r5 Smooth Muscle Cell Line:

A growing culture of A7r5 muscle cells was purchased from ECACC (European
Cell and Culture Collection). A7r5 cells are derived from the thoracic aorta of the
DBI1X rat and as such are a smooth muscle cell line (Kimes and Brandt, 1976).
The cells were routinely propagated in 75cm’ flasks using DMEM (0.11 g/l
sodium pyruvate, 1000mg/l glucose) supplemented with L-glutamine (2mmol/l),
1% Penstrep solution (Gibco), and 10% FCS. The cells appear flat and ribbon-
like whilst proliferating. Once confluence is reached, however, the cells arrange
themselves parallel to one other. They also take on a spindle shape and appear

thinner than previously seen (Kimes and Brandt, 1976).

2.8.3a Cell Maintenance and Propagation:
The A7r5 cell line, as with many adherent cell lines, was passaged at 80%

confluence. Any growth medium was aspirated and the cell layer washed with
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3ml PBS-EDTA (2.5g¢ EDTA per litre in Ca*'- and Mg**-free PBS) for 30
seconds. This step was repeated using fresh solutions before adding 2.5ml
trypsin-EDTA (Gibco, 1 x solution containing 0.5g trypsin, 0.2g EDTA, 4Na/l)
for 30 seconds. The majority of the trypsin solution was removed leaving
approximately 0.3ml, and flasks incubated at 37°C for 3 minutes to facilitate
enzyme action. The adhered cells were dislodged with sharp tapping of the flask,
and a cell suspension obtained by adding 10ml fresh DMEM. New 75cm? flasks
containing 36ml prewarmed DMEM were seeded by adding 4ml of the cell
suspension. Flasks were incubated at 37°C under 5% CO, and 95% air.

Confluence was usually achieved within 3 days.

2.8.3b Petri Dish Studies:

Cells were passaged, as detailed above. Following trypsinisation, 45ml of fresh
DMEM was added to Sml of the harvested cell suspension. Tissue culture treated
petri dishes measuring 22¢m in diameter (Corning Costar) were seeded with 12ml

of this cell suspension and incubated until confluent.

2.8.3¢ Uptake of 2-Dcoxy-D-[l,2-311]-Glucose into A7r5 Smooth Muscle
Cells:

Confluent monolayers of A7r5 smooth muscle cells cultured on petri dishes (as
described above) were incubated with the radiolabelled glucose analogue 2-
Deoxy-D-[l,2-3H]-G1ucose, as described in section 2.8.1d. The protocol used was
identical to that described in section 2.8.1d, with the exception that the volume of

all solutions used to wash, incubate, and lyse the A7r5 cells was increased to 8ml
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for each petri dish in all cases. Samples were collected and counted for the

presence of °H using a Packard 1600/1900 TR scintillation counter.

2.8.4 Intracellular Calcium Image Analysis:

Evidence exists indicating metformin may influence calciumn-regulated events.
Metformin treatment at high concentrations (1-30mmol/l) induced rat-tail artery
relaxation (Chen et al., 1997). Additionally, cultured vascular smooth muscle
cells from rats treated with therapeutic doses of metformin (1-2ug/ml for 1-24
hours) responded by a reduced increase in intracelluler calcium, following
agonist stimulation (Sharma and Bhalla, 1995). To determine whether metformin
could acutely influence the intracellular calcium concentration in cultured cells,
preliminary experiments were performed utilising the previously detailed A7:S
smooth muscle cell line. The L6 skeletal muscle cell line was also studied for

comparison.

ATrS smooth muscles cells were cultured onto 22cm tissue culture treated petri
dishes until confluent, as described in section 2.8.3b. A small region of cells was
isolated using a circular plastic mould approximately Scm in diameter. Silicone
grease was used to seal the mould to the plastic petri dish. Fura-2-AM was used
as a fluorescent indicator of intracellular calcium movement. The finai working
concentration of fura-2-AM was 5§ x 10° M and was prepared in a2 1ml solution
using DMEM medium containing 5% FCS, 1% PenStrep and 1% L-glutamine.
Cells were incubated for 60 minutes with S00p1 of the fira-2-AM solution under

5% CO; and 95% air. Following incubation, cells were perifused for several
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minutes with a physiological salt solution (appendix II) buffered to pH7.4 in

order to remove any dye not taken up into the cells.

As a fluorescent dye, fura-2-AM is useful for determining the concentration of
intracellular calcium due to its chelating properties. Fura-2-AM becomes
modified intracellularly following its initial uptake. Once absorbed, the 2-
acetoxymethyl-ester bond becomes hydrolysed by various esterase enzymes
generating a highly charged molecule that cannot flux back across the cell
membrane. The initial presence of the AM ester group results in a hydrophobic

molecule that is free to flux across the membrane due to its lack of charge.

2.8.4a Drug Perifusion:

Fura-loaded cells were observed using a digital-imaging camera. A single cluster
of cells within the selected area was randomly chosen and used to represent the
general cell population, with the same cluster of cells being studied for the
duration of the experiment. Fine tubing from a reservoir of medium was used to
continually perifuse the isolated cells with PSS bathing solution (Borin er al.,
1994) or specific drugs. All drugs used were dissolved in the same PSS bathing

solution and perifused at the same rate for a specified period of time.

2.8.4b Apparatus:
During perifusion, a single field of view of isolated cells was captured using a
cooled digital CCD Camera (Hammamatsu C4880). The digital camera was

attached to an epifluorescence microscope (Olympus Bx50WI) programmed to
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capture the fluorescence emission from the fura-2 loaded cells. The objective

used was x 40 water immersion objective with a 0.8 numerical aperture.

2.8.4¢ Fluorescence A:

Fura-2 can be excited at two wavelengths, 340nm and 380nm. The fluorescence
of fura-2 at the latter wavelength is sensitive to the prevailing calcium
concentration. The fluorescence at 340nm is calcium insensitive, giving a
measure of the amount of the fluorescent dye in any one region. During the
calcium imaging experiments, cells were exposed to light of 360 and 380nm.
These exposure wavelengths were used to subsequently determine a ratio to best
represent visible and actual changes in intracellular calcium concentrations. The
ratio is derived by dividing the image at 360nm by the image at 380nm, and gives

a measure of the change in calcium.

The computer software invelved in these experiments is complex and was
custom-developed at Aston University by Dr N. Hartell, and allows manipulation
and analysis of the digital image. The few experiments performed herein did not
allow full evaluation of the intricate details of the system, however the system
has been characterised previously. All experiments were conducted in
collaboration with Dr. Hartell. Thus, the methods listed above describe the
fundamentals of the technique and are not designed to provide comprehensive
details of the technical computational aspects. Experiments were performed
through automations written in ‘OpenLab’ sofiware (Improvision) and reanalysis

achieved using Egor software, using procedures written by Dr Hartell.
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Smooth muscle (A7r5), and skeletal muscle cells (L6), were perifused with 1 x
10° M NA for approximately 1 minute. This perifusion was repeated on several
occasions following an arbitrary washout period, and independently of additional
drugs. Metformin (1 x 10° M) was also perifused independently onto the cells for
a period of 15 minutes, and with the subsequent addition of NA. NA ard
metformin were co-perifused at the same concentrations as used above and any
effect upon intracellular calcium levels recorded. The experiments were
concluded by the addition of thapsigargin, a toxin that blocks the resequestration
of calcium from the cytosol (Thastrup et al., 1990). The computer software
employed allowed for the isolation of specific cells or regions of cells, enabling
specific intracellular events to be accurately visualised and recorded in more than

one cell.

One drawback of using cultured cells is that not all cells reach the confluent stage
simultaneously. Thus, differences in the reactivity of fully matured cells
compared with less mature cells may exist. Results are expressed graphically and
represent alterations in intracellular calcium levels based on fluorescence. Digital
images of calcium fluorescence were captured at varying points of the experiment
and are included as a visible means of determining the intensity of the
fluorescence. Images are numbered (and can be found at the foot of figures 5.8.1-
5.8.3) and correspond to numbers above the calcium image trace. Figure 5.8.2
also displays a colour graded bar representing image intensity and should be
applied to figures 5.8.1 and 5.8.3. The green colouration of this bar represents
basal levels of intracellular calcium, whilst yellow and red represent increasingly

greater levels of this cation. An image of the experimental cell cluster is also
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included in the right hand margin and identifies specific areas within these cells

from which calcium levels were measured.

2.9 Statistical Analyses:

2.9.1 Student’s ‘t’-Test:

The Student’s ‘t’ test was employed for both paired and unpaired data sets, where
appropriate. When comparing data sets from two different experimental
treatments (control and drug treated), the unpaired data test was employed, if
applicable. If treatments were ‘paired’ i.e. from the same animal or batch of
cultured cells, the paired test was implemented. Where more than two paired data
sets were compared, and the paired ANOVA test could not be implemented due
to dissimilar experimental group sizes, the paired ‘t’-Test was again
implemented. Although this increases the chance of identifying a false positive in
terms of statistical ‘significance’, its use is more powerful than that of the

unpaired test in such situations.

2.9.2 Analysis of Variance and posi-tests:

Analysis of variance (parametric and non-parametric) was employed to determine
any significant difference between more than two groups of mean values. This
test identifies that there is a significant difference between the data but fails to
identify the significantly different treatment groups. In order to identify
statistically significant treatments, post-tests were introduced. Such tests include

the Tukey test and Bonferonni’s modification of the ‘t’-Test. Analysis of
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variance, along with the post-test performed, are indicated in figure legends

where implemented.
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CHHAPTER TIIREE: The Effcet of Metformin on Bile Salt

Absorption: In Vive and In Vitro Studies

3.1 Introduction: In vivo

The biguanide family of anti-diabetic agents has received considerable focus over
recent decades with one agent, metformin, emerging as a front line treatment for
type 2 diabetes. The mode of action and clinical end points of metformin are
discussed in detail in chapter 1 and will not be reiterated here. Nevertheless,
metformin has been shown to exert a correctional effect on several parameters
disproportionately balanced in type 2 diabetes. Plasma cholesterol and lipoprotein
concentrations, both of which are typically elevated in obese type 2 diabetic
individuals (Cusi and DeFronzo, 1998), can be modified by such therapy.
Metformin can lower total circulating cholesterol concentrations, albeit modestly,
and predominantly in hypercholesterolaemic individuals. In addition, LDL
cholesterol is marginally lowered following metformin therapy, and is associated
with a concomitant elevation in HDL levels (Cusi and DeFronzo, 1998). The
improvement in the lipid profile of type 2 patients by metformin is of potential
advantage in slowing the progression of diabetic macrovascular disease.
However, the manner in which metformin may alter these parameters is an issue

of considerable debate.

A recent study performed by Scarpello er al. (1998), involved type 2 patients

maintained on metformin as a monotherapy in order to examine its effects upon
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small bowel transit time and bile salt absorption. The overall findings of this
study indicated that metformin imposed no effect upon small bowel motility.
However, the study provided evidence that metformin altered the enterohepatic
circulation of bile salts, resulting in a modest decreased absorption. One current
hypothesis concerning metformin’s ability to partially cormrect altered lipid
profiles centres on the possibility that the drug may reduce the absorption of bile
salts in the terminal small intestine, resulting in increased bile salt loss in the

faeces (Scarpello et al., 1998).

The biliary pathway is the principal site for both the elimination and absorption
of cholesterol (Hofmann, 1994a). The bile salt pool is subject to strict regulation,
with bile acids returning to the liver regulating their own conversion from
cholesterol. This regulation is achieved via the enzymes 7a-hydroxylase
(CYP7A) and 27-hydroxylase (CYP27) (Vlahcevic et al., 1999). This negative
feedback mechanism affects not only cholesterol biosynthesis but also circulating
concentrations of LDL particles (Bjorkhem, 1983). In addition, Lillienau et al.
(1993) reported that substrate load may also function as a feedback pathway for

bile salt synthesis at the level of the intestine.

Loss of bile acids in facces, due to their impaired absorption and subsequent
passage into the colon, results in the incorporation of more free cholesterol into
the bile acid pool through synthesis of bile acids to replace those lost via the
faecal route (Grundy ef al., 1971). Vlahcevic et al. (1991) suggests that the newly
synthesised cholesterol pool may provide the source for this increased bile salt

synthesis.
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Arguably the most important enzymes regulating the free cholesterol pool within
hepatocytes are HMG-CoA reductase, 7a-hydroxylase, sterol 27-hydroxylase,
and ACAT (Vlahcevic et al., 1991). These enzymes form a complex negative
feedback loop that presumably has inputs at each level. According to Chiang et
al. (2000), 7a-hydroxylase is the rate-limiting enzyme for the biosynthesis of bile
acids. This is true for bile acids synthesised via the neutral pathway. However,
27-hydroxylase is rate-limiting for those bile acids synthesised via the acidic
pathway (Vlahcevic et al., 1999). Bile acids returning to the liver are believed to
suppress the activities of these two enzymes. This phenomenon was demonstrated
following bile acid feeding experiments whereby both HMG-CoA reductase and
7a-hydroxylase activities were decreased (Duckworth et al., 1991). Conversely,
however, a recent publication by Fukushima et al. (1995) found no significant
correlation between 7a-hydroxylase activity and bile acid feeding in the rat.
Nevertheless, the negative feedback hypothesis remains the most attractive
hypothesis to date to explain the regulation of bile acid synthesis. In addition,
cholesterol returning to the liver from chylomicron remnants, LDL, and HDL
particles, regulates the de novo synthesis of cholesterol via HMG-CoA reductase

modulation.

Reduced bile acid absorption, either through inherent defect or a consequence of
drug treatment, leads to up-regulation of cholesterol synthesising enzymes and
those regulating bile acid synthesis. The activity of HMG-CoA reductase is
stimulated, resulting in increased synthesis of cholesterol for delivery to the

metabolically active intracellular pool (Akerlund et al., 1991; Rudling et al.,
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1990; Reihnér et al., 1990). More of this cholesterol is then converted to bile
acids via the enzymes regulating bile salt synthesis. The overall effect of this
increased bile salt synthesis is to reduce levels of free and circulating cholesterol,
due to depletion of the free intracellular cholesterol pool and increased

cholesterol uptake from the circulation.

Preliminary evidence exists linking metformin with reductions in the active
transport of taurocholate and glycocholate in rat (Caspary and Creutzfeldt, 1975),
and guinea pig intestine (Tomkin, 1976), as well as in humans (Scarpello et al.,
1998). A feasibility study was subsequently undertaken to test the current
hypothesis that metformin may influence the enterohepatic circulation of bile
salts in the rat. Although not a normal constituent of rat bile, sodium glycocholate
was used throughout the study because it is handled in a similar manner to
taurocholate by its transporters (Lack and Weiner, 1961). Considerable emphasis
has been placed upon the importance of the ileal absorptive system in ‘mopping
up’ bile salts remaining in the intestinal lumen. Little attention has been focused
upon metformin’s effects in the jejunum, often seen as a functionally less
important system lending little effect to the overall enterohepatic circulation of
bile salts. Studies were therefore undertaken to investigate the role of both the
ileum and jejunum in bile salt absorption, and involved the administration of 'C
labelled bile salt to a closed intestinal loop and its subsequent recovery in hepatic
bile. Preliminary studies concerning the uptake and recirculation of '*C labelled
sodium glycocholate demonstrated independent transfer systems in the ileum and

jejunum.
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The jejunal transfer system is believed to involve passive diffusion of bile salts
across the intestinal epithelium, This passive mechanism is thought to be
important in the uptake of the least polar bile acids (Hofmann, 1994b). Bile acids
are capable of absorption by diffusion along the total length of the intestine but
only actively in the distal intestine (Bahar and Stolz, 1999). Initially, it was
believed that the ileum played the major role in bile acid uptake. However,
McClintock and Shiau (1983) highlighted the important contribution of the
jejunum to the overall uptake of bile salts. These authors suggested that the
function of the ileal transport system was to conserve the bile salts remaining
after jejunal absorption. The jejunum was shown to be of principal importance in
bile salt uptake by McClintock and Shiau (1983), using tritiated taurocholate (3H
TC). These authors observed that in anaesthetised rats approximately 30% of
luminal °H TC entered the bile with less than 1% reaching the distal regions of
the small intestine. The absorption mechanism for bile salts in the jejunum was
found to be a non-saturable process dependent upon substrate concentration.
More recently, evidence has been presented suggestive of a facilitated transporter
in the jejunal region. This transporter was found to demonstrate high capacity and
low affinity and could be inhibited by high bile acid concentrations (Bahar and

Stolz, 1999).

“Since the passive bile salt transport capacity of the jejunum equals that of the
ileum and bile salt volume is higher in the jejunum than in the ileum, the Jejunum
is exposed to, and will absorb, the major fraction of luminal bile salis”

(McClintock and Shiau, 1983).
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Bergstrdm and Norman (1953) suggested that active bile transport alone cannot
account for total bile salt conservation (since it is a saturable process) and that
passive mechanisms must contribute to the enterohepatic circulation. However,
preliminary studies presented herein involving sodium glycocholate confined to
the mid - distal ileum demonstrated that at 20mmol/l, approximately five-tenfold
greater than the prevailing concentration in the terminal ileum of fed rats
(Dietschy, 1967), uptake of the bile salt solution was virtually absolute. This
indicates that saturation of the uptake process did not occur and illustrates the

very high capacity of the ileum towards bile salt retention.

Transport of bile salts in the ileum is an active process involving a bile acid/Na*
co-transporter in the brush-border membrane, and a bile acid/anion transporter in
the basolateral membrane (Liicke et al., 1978; Weinberg et al., 1986). The uptake
mechanism involves the enzyme Na'-K'-ATPase, which is believed to adapt to

changes in the pool size of bile salts (Simon et al., 1988).

Bile acid absorption is termed secondarily active because the basolateral Na'-K -
ATPase enzyme is localised in the basolateral membrane (Phillips and Giller,
1973; Barnard and Ghishan, 1987). According to Van Tilburg er al, (1990), this
enzyme sustains a 125mM sodium gradient across the brush-border of ileal
enterocytes. Little is known regarding the mechanism by which bile salts leave
the enterocyte but it is suspected that a sodium-independent anion exchange
system operates at the basolateral membrane (Weinberg er al, 1986). The

binding, uptake, intracellular transport, and exclusion of bile salts from ileocytes
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is dependent upon the presence of specialised binding polypeptides, discussed

below.

Photoaffinity labelling studies have identified several proteins believed to be
involved in the uptake and removal of bile salts from intestina! epithelial cells.
Such transporters were found in brush-border and basolateral membranes, and in
the cytosolic fraction of enterocytes. Studies of the brush-border and basolateral
membranes identified a 99-kDa protein, believed to be involved in brush-border
membrane transport, and two additional proteins possibly involved in basolateral
membrane bile acid transport (Kramer et al., 1983; Lin et al., 1988). Moreover,
bile acid binding proteins (BABPs) have been identified from enterocytes subject
to fractionation. These BABPs are believed to be involved in the intracellular
transport of bile salts, and exhibit molecular weights of 14, 35 and 59-kDa (Lin et

al., 1993).

The principal BABP in the cytosol was found to be a 14-kDa protein (Lin et al.,
1990), and was subsequently identified as gastrotropin (Vodenlich et al., 1991).
A proposed model for transcellular transport of bile acids is suggested by Lin et

al. (1993), and is described briefly below.

It is believed that transport of the bile acids across the luminal membrane of rat
ileum occurs via a 99-kDa protein involving the uptake of sodium and the
extrusion of potassium. The intracellular transport of the bile acid molecule is
then governed by one or more proteins; either actin (43-kDa protein), and/or the

14 and 35-kDa cytosolic transport proteins. These cytosolic proteins are believed
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to transport the bile acid further through the cell, either to the basolateral
membrane directly or to a 20-kDa microsomal protein.

A 59-kDa basolateral membrane associated protein then accepts the bile acid
before its extrusion from the cell via the 54-kDa-transport protein found within

the basolateral membrane, via anion exchange.
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Figure 3.1 Adapted from Lin et al., 1993,
Bile acid transport through Ileal enterocytes.

Recent evidence indicates bile salt nuclear receptors may be important in
regulating the activity of enzymes important in bile salt synthesis. Chiang et al.
(2000) provides evidence that the farsenoid X receptor (FXR, a member of a
subfamily of nuclear receptors) may function as a bile acid receptor through
which transcription of the gene encoding for the 7a-hydroxylase enzyme may be
modulated. In addition, the activity of the ileal bile acid binding protein may be
increased by stimulating the transcription of the gene following activation of the

FXR.
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Further evidence for this model is provided by Wang et al. (1999), who found
that extracts of bile acids could specifically activate the FXR receptor. Both
chenodeoxycholic acid and deoxycholic acid were found to activate the
transcription of the intestinal protein involved in the binding of bile acids.
Conversely, the same bile acids were found to decrease the transcription of the
7a-hydroxylase gene. Wang et al. (1999) also implicates a further receptor, the
oxysterol receptor (LXRa), in stimulating transcription of 7a-hydroxylase in
response to metabolites of cholestercl; activated FXR may inhibit the
transcriptional activity of this receptor. Both FXR and LXRa are expressed in
liver, intestine, and kidney, and may modulate the transcriptional activity of

several genes in these tissues.

Similarly, the transcriptional activity of the enzyme sterol 27-hydroxylase
appears to be tightly regulated. Bile acid diversion leads to increased enzyme
activity, whereas down-regulation of the enzyme occurs following the addition of
bile acids (Vlahcevic et al., 1996). Thus, regulation of bile acid biosynthesis may
occur at the hepatic and intestinal level to modulate the synthesis of cholesterol
and affinity and expression of bile acid binding proteins. Indeed, Torchia ef al.
(1996) provide evidence that the bile acid transporters and the rate-limiting
enzyme(s) respensible for neutral bile acid biosynthesis are responsive to
circulating levels of bile acids. Any manipulation of the bile acid pool size by bile
acid feeding or scquestration results in modulated enzyme and transporter

activity. Interestingly, cholesterol feeding was found to increase the levels of 7a-
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hydroxylase mRNA but suppressed the gene expression of the ileal sodium-

dependent bile acid transporter.

The hydrophobicity of bile acids may influence the regulation of bile acid
synthesising enzymes. According to Viahcevic ef al. (1999), hydrophobic bile
acids repressed the activity of 7a-hydroxylase whereas hydrophilic bile acids did
not. Such bile acids may induce their inhibitory effects on gene expression as a
consequence of their hydrophobicity. Protein kinase C (PKC) is activated by such
bile acids and has been implicated in the mediation of gene repression through
the generation of transcriptional factors modified by the action of this second

messenger (Vlahcevic ef al., 1999).

Interestingly, cholesterol feeding may also modulate the transcription of the 7a-
hydroxylase gene. As detailed by Vlahcevic ef al. (1999), cholesterol feeding in
the rat results in 7a-hydroxylase transcription. This evidence suggests that
cholesterol feeding in the rat results in the rapid conversion of cholesterol into
bile acids, due to stimulation of the 7a-hydroxylase gene by cholesterol. This
may be a mechanism through which rats fed a high cholesterol diet prevent
hypercholesterolaemia. Similar mechanisms may operate in the mouse although
there is no evidence to verify this. Similarly, the transcriptional activity of sterol
27-hydroxylase may also be regulated by the hydrophobicity of bile acids. As
with 7a-hydroxylase, feeding of bile acids down-regulates the transcription of the
27-hydroxylase gene, whereas treatment with bile acid binding resins increases

its transcription. These results are suggestive of a feedback loop similar to that
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operating for 7a-hydroxylase. However, present understanding of this

mechanism is not as advanced as for 7a-hydroxylase.

3.2a Results: In vivo

The ability of the small intestine to transfer bile salts was examined in
preliminary experiments. Data from these studies confirmed evidence in the
literature that active bile salt transport occurs in the ileum, whereas
passive/facilitated transfer prevails in the jejunum. Subsequent studies
concentrated specifically upon the distal and proximal regions of the smail
intestine utilising "*C labelled sodium glycocholate as an indicator of bile salt
transfer, together with unlabelled glycocholic acid, at concentrations reflecting

physiological normality.

3.2b The Effects of Metformin on Glycocholate Transfer in the Heum and
Jejunum:

The effects of metformin treatment on the transfer of '*C sodium glycocholate
into bile, plasma, and peripheral tissues when delivered to a closed ileal loop are
shown in figures 3.2.1-3.2.3, respectively. The results clearly illustrate that
metformin is associated with an overall inhibitory effect upon glycocholate
transfer in the ileum. Metformin treatment resulted in a 61% reduction in the
transfer of glycocholate into bile between 10-100 minutes following
administration to the ileum. This is consistent with the recent clinical
observations made by Scarpello ef al. (1998). The appearance of glycocholate in
hepatic bile was rapid, with maximal incorporation occurring at 20 minutes in

both metformin treated and control rats. There followed a gradual decline in bile
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salt transfer in both groups with a more prolonged decline associated with
metformin. These data suggest that metformin has a highly specific effect upon
the active bile salt transporter present in the ileum.

Concentrations of sodium glycocholate in tail vein plasma samples were
extremely low (2.79 x 107 pCi metformin treatment, 3.28 x 107 KCi control,
comparisons between peak '*C glycocholate levels) with no significant difference
discernible between the groups (3.2.2). These data confirm observations that the
peripheral circulation plays little part in the enterohepatic circulation of bile salts.
Although differences were evident in the mean values of glycocholate
accumulation in tissues, these were not statistically significant (3.2.3).
Nevertheless, concentrations of glycocholate were reduced in all the tissues from

metformin treated rats.

An intriguing observation which may be indicative of metformin's site of action
was the significant difference between the control and metformin groups in the
recovery of labelled bile salt from tissues, illustrated in figure 3.3.4. The
glycocholate concentration was greater in the ileal wall of rats treated with
metformin. Once again this is consistent with the observation that metformin
reduced bile salt transfer, suggesting that metformin may slow the passage of the
bile salt across the enterocyte brush-border membrane. This is further consistent
with data from figure 3.4.2, since reduced uptake of glycocholate through the

ileal brush-border would lead to reduced presence in the liver.

Bile salt transfer in the jejunum is proposed to occur by passive or facilitated

diffusion (McClintock and Shiau, 1983). This hypothesis was investigated to
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elucidate the effect of metformin upon bile salt transfer in this region. Data from
these studies (figures 3.3.1-3.3.3) demonstrated a stimulatory effect of metformin
upon glycocholate transfer in bile, plasma, and tissue samples following
metformin treatment. The passive bile salt uptake mechanism believed to occur
under physiological conditions in the jejunum was clearly evident and the data

appears to represent a steady-state diffusional process (3.3.1).

Metformin treatment resulted in a marked increase in glycocholate transfer within
the jejunal region (threefold enhancement between 20-180 minutes). Despite the
increase in glycocholate transfer in the presence of metformin, peak uptake was
not achieved until 60 minutes, much later than in control animals. Clearly the
ability of the jejunum to transfer bile salts is markedly less than the ileum. This is
illustrated when comparing peak uptake data of the control groups from both
intestinal regions; the ileum transferred approximately 25 times the concentration
of glycocholate compared to the jejunum, presumably reflecting the relative
physiological importance of these areas in relation to bile salt reabsorption. These
results undoubtedly reflect the relative rate of transport activity in these areas,
which is probably linked to the length of the intestinal region and intestinal transit

time.

Interestingly, the stimulatory effect of metformin upon glycocholate transfer in
the jejunum gave rise to higher glycocholate concentrations in the peripheral
venous circulation (3.3.2). Although concentrations of glycocholate in plasma
were low (1.3 x 107 uCi metformin treated, 5.4 x 10 uCi control, comparisons

between peak C glycocholate levels), significant increments were evident
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following metformin treatment. Peak glycocholate concentrations in plasma were
recorded at 70 minutes, corresponding roughly with peak glycocholate uptake in
bile samples. No statistically significant differences were discernible between
tissues harvested following jejunal experimentation. Nevertheless, mean tissue
glycocholate concentrations were higher in samples of all tissues from metformin

treated rats, with the exception of liver (3.3.3).

Figure 3.3.4 illustrates the effect of metformin on glycocholate transfer into the
intestinal wall and the absorption of the intraluminal load from ileum and
jejunum. Metformin significantly increased the concentration of glycocholate
retained within the intestinal wall of the ileum, supporting the hypothesis of
reduced bile salt transfer. Conversely, in the jejunum the concentration of
glycocholate was reduced in the presence of metformin. Interestingly, the luminal
contents from both regions were only recoverable when metformin was
administered, suggesting a slightly reduced net absorption of fluid from the intact
lumen in the presence of the drug. Marginal amounts of fluid were recoverable
from the lumen of ileum and jejunum from control treated rats. However, they

were not sufficient for accurate quantitation.

Observations from the preceding experiments identified a time point when
maximal glycocholate transfer was achieved, which was about one hour,
Subsequent studies involved repetition of the ileal and jejunal experiments up to
and including this time point. Modifications to the protocol involved sample

collection from the carotid artery (CA) and hepatic portal vein (HPV).
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Metformin, when administered to the ileum, significantly decreased the
glycocholate concentration in CA samples (3.4.1). The glycocholate
concentration recorded in the HPV was also markedly reduced in the presence of
metformin, with significant differences apparent between CA and HPV samples
at comparable time points (3.4.3). However, the effects of metformin upon tissues
tended to be variable (3.4.2). This result is seen as atypical of the other tissues
examined and may be artefactual and due to the limited number of experiments
performed in this study. Nevertheless, liver was seen to concentrate the highest
levels of glycocholate, a reflection of its role in bile salt extraction and

modification, and was particularly evident in control samples.

In direct contrast to its ileal effect, metformin was associated with increased
concentrations of glycocholate in the majority of jejunal samples tested. The
results of this sub-study do not fully reflect the effect of the drug on bile salt
absorption in this region, evident in the earlier experiments. Nevertheless,
metformin treatment in the jejunum resulted in a higher mean concentration of
glycocholate in CA samples, although the difference was not statistically
significant (3.5.1). The effect on the HPV was more marked, with substantially
higher glycocholate levels following metformin treatment.

These data, specifically those from the HPV, illustrate convincingly the
significant role the HPV plays in transporting significantly greater amounts of
bile salts from the intestine to the liver, compared with the arterial system (3.5.2).
The fact that glycocholate levels were markedly reduced in HPV samples from
the jejunum, compared with those from the ileum, reflects the nature of the

residual transport system in these two regions of the intestine. Indeed, the
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concentration of labelled bile salt found in the HPV following metformin
treatment in the ileum, compared with jejunum, ranged from twofold greater at
30 minutes, to sixfold the concentration at 60 minutes. All tissues studied
demonstrated increased levels of glycocholate following metformin
administration to the jejunum (3.5.3). The liver, as expected, retained

substantially more glycocholate than other tissues.

HPV plasma samples collected during the above studies were compared with
plasma from an untreated animal using thin layer chromatography. A small
volume of '*C sodium glycocholate was added to the untreated sample prior to
analysis. The circulating '*C bile salt (present in the HPV sample) separated on
the chromatography plate almost identically to the standard sample. This
confirms that the bile salts measured by their radioactive tracers in the circulation
reflect the true compounds initially introduced into the intestine prior to hepatic

extraction.

Although luminal contents were not recoverable from control animals in the
initial studies, the restricted experimental time period of the sub-studies resulted
in luminal contents remaining in situ in control and drug treated animals. In the
jejunum, luminal content e glycocholate levels were decreased in the presence
of metformin when compared with control. In the ileum however, glycocholate
levels were higher in the presence of metformin, than in corresponding controls
(3.5.4). These results support the hypothesis of enhanced bile salt transfer in the

jejunum and reduced transport in the ileum. When considered collectively, these
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data suggest metformin may potentiate opposing actions upon the fluid transport

systems resident in the ileum and jejunum by unknown means.

Table 1: Effect of Metformin upon the incorporation of '*C glycocholate into
hepatic bile.

Intestinal region | Treatment | % '*C sodium glycocholate recovered in hepatic

bile of that initially injected (1nCi/ 0.0175umol)

Ileum Control 82.3245% £ 7.255
[leum Metformin 35.8762% + 7.354
Jejunum Control 8.1137% + 1.167
Jejunum Metformin 18.5109% + 4.034

3.3 Introduction: In vitro

Following the in vivo observation that bile salt transport could be influenced
differentially in the ileum and jejunum as a consequence of metformin treatment,
an in vitro model was established to examine the effects of this agent upon bile

salt transport in isolated everted intestinal sacs.

Everted intestinal sacs have previously been used to study the transport
characteristics of sugars (Czyzyk et al., 1968), amino acids (Caspary, 1971;
Caspary and Creutzfeldt, 1973), and bile salts (Holt, 1964; Lack and Weiner,
1961; Caspary and Creutzfeldt, 1975). The model for bile salt transport was
based on that of Lack and Weiner (1961), with additional methodology derived

from Wilson and Wiseman (1954).
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The in vitro model imposes certain limitations and disadvantages compared with
the initial in vivo model in that the conditions are less physiological. Importantly,
the everted intestinal sac system suffers from the lack of a drainage pathway and
thus the active transporter can only proceed up to the point of saturation. The
results herein clearly illustrate the loss of ‘sensitivity’ of the in vitro technique
and raise the question of whether the everted sac technique is a viable in vitro
model for the study of bile salt absorption. The major advantage over in vivo
preparations is that the effects of hormonal and nervous influences upon
absorption are eliminated, and adjustments to the culture conditions can be more
tightly controlled. Furthermore, it is possible to directly compare control against
several different concentrations of the drug on bile salt transport using tissue

from the same animal, thereby reducing inter-animal variability.

Sections of proximal and distal small intestine were everted using a glass rod.
Ligatures were used to create a closed sac containing unlabelled bile salt in
Krebs-Henseleit buffer (appendix II). Sacs were then placed in conical flasks
containing 15ml of the same buffer solution. In addition, metformin and labelled
bile salt ("*C sodium glycocholate) were also added into the solution bathing the
everted sac (mucosal fluid). Sacs were incubated for 90 minutes and the transfer
of labelled bile salt determined, fluid transfer between the serosal and mucosal

surfaces was also calculated (expressed as percentage transfer of control).

3.4 Results: In vitro

Ileal everted intestinal sacs were used to determine the influence of several

factors upon bile salt absorption. Experiments were performed using unlabelled
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bile salt, (glycocholic acid) at both 10 and 20mmol/l in the ileum and Smmol/l in
jejunal sacs. In addition, the effects of incubating intestinal tissue in cold, room
temperature, and body temperature buffer were also investigated. Although data
pertaining to temperature are not included, it was discovered that incubating
buffer at room temperature provided optimum survival conditions for the tissue
prior to experimentation. Cold buffer was found to impair the transport

capabilities of intestinal tissue.

Figure 3.6.1 represents experiments where the concentration of unlabelled bile
salt was 20mmol/l. In the interests of standardisation, this was the concentration
used initially in the in vitro experiments. These data clearly show that metformin
had no significant effect upon bile salt transport. Despite these findings,
metformin at 107 M was seen to reduce the transport of labelled glycocholate
into the sac by 6% compared with control. In addition, a small percentage of
radiolabelled bile salt was retained in the gut sac wall compared with controls.
Whilst these experiments highlighted no effect of metformin, they confirmed that

bile salt transport was occurring against a concentration gradient.

Following the initial observations that bile salt transport was not being influenced
by metformin, the concentration of unlabelled bile salt was reduced. As noted in
the introduction to this section, the in vitro model suffers from certain limitations
compared with the in vivo model. Thus, the concentration of unlabelled bile salt

may have resulted in near-saturation of the transport mechanism.
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Figure 3.6.2 represents data from experiments where intestinal sacs were
incubated in unlabelled bile salt at a concentration of 10mmol/l. Metformin
treatment resulted in a near-significant reduction in the accumulation of labelled
bile salt into the serosal compartment. At a concentration of 10?2 M the '*C
glycocholate levels were reduced by 9%, and approximately 7% at 10> M.
Although statistically significant results were not obtained for the remaining data,
metformin (102 M) resulted in a 5% reduction in the transfer of labelled bile salt

from the mucosal solution incubating the intestinal sac.

The relatively positive results from the above experiments prompted the use of an
increased concentration of metformin. The results of these experiments are
represented in figure 3.6.3. Metformin, when administered to the mucosal surface
of everted ileal tissue, resulted in no significant inhibitory effect on bile salt
transport. These data, whilst unexpected, do confirm preliminary observations
that an active transport mechanism is operating in this intestinal region since

transfer of labelled glycocholate occurred against a concentration gradient.

The net fluid transfer between the mucosal and serosal environments was
determined in the ileum (3.6.4), and represents the same experimental group as in
figure 3.6.3. Metformin treatment (5 x 102 M) resulted in a significant
diminution in the volume of fluid from the mucosal side being transported into
the intestinal sac (mucosal fluid transfer). The serosal fluid loss, defined as the
increase or decrease in volume inside the sac, was positive. Thus, metformin was
associated with net loss of fluid from the serosal compartment in most instances,

at high concentrations. In addition, gut fluid uptake, defined as the difference
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between the mucosal and serosal transfer, was reduced with metformin treatment.
This represents the volume of fluid retained within the intestinal wall and may
emanate from serosal loss or mucosal uptake. Fluid uptake per mg tissue was also
significantly reduced in the presence of metformin (5 x 102 M). These data
suggest that whilst bile salt transport was unaffected by metformin, significant

effects upon fluid transfer were evident in the presence of the drug.

The high bile salt concentration in conjunction with metformin may have
imposed an osmotic burden or an acute toxic effect, and this may be a possible
explanation for the fluid transfer data. However, rat small intestine has been
shown to induce fluid movement against an osmotic gradient (Parsons and
Wingate, 1961). Data from ileal studies proved variable and may be attributed to
the effect of metformin upon the dynamics of fluid transfer in this region.
Phenethylbiguanide has been linked with reduced bile acid and water absorption
in vivo, and a similar effect may be induced by metformin (Caspary and Liicke,
1975). The effects observed in vitro on fluid transfer may account for some of the

clinical side effects observed with metformin at high concentrations.

The effect of metformin upon bile salt transfer in jejunal tissue was also
investigated (3.7.1). No significant effect was imposed upon the transfer of bile
salt from the mucosal fluid bathing the intestinal sac. Despite this, metformin,
when used at higher concentrations (5 x 102 M), resulted in increased transfer of
14C glycocholate into the serosal compartment, and increased retention within the
intestinal epithelia. All experiments involving jejunum were conducted using

unlabelled glycocholate at Smmol/l since this was deemed an appropriate
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concentration for in vitro studies. Data concerning the dynamics of fluid transfer
into tissue were collated from jejunal experiments (3.7.2). These data involved
measuring the volume of fluid lost from the mucosal incubating fluid (mucosal
fluid transfer), the increase or decrease in serosal volume (serosal fluid transfer),
and the difference between the two (gut fluid uptake). This represents the fraction
of fluid retained in the gut wall originating from either serosal or mucosal

surfaces.

Transfer data from the jejunum clearly show metformin, at high concentrations,
was associated with reduced fluid transfer from the mucosal bathing fluid to the
serosal compartment, supporting evidence from initial in vivo studies associated
with a fluid transfer effect in this region. The fluid uptake in the intestinal wall
was also significantly reduced in the presence of metformin, as was overall fluid
uptake per mg tissue. Significantly less serosal fluid loss was associated with

high metformin concentrations, an effect opposite to that seen in the ileum.
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Appearance of '4C sodium glycocholate
into hepatic bile following lleal
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Figure 3.2.1: Effect of metformin (250mg/kg) on the uptake and secretion of '*C
sodium glycocholate (1uCi) into hepatic bile in the presence of unlabelled
glycocholic acid (1ml of 20mmol/l solution) from a closed loop of ileum of rat.
Metformin significantly inhibited bile salt uptake and appearance into bile
(p<0.05) by up to 60% between 10-100 minutes. Data are expressed as dpm/pl
bile. Values are mean £ SEM, n=6, *p<0.05 versus control (unpaired Student's
‘t’-Test).

125



14¢C content of plasma following lleal
administration of sodium glycocholate.
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Figure 3.2.2: Plasma '“C content following the introduction of a Iml bolus
containing '*C sodium glycocholate (1uCi), unlabelled glycocholic acid (Iml of
20mmol/l solution), with or without metformin (250mg/kg) into a closed loop of

ileum of rat. Data are expressed as dpm/pl plasma. Values are mean + SEM, n=4-
1
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14¢ content of tissues following lleal
absorption of sodium glycocholate.
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Figure 3.2.3: Tissue '*C content at 180 minutes following the introduction of a
1ml bolus containing "*C sodium glycocholate (1uCi), unlabelled glycocholic
acid (Iml of 20mmoV/l solution), with or without metformin (250mg/kg) into a
closed loop of ileum of rat. Metformin was associated with reduced levels of
radiolabel in all tissues. Data are expressed as dpm/mg tissue. Values are mean +

SEM.

127



Appearance of *C sodium glycocholate
into hepatic bile following Jejunal
administration.
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Figure 3.3.1: Effect of metformin (250mg/kg) on the uptake and secretion of "*C
sodium glycocholate (1uCi) into hepatic bile in the presence of unlabelled
glycocholic acid (1ml of a 8mmol/l solution) from a closed loop of jejunum of
rat. Metformin significantly enhanced bile salt uptake and appearance into bile
(p<0.05) threefold between 20-180 minutes. Data are expressed as dpm/ul bile.
Values are mean + SEM, n=8-10, *p<0.05 versus control (Student’s unpaired ‘t’-
Test).
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14¢ content of plasma following Jejunal
administration of sodium glycocholate.
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Figure 3.3.2: Plasma '*C content following the introduction of a 1ml bolus
containing 14C sodium glycocholate (1pCi), unlabelled glycocholic acid (Iml of
8mmol/l solution), with or without metformin (250mg/kg) mto a closed loop of
jejunum of rat. Metformin significantly (p<0.05) increased '*C content of plasma
at 60-80, 110, 120, and 140 minutes. Data are expressed as dpm/pl plasma.
Values are mean + SEM, n=7-12, *p<0.05 versus control (Student’s unpaired ‘t’-
Test).
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14C content of tissue following Jejunal
administration of sodium glycocholate.
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Figure 3.3.3: Tissue 1C content at 180 minutes following the introduction of a
Iml bolus containing '*C sodium glycocholate (1pCi), unlabelled glycocholic
acid (Iml of 8mmol/l solution), with or without metformin (250mg/kg) into a
closed loop of jejunum of rat. Metformin was associated with increased levels of
radiolabel in most tissues. Data are expressed as dpm/mg tissue. Values are mean
+ SEM.
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14C content of intestinal wall and luminal
contents following administration of
sodium glycocholate into lleum or
Jejunum.
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Figure 3.3.4: a) Tissue '“C content following the introduction of a 1ml bolus
containing "*C sodium glycocholate (1pCi), unlabelled glycocholic acid (1ml of
20mmol/1 or 8mmol/l solution for ileum and jejunum respectively), with or
without metfom‘nm (250mg/kg) into a closed loop of ileum or ]ejunum of rat. b)
Intestinal bolus '*C content (described above) from ileum and j jejunum collected
at the end point of expenmentatlon Metformin was associated with a significant
(p<0.05) mcrease in "C content in tissue from the ileum and a significant
decrease in '*C levels in tissue from the jejunum. Data are expressed as a)
dpm/mg tissue b) dpm/pul luminal contents. Values are mean + SEM, *p<0.009
versus control, **p<0.007 versus control (Student’s unpaired ‘t’-Test).
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14C content of plasma following lleal
administration of sodium glycocholate.
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Figure 3.4.1: Carotid artery plasma '%C content following the introduction of a
Im! bolus containing "*C sodium glycocholate (11Ci), unlabelled glycocholic
acid (1ml of a 20mmol/l solution), with and without metformin (250mg/kg) into a
closed loop of ileum of rat. Metformin significantly (p<0.05) decreased 'C
incorporation at 20, 40, and 60 minutes. Data are expressed as dpm/pl plasma.
Values are mean = SEM, *p<0.05 versus control (Student’s unpaired ‘t’-Test).
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14C content of tissues following lleal
administration of sodium glycocholate.
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Figure 3.4.2: Tissue '*C content at 60 minutes following the introduction of a
Iml bolus containing "¢ sodium glycocholate (1pCi), unlabelled glycocholic
acid (1ml of 20mmol/l solution), with and without metformin (250mg/kg) into a
closed loop of ileum of rat. Data are expressed as dpm/mg tissue. Values are
mean + SEM.
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14C content of plasma following lleal
administration of sodium glycocholate.
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Figure 3.4.3: Carotid artery and hepatic portal vein plasma '*C content following
the introduction of a Iml bolus containing sodium glycocholate (1uCi),
unlabelled glycocholic acid (Iml of 20mmol/l solution), with and without
metformin (250mg/kg) into a closed loop of ileum of rat. Metformin significantly
(p<0.05) reduced 'C incorporation into carotid artery and hepatic portal vein
plasma (CA versus CA, HPV versus HPV). Significant differences were also
observed between CA and HPV samples at comparable time points regardless of
treatment. Data are expressed as dpm/pl plasma. Values are mean + SEM,
*p<0.03 HPV 30 (control) versus HPV 30 (metformin), **p<0.003 CA 60
(control) versus CA 60 (metformin), v'1p<0.009 CA 30 (control) versus HPV 30
(control), v'2p<0.04 CA 60 (control) versus HPV 60 (control), v'3p<0.005 CA 30
(metformin) versus HPV 30 (metformin), v'4p=0.0011 CA 60 (metformin) versus
HPV 60 (metformin) (all tests are Student’s unpaired ‘t’-Test with Welch
correction).
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14C content of plasma following Jejunal
administration of sodium glycocholate.
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Figure 3.5.1: Carotid artery plasma '*C content following the introduction of a
Iml bolus containing '*C sodium glycocholate (1uCi), unlabelled glycocholic
acid (1ml of 8mmol/l solution), with and without metformin (250mg/kg) into a
closed loop of jejunum of rat. Data are expressed as dpm/pl plasma. Values are
mean + SEM.
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14C content of plasma following Jejunal
administration of sodium glycocholate.

2.04 n=6
© "‘ =1 Control
;En L s XD Metformin
K] s treated
j=R
; 1.0- n=3 nes
n=4
=9
=4
E |° | I
T 0.5- T E n=3
T n=3 = n=3
0.0 s ' ﬁ
CA 30 CA 60 HPV 30 HPV 60

Plasma sample and time (minutes)

Figure 3.5.2: Carotid artery and hepatic portal vein plasma *C content following

the introduction of a Iml bolus containing *C sodium glycocholate (1uCi),
unlabelled glycocholic acid (Iml of 8mmol/l solution), with and without

metformin (250mg/kg) into a closed loop of jejunum of rat. Data are expressed as
dpm/pl plasma. Values are mean + SEM.
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14C content of tissues following Jejunal
administration of sodium glycocholate.
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Figure 3.5.3: Tissue "*C content at 60 minutes following the introduction of a
Iml bolus containing H¢C sodium glycocholate (1pCi), unlabelled glycocholic
acid (1ml of 8mmol/l solution), with and without metformin (250mg/k§) into a

closed loop of jejunum of rat. Metformin was associated with increased !

C levels

in all tissues analysed. Data are expressed as dpm/mg tissue. Values are mean +

SEM.
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14C content of tissue and luminal contents
following administation of sodium
glycocholate to lleum and Jejunum.
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Figure 3.5.4: Concentration of C in tissue and lummal contents at 60 minutes
following the introduction of a Iml bolus containing %C sodium glycocholate
(1uCi), unlabelled glycocholic acid (Iml of 20mmol/l solution for ileum, 1ml of
8mmol/l solution for jejunum), with and without metformin (250mg/kg) into a
closed loop of ileum or Jqunum of rat. Metformin was associated with a
significant (P<0 .05) increase in the "*C content of ileal tissue and a significant
decrease in '*C levels of luminal contents from the jejunum. Data are expressed
as dpm/mg tissue or dpm/pl luminal contents. Values are mean + SEM, **p<0.01
versus control, ***p<0.0001 versus control (Student’s unpaired ‘t’-Test).
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Percentage transfer of '4C sodium
glycocholate by everted intestinal sacs of

the lleum.
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Figure 3.6.1: Fluid "*C content after 90 minutes following the introduction of a
0.5ml bolus of unlabelled glycocholic acid (20mmol/l) into an everted ileal
intestinal sac (serosal surface). Intestinal sacs were incubated (mucosal surface)
in a buffer solution containing the same concentration of unlabelled sodium
glycocholate as described above, '“C sodium glycocholate (1uCi), with and
without metformin (10'3, 102 M). Data are expressed as percentage control
dpm/pl fluid or dpm/mg tissue. Values are mean + SEM.
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Percentage transfer of 14C sodium
glycocholate by everted intestinal sacs of

the lleum.
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Figure 3.6.2: Fluid "C content after 90 minutes following the introduction of a
0.5ml bolus of unlabelled glycocholic acid (10mmol/l) into an everted ileal
intestinal sac (serosal surface). Intestinal sacs were incubated (mucosal surface)
in a buffer solution containing the same concentration of unlabelled sodium
glycocholate as described above, '*C sodium glycocholate (1pCi), with and
without metformin (10'3, 102 M). Data are expressed as percentage control
dpm/pl fluid or dpm/mg tissue. Values are mean + SEM.
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Percentage transfer of *C sodium
glycocholate by everted intestinal sacs of

the lleum.
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Figure 3.6.3: Fluid C content after 90 minutes following the introduction of a
0.5ml bolus of unlabelled glycocholic acid (10mmol/l) into an everted ileal
intestinal sac (serosal surface). Intestinal sacs were incubated (mucosal surface)
in a buffer solution containing the same concentration of unlabelled sodium
glycocholate as described above, '*C sodium glycocholate (1uCi), with and
without metformin (10'2, 5 x 107 M). Data are expressed as percentage control
dpm/pl fluid or dpm/mg tissue. Values are mean + SEM.
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Fluid transfer in everted intestinal sacs of

the lleum.
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Figure 3.6.4: Volume fluid transfer, uptake, and loss after 90 minutes from
serosal and mucosal surfaces of everted intestinal sacs of ileum. Intestinal sacs
were incubated with unlabelled glycocholic acid (10mmol/l solution) on serosal
and mucosal surfaces, '*C sodium glycocholate (1uCi) on the mucosal surface,
and metformin (102, 5 x 10? M) on the mucosal surface. Metformin significantly
(p<0.05) reduced mucosal fluid transfer and fluid transfer per mg tissue in the
ileum. Data are expressed as percentage control fluid transfer (pl). Values are
mean + SEM, *p<0.05 versus control, **p<0.008 versus control (Student’s paired

‘t’-Test).
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Percentage transfer of *C sodium
glycocholate by inverted intestinal sacs of
the Jejunum.
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Figure 3.7.1: Fluid "¢ content after 90 minutes following the introduction of a
0.5ml bolus of unlabelled glycocholic acid (Smmol/l) into an everted jejunal
intestinal sac (serosal surface). Intestinal sacs were incubated (mucosal surface)
in a buffer solution containing the same concentration of unlabelled sodium
glycocholate as descnbed above, C sodium glycocholate (1pCi), with and
without metformin (107, 5 x 10 M). Metformin significantly (p<0.05) increased
radiolabel transfer from the mucosal to serosal surface. Data are expressed as
percentage control dpm/pl fluid or dpm/mg tissue. Values are mean + SEM,
*p<0.02 versus control, **p<0.003 versus control (Student’s paired ‘t’-Test).
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Fluid transfer in everted intestinal sacs of
Jejunum.
—— Control

150+
——3 Metformin

102M

n=17 === Metformin

n=17 =17 n=17{ . n=17 :
10041 l EE * Ll L oo

*ehkk
1

504

Fluid transfer (% control)

Mucosal FT Gut FU Serosal FL FT /mg tissue

Sample FT= Fluid Transfer
FU= Fluid Uptake
FL= Fluid Loss

Figure 3.7.2: Volume fluid transfer, uptake, and loss after 90 minutes from
serosal and mucosal surfaces of everted intestinal sacs of jejunum. Intestinal sacs
were incubated with unlabelled glycocholic acid (Smmol/l solution) on serosal
and mucosal surfaces, '‘C sodium glycocholate (1pCi) on the mucosal surface,
and metformin (10, 5 x 10 M) on the mucosal surface. Metformin (5 x 102 M)
significantly (p<0.05) reduced fluid transfer from the mucosal surface and
significantly reduced fluid loss from the serosal surface. Data are expressed as
percentage control fluid transfer (ul). Values are mean + SEM, *p<0.02 versus
control, **;p<0.003 versus control, **;p<0.008 versus control, ***, 3p<0.0002
versus control (Student’s paired ‘t’-Test).
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3.5 Discussion:

Metformin is presently the most prescribed proprietary agent for the treatment of
type 2 diabetes. Conclusions drawn from the United Kingdom Prospective
Diabetes Study (UKPDS, 1998) suggest that metformin monotherapy is the most
effective initial treatment regimen for the prevention of mortality from
macrovascular complications. The ability of metformin to apparently reduce the
onset of macrovascular disease may stem from its correctional effect upon
cholesterol and lipoprotein levels in obese type 2 patients. A reduction in active
absorption of bile salts in the terminal ileum has been demonstrated in type 2
patients receiving metformin as a monotherapy (Scarpello er al., 1998). As a
consequence, the present study examined metformin’s effect on bile salt
absorption (active and passive) in the small intestine, concentrating specifically
upon the terminal ileum as a possible mechanism through which the drug could

reduce circulating cholesterol concentrations.

Under physiological conditions, metformin exists predominantly in a protonated
form (Cusi and DeFronzo, 1998). Whilst the specific uptake mechanism is
uncertain (Khan er al., 1992), it becomes heavily concentrated within the cytosol
(Wilcock er al., 1991). Experiments performed at Aston University concerned
with the effect of metformin upon glucose absorption indicated a decrease in
glucose absorption in the presence of metformin. This was subsequently found to
be due to increased glucose metabolism by the intestinal wall, resulting in
reduced glucose appearance in the serosal compartment (Wilcock and Bailey,

1994).
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Absorption of vitamin B, (also an energy-dependent mechanism) was decreased
in patients receiving long-term metformin therapy (Tomkin er al., 1971). Uptake
of vitamin Bj; occurs by an active process, largely in the distal ileum involving
calcium ions. A possible mechanism by which metformin may affect active
transporters is provided by Schafer (1976b), and involves the displacement of
divalent cations by the induction of a positive membrane charge. Further opinion
regarding the mechanism of action of metformin upon intestinal cells is related to
mitochondrial function and manipulation of the enzyme systems involved in
active transport. Therapeutic concentrations of phenformin have been shown to
reduce ATP production through impaired electron conductance along the
respiratory chain, by suppressing NADH-linked dehydrogenases found in
mitochondrial membranes (Schafer, 1976a). This results, ultimately, in increased

conversion of glucose to lactate,

Despite the evidence provided above, metformin used at therapeutic
concentrations does not seem to affect ATP production through the electron
transport chain or the Krebs cycle (Cusi and DeFronzo, 1998). Only in intestine is
there a significant increase in lactate production (Bailey, 1992). Metformin is
known to concentrate heavily in the intestinal wall. This site of accumulation may
account for its gastrointestinal effects since the drug only achieves modest

concentrations in other tissues (Cusi and DeFronzo, 1998).

Bile salts are actively absorbed in the ileum (Bahar and Stolz, 1999) and
glycocholate absorption was significantly reduced in this region in the presence

of metformin (3.2.1). Initially, it was believed that the ileum played the major
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role in bile salt uptake, but McClintock and Shiau (1983) questioned the
physiological significance afforded this system. Indeed, the above authors
suggested the function of the ileal transport system was to conserve bile salts
remaining following jejunal absorption. Bergstrém and Norman (1953) also
suggested that passive mechanisms must contribute to the enterohepatic
circulation.

There is little argument that the jejunum plays an important role in bile salt
absorption. Nevertheless, the concentration of sodium glycocholate used in the
ileal experiments (20mmol/l) was greater than the concentration of bile salts
suggested to exist in the terminal ileum of fed rats in vivo (Dietschy, 1967;
Dietschy, 1968). When considering the concentrations used herein, over 80% of
the administered radiolabelled bile salt was recovered in hepatic bile, and reflects
the powerful capacity for active absorption that resides in the ileal region (table 1

pl119).

Metformin has been shown to traverse the enterocyte layer paracellularly (Nicklin
et al., 1996), and influence proteins at the apical and basolateral surfaces
(Wiernsperger, 1999). There is convincing evidence from the present study that
metformin alters the rate of bile salt transport, particularly in the ileum.
Significant reductions were seen in total bile salt uptake in the ileum (table 1),
and in plasma samples obtained from CA and HPV (3.4.3) following metformin
treatment. Metformin also reduced incorporation of radiolabel into tissues (3.2.3,
3.4.2). These results support the hypothesis that metformin attenuates transfer

rates of glycocholate in the ileum.
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Absorption of amino acids and glucose across the intestinal brush-border
membrane occurs, as with bile salts, via a sodium gradient maintained by a
laterally located Na'-K"-ATPase pump. Despite these different transporters being
highly substrate specific, similarities exist amongst them. However, there is no
evidence to imply they are all affected by metformin in a similar manner. Since
metformin decreases bile salt transport without any apparent significant effect
upon transport of additional actively transported substances, then its effects might
be limited to regions concerned solely with bile salt transport at the
mucosal/apical surface. Alternatively, metformin may have a highly specific
effect on the bile salt transport system independently of a measurable effect on

related transport processes in the same cell.

Metformin may questionably penetrate the enterocyte to become concentrated
within the cytosol, where it may influence certain cytosolic enzymes.
Alternatively, metformin can accumulate within the paracellular space (Nicklin es
al., 1996). In this location it may affect ATP/Na" transporters which are
important in removing sodium ions from the cell, to maintain the active sodium
pump mechanism. Other possibilities regarding the target sites for metformin
include the tight junctions themselves. Any effect upon these structures could
produce alterations in the enterocyte-enterocyte connections and modify the cell

cytoskeleton.

Tight junctions are known to be sensitive to nutrients such as glucose, altering
their permeability. Exposure of the mammalian small intestinal epithelium to

glucose or amino acids, such as would occur during a meal, brings about dilations
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in tight junctions between enterocytes (Madara ef al., 1987; Madara, 1990). At
concentrations of 125mM glucose, at least one-third of glucose absorption in rat
intestine in vitro occurs via paracellular solvent drag (Fine et al., 1993). Indeed,
several additional studies have reported that high glucose concentrations induce
significantly greater rates of absorption via solvent drag (Pappenheimer, 1993;
Pappenheimer and Reiss, 1987). Alternatively, by binding to membrane proteins,
metformin may induce membrane fluidity changes, resulting in translocation of

transporters to alternative regions of the cell (Wiernsperger, 1999).

Reduced bile salt uptake in the ileum, associated with increased bile salt
excretion in faeces, is a mechanism by which metformin might achieve a
reduction in cholesterol levels in hypercholesterolaemic subjects (Scarpello ef al.,
1998). This has been noted in some experimental animals but remains difficult to
quantify in humans due to deconjugation of the unabsorbed bile salts by colonic
bacteria (Tomkin, 1976). Since bile contains considerable amounts of cholesterol,
and the cholesterol pool within the body is tightly regulated, it is logical that
increased bile salt excretion would lead to a net reduction of cholesterol levels.
Increased synthesis by the liver and/or intestine may in time correct any
imbalance in the cholesterol pool; this would, however, take some time to

achieve, allowing a period of time where cholesterol levels were reduced.

There is some evidence to support this hypothesis, at least in theory. Reduced bile
salt transport in the ileum, as a consequence of metformin, would lead to bile
salts being retained in the distal ileum. Under physiological conditions an

osmotic gradient would be created due to the polarity of the salts and acids
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concerned. Sodium would also be present in the lumen and this may draw water
with it along osmotic gradients into the lumen, resulting in diarrhoea, a common
side effect of metformin therapy. Although this hypothesis is rather simplistic in
real terms, results from studies presented in chapter 4 imply that membrane
integrity may become disrupted by metformin, at least in vitro, whilst bile salt
transport was simultaneously inhibited. Since chronic metformin administration
was not performed in the experimental rats, it is not known whether the colon

may counter any increase in fluid retained osmotically from the ileal lumen.

Chronic therapy was undertaken upon mice maintained for the purpose of aortic
compliance studies (chapter 5) with no apparent incidence of diarrhoea. In the rat,
however, a rapid adaptive mechanism has been described following ileal
resection, so that any consequence of chronic metformin therapy may be quickly
countered by the small intestine and colon (Vazquez ef al., 1989). It is feasible
that chronic metformin therapy causes side effects that may be masked by
adaptational responses to the drug, possibly at the site of the intestine or colon.
Indeed, results from in vivo experiments indicated a reduced absorption of fluid
from the intestinal lumen in the presence of metformin (3.3.4). This effect may be
due to the high concentration of the drug known to accumulate in this region or
the concentration of drug used in these studies. The high accumulation of
metformin may alter the osmotic properties of the paracellular channels through
which both metformin and water flux. The importance of paracellular channels is

covered in more detail in the following chapter.
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In direct contrast to its effect on the ileum, metformin produced a significant
enhancement of bile salt uptake and total bile salt recovery in hepatic bile (10%)
when administered to jejunum (table 1 p119). Bile salt uptake was increased
threefold compared to controls between 20-180 minutes (3.3.1). Nevertheless, the
capacity of the jejunum to transfer bile salts is significantly lower than the ileum.
The gross difference between the two regions of the small intestine is illustrated
by the fact that ileum incorporated nearly 25 times the amount of glycocholate
(control samples) compared with jejunum (control samples) at peak uptake
points. Taken overall, the percentage of C sodium glycocholate recovered in
hepatic bile, compared to the concentration injected (IpCi or 0.0175 umol),
stands at approximately 8% in jejunum (control) compared with over 80% in the
ileum (control). This clearly demonstrates the functional and anatomical
differences that exist amongst these two regions of small intestine. Despite this,
direct comparisons between the ileal and jejunal preparations remain limited due

to the different concentrations of unlabelled bile salt used in the two regions.

Plasma samples obtained from tail vein contained trace amounts of radiolabel
when metformin was delivered to the jejunum (3.3.2). The concentration of
glycocholate present in plasma may reflect *C sodium glycocholate bound to
plasma proteins and the fraction of labelled bile salt not extracted by the liver.
However, the modest levels in plasma (when compared to levels in bile) were
significantly increased following metformin treatment. This suggests that
metformin significantly enhances bile salt uptake in the jejunum, resulting in
increased glycocholate levels in bile and the peripheral circulation. The

enhancement of bile salt absorption and recirculation in the jejunum implies
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either an effect of metformin upon the permeability of this intestinal region, or

that metformin in some way augments the diffusional process.

It may be plausible that metformin is involved in allowing increased sodium
availability through increased cellular permeability/tight junction permeability,
thereby providing these co-factors. There is evidence to suggest that cellular
integrity may be diminished at high concentrations of metformin, as seen
experimentally in chapter 4. If this effect occurs in vivo, then water flux would be
expected to increase as cell integrity is attenuated. However, metformin was
associated with reduced fluid transfer from the intestinal lumen suggesting that
this mechanism may not operate in vivo. Nevertheless, the paracellular flux of
metformin may influence the distribution of Na'-K*-ATPase transporters along
the paracellular channel, which may affect the sodium gradient required for bile

salt absorption.

The two different absorption processes in the proximal and distal small intestine
and the two different effects of metformin upon these transport mechanisms
poses a baffling contradiction. There is little documentation regarding the effect
of metformin upon jejunal bile salt transport since the ileum was always
considered the principle target for the drug, being an energy-dependent system. It
is evident that the role of the jejunum may have been greatly underestimated and

that it plays a more significant role than initially believed.

It should be stated that the experiments performed herein must be interpreted

with due caution since they do not reflect precisely the conditions seen
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physiologically. For example, the bile salt mixture was isolated to a region of
intestine for a period of three hours. This would not occur under normal
circumstances and thus the effect of metformin seen in these experiments upon
jejunal tissue may exaggerate the local effect of metformin in that region without
taking account of the normal rate of passage of bile salts along the small
intestinal tract. The concentration of bile salt absorbed in the jejunum in the
presence of metformin would depend upon gut transit time and the ability of the
drug to become proportionally concentrated along the length of the intestine. One
can postulate that the drug would not become so heavily concentrated in the
intestinal wall under conditions of unrestricted transit along the intestinal lumen,

if given orally at the same concentration.

Concentrations of metformin used experimentally are typically greater than those
likely to be achieved during clinical use of the drug, although higher
concentrations are customarily required in animals to induce similar effects. The
question remains as to whether metformin imposes a transient toxic effect upon
the gut or a more prolonged toxic effect, which could account for the drugs side
effects relating to reduced fluid transfer. The question may be answered by
testing the functionality of the tissue following drug treatment. This would be
best achieved by repeating the in vivo bile salt transfer experiments. Under such
circumstances, and following peak bile salt transfer, the drug and control
treatments would be reversed following a flush out period to demonstrate that

drug treated ileum could revert to normal transfer rates of bile salts.
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Thus, the present studies have shown that metformin is associated with both
significant suppression and enhancement of bile salt absorption, in the ileum and
jejunum respectively, in vivo. This effect was highly reproducible in the intact
animal. Similar effects were not reproducible in the everted intestinal sac
technique of Wilson and Wiseman (1954) and Caspary and Creutzfeldt (1975).
The reasons for this may be several-fold. Intestinal tissue is highly sensitive to
fluctuations in temperature and to physical damage. The process of everting the
intestine could result in some damage to the mucosal absorptive surface. In
addition, the concentration of bile salt used herein was significantly greater than
that used by Caspary and Creutzfeldt (1975) (10pmol/ml compared to
0.2umol/ml). Thus, saturation of the active transporter may have occurred since
the serosal and mucosal incubation fluids contained the same high concentration

of unlabelled bile salt.

Recently, Barthe ef al. (1998) detailed a method whereby tissue viability and
activity is improved considerably in comparison to the technique used herein, and
involves the use of tissue culture medium in place of salt solutions. According to
Barthe et al. (1998), the use of simple salt buffers results in significant loss of
tissue viability within 30 minutes of incubation, with over 50% of the epithelium
having disappeared. These findings are significant and may partially account for
the loss of sensitivity of this technique compared with earlier in vivo techniques.
A clear effect of metformin has been demonstrated in the ileal and jejunal regions
of the small intestine. The key question remains: How does metformin induce its
effects in these regions and what processes are involved? The active transport

mechanism involved in bile salt transport in the ileum remains an attractive target

154



for the action of metformin and will be addressed in more detail in the next

chapter.

155



Chapter Four:

Bile Salt Transport in the Caco-2 Epithelial Cell Line
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CHAPTER FOUR: Bile Salt Transport in the Caco-2 Epithelial

Cell Line

4.1 Introduction:

Observations by Scarpello er al. (1998), that metformin induced a modest
decrease in bile salt absorption, led to experimental analyses in whole animals
and isolated tissues from rat (chapter 3). The nature of these experiments was to

elucidate whether metformin significantly influences bile salt absorption.

Metformin was seen to significantly decrease bile salt (**C sodium glycocholate)
absorption when delivered to a segment of ileum in situ. Conversely, metformin
significantly enhanced the absorption of bile salt when administered to the

jejunum in the intact animal.

Experiments were then performed in isolated tissue segments according to the
methods of Lack and Weiner (1961) and Wilson and Wiseman (1954).
Metformin failed to significantly influence bile salt transport in the ileal
segments. However, in jejunal preparations, bile salt transport was significantly
increased following incubation with metformin. Analysis of fluid transfer data
suggests metformin may influence the dynamics of fluid transfer within the small
intestine. Interestingly, the volume of fluid transported per milligram tissue was
significantly less in the presence of metformin compared with control tissue in

both ileal and jejunal intestinal preparations. These experiments supported
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evidence for an active transport system operating in ileal enterocytes
concentrating bile salts against a concentration gradient, whereas a different
transfer mechanism seems to operate in the jejunum.

The purpose of the studies performed herein was to determine whether metformin
could also influence bile salt transport in the human Caco-2 cell line. In addition,
to specifically manipulate one or more transport systems in order to identify a

possible mechanism through which metformin may influence bile salt transfer.

Caco-2 cells are derived from a human colon adenocarcinoma (Fogh er al., 1977).
They are commonly utilised as a model for transport studies since they are of
colonic origin, and undergo spontaneous differentiation into cells expressing
enterocyte-like characteristics, including cell polarisation and the presence of

tight junctions and microvilli (Pinto et al., 1983).

As an epithelial cell layer model, Caco-2 cells have been utilised in the study of
bile acid, vitamin B, and sugar transport (Hidalgo and Borchardt, 1990; Dix et
al., 1990; Blais ef al., 1987). The aforementioned molecules all share a common
characteristic in that they are actively transported. Hidalgo and Borchardt (1990)
provide evidence for the transport of taurocholate from apical to basolateral
surfaces of Caco-2 monolayers being temperature-, energy-, and sodium-
dependent. Studies involving vitamin Bjj, performed by Dix er al. (1990),
confirmed that absorption and internalisation of this molecule was restricted to
the apical membrane. Sugar transport in Caco-2 cells was also shown to be

sodium-dependent, as detailed by Blais et al. (1987). Caco-2 monolayers have
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also been shown to express GTP-binding proteins, and these have been
implicated in intracellular vesicular transport (Opdam et al., 2000).

Specific details pertaining to the origins of bile salt synthesis, excretion, function,
and absorption are provided in chapter 3 and will not be reiterated here.
Nevertheless, Caco-2 cells express many characteristics of functional enterocytes

and as such are an ideal model for experimental bile salt transport studies.

In a study by Kanda et al. (1998), specific constituents from human bile were
found to induce expression of the intestinal bile acid binding protein (I-BABP), a
bile acid binding protein found in the cytosol of ileocytes (Grober et al., 1999).
Several important conclusions were drawn from this study. Specifically, Caco-2
cells expressed the I-BABP gene in response to bile acids but not fatty acids or
phospholipids, with the expression being concentration-dependent. In addition,
the bile acid chenodeoxycholic acid was the most potent inducer of I-BABP gene
expression at micromolar concentrations. The potency of bile acids for inducing
such expression was dependent upon their physiochemical state, with
unconjugated dihydroxy acids being the most potent. The induction of [-BABP
expression was found to be generally transcriptional and represents a pathway of
protein receptor generation capable of being up-regulated in Caco-2 cells (Grober

et al., 1999).

Similarly, and according to Grober er al. (1999), the expression of the [-BABP
gene along with corresponding mRNA levels were shown to be influenced by
bile acid feeding and retention. Grober et al. (1999) also provide evidence that I-

BABP expression is stimulated through the interaction of a specific nuclear
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receptor by its ligand. Additional information on this receptor and its possible
role in bile salt transport is provided in chapter 3.

The feeding of mice with taurocholate increased I-BABP mRNA levels, whilst
the sequestration of bile acids with the binding resin cholestyramine caused a
significant reduction in [-BABP mRNA levels (Grober er al., 1999). These data
suggest a role for bile acids in regulating the expression of [-BABP. Interestingly,
comparable effects were not seen in rats following similar treatments (Arrese ef
al., 1998), presumably reflecting physiological and anatomical differences
between these species such as the absence of a gall bladder in the rat. These
studies support earlier evidence for bile acids inducing expression of -BABP in

the ileum (Kanda er al., 1996).

Root et al. (1995) provide further evidence for the presence of a specific bile acid
transporter in the apical membrane of Caco-2 cells. In this study a specific
inhibitor of the ileal bile acid transporter (2164U90) was used to block active
uptake of bile acids in Caco-2 cells and everted ileal intestinal sacs. Decreased
taurocholate transfer from the mucosal to basolateral surfaces of Caco-2
monolayers was recorded following treatment with the hypocholesterolaemic
compound. In addition, an effect of the bile salt transporter inhibitor on glucose
transport was also investigated to determine the specificity of the compound.
Results from experiments utilising jejunal brush-border membrane vesicles
confirmed glucose transport was not inhibited by this compound.

These results suggest that inhibitors of a specific transporter or transport process
do not affect collectively sodium-dependent transporters and their substrates.

Indeed, results from studies presented herein further suggest that the inhibition of
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bile salt transfer by metformin appears selective towards the bile salt transporter
since glucose transport remained unaffected. However, the question as to whether
metformin demonstrates a specific affinity towards the ileal bile salt transporter

remains open to debate.

Hidalgo and Borchardt (1990), also using Caco-2 cell monolayers, found
taurocholate was transported transcellularly. This transport was only partially
inhibited by ouabain, leading to suggestions of both a sodium-dependent and
independent pathway for taurocholate transport in Caco-2 cells. Conversely, this
model was re-examined by Chandler et al. (1993), who determined that
taurocholate transport by differentiated Caco-2 cells was predominantly sodium-
dependent, with Caco-2 cells expressing many of the features characteristic of
ileocytes, including temperature-dependence, unidirectional transport, and
sensitivity to inhibitors. Hidalgo and Burchardt (1990) remark that differences in
the transport characteristics of Caco-2 cells are evident between low and high
passage number cells. Therefore, in addition to preferentially selecting low

passage numbers, cells were split prior to reaching confluence.

Circumstances such as these may account for the conflicting results evident
between the two studies detailed above. However, in rebuke of this, the
experiments performed herein utilised cells from passage 40 up to approximately
passage 80 with little loss of reproducibility. These experiments were based on
transport studies performed at Aston University by Nicklin ef al. (1996), in which
cells between passages 95-115 were used. Several different batches of Caco-2

cells were in fact utilised in the present studies, and may account for the minor
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discrepancies in reproducibility evident in early studies. Thus, batch variations
may well account for differences in transport characteristics between low and
high passage numbers. Alternatively, subtle differences in culture conditions may
also influence cell functionality. In support of this argument, Woodcock et al.
(1991) reported that different clones of Caco-2 cells displayed significant
differences not only in their ability to transport taurocholic acid, but also in the
membrane resistance generated by these different monolayers, as determined by
transepithelial resistance measurements. Nevertheless, studies performed herein
found that little variation was evident over the range of passage numbers utilised

in terms of Caco-2 cells actively transporting bile salts.

The studies briefly detailed in this introduction further substantiate the use of
Caco-2 cells as a model for epithelial transport. Indeed, this cell line may reflect
the most realistic model for intestinal transport studies available to date, and may
prove important in providing an insight into the effect of metformin on bile salt
transfer in the terminal ileum.

Taurocholic acid is the predominant primary bile acid in rat (Elliot, 1985). Many
studies utilising Caco-2 cells preferentially use this bile acid. Studies herein
utilised sodium glycocholate, a major bile acid of human bile. Glycocholate has
previously been shown to be transported similarly to taurocholate in rat (Lack
and Weiner, 1961), and hence was used in transport studies herein, maintaining

consistency with previous studies in intact animals and isolated tissues.
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4.2 Results:

Observations made in previous in vive and in vitro experiments (chapter 3)
support evidence from the published literature relating to bile salt uptake. These
studies confirmed that in the ileum an active transport mechanism is responsible
for the vast majority of bile salt absorption. Conversely, a passive or facilitated
mechanism appears to be responsible for bile salt absorption in the jejunum. The
use of a dedicated intestinal cell line, such as the Caco-2 cell model, allows
further exploration into the mechanisms involved in bile salt transfer. The Caco-2
cell line can only realistically be utilised to study the transport characteristics of
the terminal small intestine, since they undergo spontaneous differentiation into
cells with similar features to ileal enterocytes. This point represents a juncture in
that the effect of metformin in the jejunum, whilst interesting, will not be

researched further in the present project.

The experiments performed herein utilised Caco-2 cells to study the transport of
radiolabelled "*C sodium glycocholate. Evidence will be provided for an active
mechanism for bile salt transport. Ouabain, a specific Na*-K*-ATPase inhibitor,
and metformin were both found to inhibit this active transport mechanism.
Preliminary experiments suggest that metformin may be specific for the bile salt

transporter and may confer a protective effect on membrane integrity.

Caco-2 monolayers cultured on polyester inserts for 21 days were used to study
the transport of radiolabelled ("*C) sodium glycocholate. In addition to this
synthetic bile salt, tritiated mannitol (*H) was used as a marker for cell monolayer

integrity. Mannitol is a compound not actively transported and is of a sufficient
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molecular size not to cross the cell layer paracellularly. Incubating solutions were
analysed following a 24 hour incubation at 37°C. The volume of the apical
chamber was 1.5ml, whilst the basolateral chambers held 2.6ml of balanced salt
solution. The incubating solutions of the apical and basolateral compartments
were analysed for determination of bile salt and mannitol transfer. Inserts were
cut from their supports and counted also. Results are expressed as percentage of
the total radioactive counts for each individual chamber and represent the

percentage of the counts remaining in the relative chambers.

The effect of metformin upon *H mannitol transfer from the apical chamber of
transwell inserts is illustrated in figures 4.1.1-4.1.3. Mannitol transfer into the
basolateral chamber of control wells accounted for 8.5% of the total added to the
apical chamber and suggests that a high degree of membrane integrity was
achieved (4.1.2). Metformin treatment at 102, 10® and 10° M resulted in
between 7-10% mannitol transfer after 24 hours. However, metformin at 102 M
resulted in a significant (40%) transfer of mannitol into the basolateral chamber.
Transfer into the basolateral chamber was over 31% greater at the highest
metformin concentration (102 M), compared with controls. No significant
differences were evident between the cell monolayer samples. Nevertheless, least
radioactivity was detected in the cell monolayer after treatment with 10% M
metformin (4.1.3). The fact that significantly more mannitol traversed the cell
monolayer following a high concentration of metformin suggests that disruption
of the membrane or the tight junctions may have occurred. Whilst the amount of

radiolabel (CH) recovered in the cell monolayer was not statistically significant, it
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was less than control values and may support the notion of reduced monolayer

integrity.

The transport of glycocholate was significantly influenced by the presence of
metformin. In apical samples taken from control wells, 49% of labelled bile salt
was transported into the basolateral chamber (4.1.5). Statistically significant
effects were not evident at the lower metformin concentrations. However, high
concentrations of metformin (102 M) resulted in a significant inhibition of bile
salt transport (59% apical '“C content; 4.1.4). Significantly less of the bile salt
was transported into the basolateral chamber with significantly more of the label

being retained within the cell monolayer (4.1.6).

Ouabain, an ATPase inhibitor, was utilised to inhibit bile salt transfer via
inhibition of the Na™-K"-ATPase pump. In addition, studies were undertaken to
determine if the inhibitory effect of metformin on bile salt transfer could be

attributed to a synergistic effect of the two compounds.

Transfer of labelled mannitol from the apical to basolateral chambers was, on
average, 5% in control wells (4.2.2). This compared to 8% in ouabain treated
monolayers (10* M) and 14% in metformin treated wells (102 M). In
combination, metformin (10% M) and ouabain at all concentrations resulted in
significantly greater flux of the non-transportable marker. These results suggest
that metformin and ouabain, when administered in combination, alter the
membrane integrity allowing the transfer of mannitol across the membrane to

occur. Significantly less radiolabel was recovered in the cell monolayer of wells
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treated with metformin and ouabain in combination (4.2.3). This supports the
hypothesis that a disruption of the membrane integrity is a consequence of drug

treatment.

Glycocholate transfer was significantly influenced by the presence of both
metformin and ouabain. Transfer of bile salt from apical to basolateral chambers
was, on average, 85% in control wells (4.2.5). In the presence of ouabain (10™* M)
this was reduced to 58%, and with metformin (10"2 M) to 63%. Thus, both
ouabain and metformin, as individual treatments, significantly reduced transport
of the synthetic bile salt to a similar degree. Metformin, when administered with
ouabain (107 and 10 M respectively), did not produce a greater inhibition than
either metformin or ouabain alone. However, when the same concentration of
metformin (10" M) was added to ouabain at 10° and 10 M, the inhibitory effect
on apical to basolateral transport became additive, with basolateral glycocholate
levels falling to 39% and 45% respectively. These results suggest that metformin
and ouabain may inhibit bile salt transfer through the same or similar routes, i.e.

the active bile salt transporter.

The amount of radiolabel detected in the cell monolayer was significantly greater
in the combined metformin and ouabain treatments, and in the metformin
treatment alone, compared with control values (4.2.6). This suggests that whilst
the mannitol data imply some loss of membrane integrity, this had little effect
upon bile salt transfer. Indeed, the greater radioactive content of the monolayer
samples supports the hypothesis of inhibited transport. Results from figures 4.1.1

and 4.2.1 clearly demonstrate some form of membrane disruption with metformin
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alone, and in combination with ouabain (at high concentrations). Interestingly,
ouabain as an individual treatment did not appear to significantly affect
membrane integrity. Thus, while one might conclude that both metformin and
ouabain could inhibit bile salt transfer through similar mechanisms, it is clear that
metformin imposes an effect upon membrane integrity that is different to that of

ouabain.

Preliminary experiments were performed to determine the effect of unlabelled
glycocholic acid (0.133pmol/ml) on the transfer of radiolabelled glycocholate.
Data from these experiments are represented in figures 4.3.1-4.3.3. These data,
however, are combined with control data from previous experiments (4.2.1-4.2.3,
and 4.2.4-4.2.6) to provide a visual comparison between the two treatments.
Statistical comparisons have been determined between the treatment groups for

individual samples, i.e. apical versus apical comparison.

The presence of unlabelled bile salt increased the transfer of mannitol from the
apical into the basolateral chamber, Over twice the amount of *H mannitol was
detected in the basolateral chamber following the addition of 0.133umol/ml
unlabelled glycocholic acid (4.3.2). However, this was not statistically significant
and implies that the concentration of unlabelled glycocholic acid added, whilst
increasing mannitol flux basolaterally, does not significantly impair membrane
viability. Significantly less of the labelled bile salt was transported into the
basolateral chamber in the presence of unlabelled bile salt (4.3.3). In addition,
significantly more radioactive marker was present in the cell monolayer

following treatment with unlabelled glycocholic acid.
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These results provide convincing evidence that unlabelled glycocholic acid
actively competes with the apical bile salt transporter thereby reducing the net
transfer of labelled bile salt. The observation of increased mannitol flux from the
apical to basolateral chambers may reflect a mild toxic effect of bile salts. Such
molecules are known to be toxic at high concentrations (Rafter and Branting,
1991). These authors provide evidence that at bile salt concentrations of Smmol/l,
the mucosal permeability of colonic cells increases significantly. In addition,
decreasing the pH from around 8 to 5.5 in the colon prevented cellular damage
normally induced by Smmol/l deoxycholate. According to Rafter and Branting
(1991), lowering the pH may lower the solubility of the bile acid. In the studies
presented herein, pH levels fell in all samples with the exception of controls.

The concentration of unlabelled bile salt added to the apical chamber was
significantly lower than the concentration estimated to be normally present in the
terminal small intestine of fed rats (Dietschy, 1967). However, it is important to
note that even at this relatively low bile salt concentration, *C labelled
glycocholate transfer was significantly reduced whilst mannitol transfer was not
significantly affected. This highlights the sensitivity and specificity of the Caco-2
cell model for the active transport of bile salt molecules. Furthermore, it confirms

the presence of a saturable transport system in this cell line.

In order to demonstrate conclusively that bile salt transfer in the Caco-2 culture
model is unidirectional, experiments were performed with *H mannitol and "*C
labelled glycocholate added to the basolateral chambers. Results of these
experiments (4.4.2-4.4.3) are combined with control data from previous

experiments, allowing visual comparisons to be made between the normal apical
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to basolateral transfer and the basolateral to apical route. Statistical comparisons
were computed for “C sodium glycocholate data; similar tests were not
computed for *H mannitol data, as differences are clearly evident. Under normal
conditions of apical to basolateral transfer, the percentage of mannitol remaining
in apical chambers averaged 92%. When mannitol was added to the basolateral
chamber, approximately 5% flux occurred into the apical chamber. This figure
compares almost identically with the value found in basolateral chambers
following the addition of *H mannitol to the apical compartment. In addition,
significantly less (p<0.001) mannitol was retained within the cell monolayer

following its addition to the basolateral chamber (4.4.2).

Significant differences were also evident in the transfer of labelled bile salt.
Basolateral to apical flux accounted for 3% of the labelled bile salt and
represented a significantly lower value than the 13% remaining in the apical
chamber during standard apical to basolateral flux experiments (4.4.3). From
these results it can be concluded that transport of labelled bile salt is

unidirectional occurring along the apical to basolateral route.

Preliminary experiments were performed to determine if the inhibitory effect of
metformin and ouabain on bile salt transfer is related to a specific effect upon bile
salt transporters, or a more general effect on energy-dependent transport systems
(figures 4.5.1-4.5.6). Radiolabelled D-glucose (”C D-glucose) was added, along
with *H mannitol, to the apical chamber of test wells. Experimental design was
identical to previous experiments. Mannitol transfer from apical to basolateral

chambers accounted for 5% of the total in control wells. This figure increased to
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between 9 and 13% when metformin and ouabain were incubated simultaneously
at varying concentrations. A little more mannitol fluxed into the basolateral
chamber in wells treated with ouabain at 10 M (8%), and metformin at 102 M
(19%), implying that at such concentrations these drugs may interfere moderately
with membrane integrity. Despite this effect, the transfer of labelled glucose was
not significantly influenced by any treatment (4.5.4 — 4.5.6). It is possible to
conclude from these preliminary data that the ATPase inhibitor ouabain does not
significantly inhibit the sodium-coupled transport of glucose from the apical
surface. Similarly, metformin does not appear to influence glucose transfer.
However, from the data pertaining to mannitol flux, it is clear that metformin
may have a mild toxic effect upon the cells when present at high concentrations.
Interestingly, metformin, when incubated with ouabain (10° — 10~ M) resulted in
slightly less mannitol flux occurring into the basolateral chamber, suggesting that

metformin may impose a protective effect on the integrity of the cell layer.

Although conclusions have been drawn from these data, it is important to stress
that these studies are only preliminary and represent an initial series of
experimental observations. Metformin was seen to allow greater mannitol flux in
early experiments than those performed subsequently. This may be accounted for
by improvements in experimental conduct in later studies, with improvements
being gained over time. However, since control wells were included in each
series of experiments, comparisons within each study remain fully validated. In
addition, it is noteworthy that the Caco-2 cell line may be subject to variance
within individual batches of cells, e.g. passage number and growth on the

membrane. More than one batch of cells was utilised during these experiments,
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and spanning several passages. This may have contributed to the spread of data

evident between different experiments.
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Apical chamber *H mannitol content
following 24h incubation.
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Figure 4.1.1: Effect of metformin (10% = 10 M) at 24h on the percentage flux of
*H mannitol from the apical chamber across Caco-2 monolayers cultured on
polyester membranes of ftranswell culture plates. Metformin, at high
concentrations, significantly (p<0.05) enhanced mannitol flux from the apical
compartment. Data are expressed as percentage total dpm and represent the
percentage dpm remaining in the apical compartment. Values are mean + SEM,
*+*p<0.0001 versus control (Student’s paired ‘t’-Test).
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Basolateral chamber *H Mannitol content
following 24h incubation.
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Figure 4.1.2: Effect of metformin (10”° — 102 M) at 24h on the percentage flux of
H mannitol into the basolateral chamber across Caco-2 monolayers cultured on
polyester membranes of transwell culture plates. Metformin, at high
concentrations, significantly (p<0.05) enhanced mannitol flux into the basolateral
compartment. Data are expressed as percentage total dpm and represent the
percentage dpm in the basolateral compartment. Values are mean + SEM,
*¥%%p<(,0001 versus control (Student’s paired ‘t’-Test).
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Monolayer *H mannitol content following
24h incubation.
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Figure 4.1.3: Effect of metformin (10° - 107 M) at 24h on the percentage °H
mannitol within the cell monolayer of Caco-2 cells cultured on polyester
membranes of transwell culture plates. Data are expressed as percentage total
dpm. Values are mean = SEM, *p<0.03 versus control (Student’s paired ‘t’-Test).
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Apical chamber 'C sodium glycocholate
content following 24h incubation.
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Figure 4.1.4: Effect of metformin (10° — 10% M) at 24h on the percentage
transfer of '“C sodium glycocholate from the apical chamber across Caco-2
monolayers cultured on polyester membranes of transwell culture plates.
Metformin, at high concentrations, significantly (p<0.05) inhibited bile salt
transfer from the apical compartment. Data are expressed as percentage total dpm
and represent the percentage dpm remaining in the apical compartment. Values
are mean = SEM, *p<0.03 versus control (Student’s paired ‘t’-Test).

175



1004
904
80+
70+
604
50
40+
304
204
104

Percentage of total dpm

Basolateral chamber '*C sodium
glycocholate content following 24h

incubation.

n=9 n= n=6

Transwell treatment

—3 Control
ExxEX Metformin
102%Mm
Ssscictst Metformin
10%M
s Metformin
104 M
— Metformin
10°M

Figure 4.1 S Effect of metformin (10° - 10% M) at 24h on the percentage
transfer of '*C sodium glycocholate into the basolateral chamber across Caco-2
monolayers cultured on polyester membranes of transwell culture plates.
Metformin, at high concentrations, significantly (p<0.05) inhibited bile salt
transfer into the basolateral compartment. Data are expressed as percentage total
dpm and represent the percentage dpm remaining in the basolateral compartment,
Values are mean + SEM, *p<0.03 versus control (Student’s paired ‘t’-Test).
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Monolayer '*C sodium glycocholate
content following 24h incubation.
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Figure 4.1.6: Effect of metformin (10 — 107 M) at 24h on the percentage 'C
sodium glycocholate within the cell monolayer of Caco-2 cells cultured on
polyester membranes of transwell culture plates. Metformin, at high
concentrations, was associated with significantly (p<0.05) greater amounts of
radiolabel within the cell monolayer. Data are expressed as percentage total dpm.
Values are mean £ SEM, *p<0.02 versus control (Student’s paired ‘t’-Test).
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Apical chamber *H mannitol content

following 24h incubation.
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Figure 4.2.1: Effect of metformin (10 M) and ouabain (10° - 10 M), alone
and in combination, at 24h on the flux of H mannitol from the apical chamber
across Caco-2 monolayers cultured on polyester membranes of transwell culture
plates. Metformin, alone at high concentrations, and metformin, in combination
with ouabain at all concentrations, significantly (p<0.05) increased mannitol flux.
Data are expressed as percentage total dpm and represent the percentage dpm
remaining in the apical compartment. Values are mean + SEM, *p<0.02 versus
control, **p<0.003 versus control, ***p<0.0001 versus control (Student’s paired

‘t’-Test).
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107 M), alone

and in combination, at 24h on the flux of *H mannitol into the basolateral
chamber across Caco-2 monolayers cultured on polyester membranes of transwell
culture plates. Metformin, alone at high concentrations, and metformin, in
combination with ouabain at all concentrations, significantly (p<0.05) increased
mannitol flux into the basolateral compartment. Data are expressed as percentage
total dpm and represent the percentage dpm remaining in the basolateral
compartment. Values are mean + SEM, *p<0.009 versus control, **p<0.003
versus control, ***p<0.0001 versus control (Student’s paired ‘t’-Test).
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Monolayer *H mannitol content following
24h incubation.
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Figure 4.2.3: Effect of metformin (102 M) and ouabain (10° — 10° M), alone
and in combination, at 24h on the percentage *H mannitol within the cell
monolayer of Caco-2 cells cultured on polyester membranes of transwell culture
plates. Metformin and ouabain, in combination, were associated with
significantly (p<0.05) less radiolabel within the cell monolayer. Data are
expressed as percentage total dpm. Values are mean + SEM, **p<0.009 versus
control, (Student’s paired ‘t’-Test).
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Apical chamber '%C sodium glycocholate

content following 24h incubation.
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Figure 4.2.4: Effect of metformin (10? M) and ouabain (10° - 107 M), alone
and in combination, at 24h on the transfer of "*C sodium glycocholate from the
apical chamber across Caco-2 monolayers cultured on polyester membranes of
transwell culture plates. Both metformin and ouabain, alone and in combination,
significantly (p<0.05) reduced bile salt transfer. Data are expressed as percentage
total dpm and represent the percentage dpm remaining in the apical compartment.
Values are mean + SEM, ***p<0.0001 versus control, (Student’s paired ‘t’-Test).
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Basolateral '*C sodium glycocholate
content following 24h incubation.
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Figure 4.2.5: Effect of metformin (10% M) and ouabain (107 =107 M), alone
and in combination, at 24h on the transfer of '“C sodium glycocholate into the
basolateral chamber across Caco-2 monolayers cultured on polyester membranes
of transwell culture plates. Metformin and ouabain, alone and in combination,
significantly (p<0.05) reduced bile salt transfer into the basolateral compartment.
Data are expressed as percentage total dpm and represent the percentage dpm
remaining in the basolateral compartment. Values are mean + SEM, ***p<0.0001
versus control (Student’s paired ‘t’-Test).
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Monolayer '%C sodium glycocholate
content following 24h incubation.
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Figure 4.2.6: Effect of metformin (10% M) and ouabain (10° - 10° M), alone
and in combination, at 24h on the percentage "C sodium glycocholate within the
cell monolayer of Caco-2 cells cultured on polyester membranes of transwell
culture plates. Metformin and ouabain, alone and in combination, were associated
with significantly (p<0.05) greater levels of radiolabel within the cell monolayer.
Data are expressed as percentage total dpm. Values are mean + SEM, *p<0.01
versus control, **p<0.008 versus control, ***p<0.005 versus control,
****n<(0.0001 versus control (Student’s paired ‘t’-Test).
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Transfer of *°H mannitol and 'C sodium
glycocholate following 24h incubation in
presence of unlabelled bile salt.
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Figure 4.3.1: Effect of unlabelled glycocholic acid (0.133pmol/ml added to the
apical chamber) on the transfer of “"H mannitol and "¢ sodium glycocholate at
24h from the apical chamber across Caco-2 monolayers cultured on polyester
membranes of transwell culture plates. Data are expressed as percentage total
dpm and represent the percentage dpm in the apical, basolateral, and monolayer
samples. Values are mean + SEM.
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Effect of of unlabelled glycocholic acid on
the transfer of *H mannitol.
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Figure 4.3.2: Effect of unlabelled §lycocholic acid (0.133pmol/ml added to the
apical chamber) on the transfer of “H mannitol at 24h from the apical chamber
across Caco-2 monolayers cultured on polyester membranes of' transwell culture
plates. Data are expressed as percentage total dpm and represent the percentage
dpm in the apical, basolateral, and monolayer samples. Values are mean + SEM.
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Effect of unlabelled glycocholic acid on
the transfer of *C sodium glycocholate.
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Figure 4.3.3: Effect of unlabelled Flycocho]ic acid (0.133pmol/ml added to the
apical chamber) on the transfer of '*C sodium glycocholate at 24h from the apical
chamber across Caco-2 monolayers cultured on polyester membranes of transwell
culture plates. Unlabelled glycocholic acid significantly (p<0.05) reduced the
transfer of '*C labelled bile salt. Data are expressed as percentage total dpm and
represent the percentage dpm in the apical, basolateral, and monolayer samples.
Values are mean * SEM, **p<0.0001 apical versus apical comparison,
*ep<(.0001 basolateral versus basolateral comparison, v'p<0.04 insert versus
insert comparison (Student’s paired ‘t’-Test).
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Reverse transfer of °H mannitol and 4C
sodium glycocholate following 24h

incubation.
1 00’ ] n=12 n=12
: X
E
o =1 Radiolabel *H
E B2 Radiolabel 1C
0
e
Q
o
[1]
aled
c
)
)
| =9
Q
o
n=12 n=12 n=12
& > > &
b CJ (7 @
?9\ C\)‘é— \Qﬁ,
&

Samples

Figure 4.4.1: Reverse transfer of H mannitol and "*C sodium glycocholate at
24h from the basolateral chamber across Caco-2 monolayers cultured on
polyester membranes of transwell culture plates. Data are expressed as
percentage total dpm and represent the percentage dpm in the apical, basolateral,
and monolayer samples. Values are mean = SEM.
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Reverse flux of *H mannitol compared with
normal apical to basolateral flux.
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Figure 4.4.2: Comparison of the basolateral to apical flux of *H mannitol at 24h
compared with the normal apical to basolateral route across Caco-2 monolayers
cultured on polyester membrane supports of transwell culture plates. Data are
expressed as percentage total dpm and represent the percentage dpm in the apical,
basolateral, and monolayer samples. Values are mean + SEM (significant

differences were evident between all corresponding samples p<0.001, Student’s
unpaired ‘t’-Test).

188



Reverse transport of 4C sodium
glycocholate compared with normal apical
to basolateral transport.
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Figure 4.4.3: Comparison of the basolateral to apical flux of 'C sodium
glycocholate at 24h compared with the normal apical to basolateral route across
Caco-2 monolayers cultured on polyester membrane supports of transwell culture
plates. Data are expressed as percentage total dpm and represent the percentage
dpm in the apical, basolateral, and monolayer samples. Values are mean + SEM,
*¥*p=(0.0002 apical versus apical comparison, ®®®p=0.0002 basolateral versus
basolateral comparison (Student’s unpaired ‘t’-Test).
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Apical chamber *H mannitol content

following 24h incubation.
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Figure 4.5.1: Effect of metformin (10? M) and ouabain (10° - 102 M), alone
and in combination, at 24h on the flux of “H mannitol from the apical chamber
across Caco-2 monolayers cultured on polyester membranes of transwell culture
plates. Data are expressed as percentage total dpm and represent the percentage
dpm remaining in the apical compartment. Values where appropriate are means +

SEM.
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Basolateral chamber *H mannitol content
following 24h incubation.
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Figure 4.5.2: Effect of metformin (107 M) and ouabain (10% = 10 M), alone
and in combination, at 24h on the flux of *H mannitol into the basolateral
chamber across Caco-2 monolayers cultured on polyester membranes of transwell
culture plates. Data are expressed as percentage total dpm and represent the
percentage dpm remaining in the basolateral compartment. Values where
appropriate are means = SEM.
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Monolayer *H mannitol content following
24h incubation.

2.0q
EFE —— Control
n=1
g. B n=1 2 Ouabain 104 M
T 1.54 et Haa
- R 1 EEZZ3 Metformin 102M
oseetels =1 n=
_§ . - et 102 M +
@ %E; Ouabain 10° M
1,07 R I Met 102 M+
- : Ouabain 10 M
8 OO Met 102 M +
b : .5
] _‘ Ouabain 10~ M
& 0.5 %
0'0 R 0 F3 &\

Transwell treatment

Figure 4.5.3: Effect of metformin (102 M) and ouabaln (10° - 102 M), alone
and in combination, at 24h on the percentage *H mannitol within the cell
monolayer of Caco-2 cells cultured on polyester membranes of transwell culture
plates. Data are expressed as percentage total dpm. Values where appropriate are
means + SEM.
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Apical chamber 'C D-glucose content
following 24h incubation.

1004

90+
E
o 804 =3 Control
o
= 701 EXZ Ouabain 104 M
e

SRRk i -2

O 604 3 Metformin 104 M
(4] -2
o 504 B et 1072 M+
ﬁ n= n=3 n=3 n=3 n=3 n=3 Ouabain 103 M
c 404 .2
s —_ e I::menq M:
© 30 oz Ouabain 104 M
L x
& OO Met 102 M +

204 Ouabain 105 M

104

0

Transwell treatment

Figure 4.5.4: Effect of metformin (102 M) and ouabain (10° - 10 M), alone
and in combination, at 24h on the transfer of '*C D-glucose from the apical
chamber across Caco-2 monolayers cultured on polyester membranes of transwell
culture plates. Data are expressed as percentage total dpm and represent the
percentage dpm remaining in the apical compartment. Values are means = SEM.
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Basolateral '*C D-glucose content

following 24h incubation.
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Figure 4.5.5: Effect of metformin (102 M) and ouabain (10° - 10° M), alone
and in combination, at 24h on the transfer of '*C D-glucose into the basolateral
chamber across Caco-2 monolayers cultured on polyester membranes of transwell
culture plates. Data are expressed as percentage total dpm and represent the
percentage dpm remaining in the basolateral compartment. Values are means +

SEM.
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Monolayer 'C D-glucose content
following 24h incubation.
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Figure 4.5.6: Effect of metformin (102 M) and ouabain (10° - 107 M), alone
and in combination, at 24h on the percentage e D-glucose within the cell
monolayer of Caco-2 cells cultured on polyester membranes of transwell culture
plates. Data are expressed as percentage total dpm. Values are means + SEM.
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4.3 Discussion:

The experiments performed herein conclusively demonstrate that bile salt
transport is energy-dependent, unidirectional, and sodium-dependent. It is also
apparent that metformin and ouabain significantly reduce bile salt transport,
supporting the in vivo observations in chapter 3. When metformin and ouabain
were simultaneously incubated, an additive inhibitory effect was seen. Glucose
transport, also an energy-dependent transport system, was not inhibited by either
metformin or ouabain at the concentrations tested. It is important to note the
inhibitory effect of metformin upon bile salt transport, confirming the functional
similarities of the Caco-2 model to ileal enterocytes. The presence of mannitol as
a non-transportable marker, and its high rate of flux following drug treatment,
draws attention to the possibility that such drugs may have influenced membrane
integrity. This may be the consequence of a toxic drug effect, alternatively, an

effect on the tight junctions of Caco-2 cells.

Metformin at 102 M resulted in a substantial diminution in the ability of the
Caco-2 membrane preparation to prevent mannitol flux (figure 4.2.2). However,
metformin in the same instance significantly inhibited bile salt transfer (figure
4.2.5). When metformin and ouabain (10'3 M) were incubated simultaneously
(4.2.2 and 4.2.5), a comparable effect was evident upon mannitol and bile salt
transport, as seen in earlier experiments (4.1.2 and 4.1.5). These results imply
that a membrane effect is a consequence of both metformin and ouabain

treatment; the origin of this effect is presently unknown.
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An attractive hypothesis relating to increased mannitol flux across membrane
preparations lies with cellular tight junctions. It is possible that metformin could
affect these structures, since metformin is absorbed via the paracellular route, as
indicated by its site of accumulation (Nicklin et al., 1996). The extent of
metformin’s effects in this region might permit mannitol flux. Metformin’s
effects do not appear, however, to permit the transfer of bile salts. Nevertheless,
if this effect were reproducible in vivo and if the untransported bile salts were to
impose a sufficient osmotic gradient, water flux into the distal intestinal lumen
could result, possibly contributing to the diarrhoea that is often associated with
higher doses of metformin. Indeed, results from the everted intestinal sac studies
(chapter 3), whilst not proving an ideal model for studying metformin’s effects on
bile salt transport, clearly demonstrated an osmotic effect in the presence of this
drug. This was characterised by reduced fluid uptake from the mucosal surface

into the serosal compartment of the ileum.

The question of whether metformin influences tight junction resistance may be
approached by transepithelial resistance measurements. This approach offers a
means of determining the state of cell monolayers in terms of their membrane
resistance. In a study by Gan et al. (1998), apical to basolateral mannitol transfer
in Caco-2 cell monolayers was inhibited threefold by the presence of a compound
known to increase transepithelial resistance in such cells (ranitidine). This
compound also inhibited its own absorption as a consequence of its membrane
resistance effects. These results are in direct opposition to those obtained for
mannitol transfer in our studies, and as such imply that increased transepithelial

resistance via tight junction modulation did not occur. An effect of bile salts
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themselves upon membrane integrity can be ruled out, since approximately 85%
of mannitol remained in the apical chamber of monolayers incubated with both
labelled and unlabelled bile salts. In the absence of unlabelled bile salt, mannitol

retention in the apical compartment increased to over 90% (4.3.2).

Tight junctions function to prevent the diffusion or back-diffusion of substances
through the intercellular space (Cereijido et al., 1998). Such structures connect
adjacent cells at the apical surface and function as semi-permeable diffusion
barriers (Balda and Matter, 1998). It is not my intention to describe in detail the
assembly and components of these tight junctions, since further experimentation
would need to be performed to identify whether such proteins are subject to
modulation by metformin. Nevertheless, the primary function of tight junctions

will be discussed briefly along with their modulation by nutritional factors.

The pore size of tight junctions has not been fully established, possibly because
the size of such structures may vary during different physiological states, such as
during digestion and peristaltic movements. Indeed, pore size has been reported
to vary over a wide range. Intestinal epithelia are reported to exhibit a pore radius
of between 30-40 A (Wild et al., 1997). These pores permit the transfer of small
solutes and water via the paracellular route and may account for 85% of ion flow
in the small intestine. They are also a route for the transfer of certain low
molecular weight substances. However, as detailed by Hofmann and Mysels
(1988), bile salt molecules posses a diameter of 20 and 7 A whereas paracellular
channels in the proximal small intestine posses pores with a size of 4-8A, thereby

preventing the passive absorption of bile salts.
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Tight junctions are connected to the cell cytoskeleton and it is via this network of
proteins that tight junction resistance may be influenced. Modulation of the cell
cytoskeleton may be achieved by intracellular signals such as PKC, calmodulin,
G-proteins and phospholipase C (PLC). Calcium is believed to be important in
the formation and maintenance of these structures (Wild et al., 1997). As stated,
modulation of tight junctions can be achieved by nutrients such as glucose. The
concentration of glucose encountered during a meal can alter the permeability of
tight junctions, inducing dilation (Wild ef al., 1997). Following activation of
sodium-linked nutrient transporters, such as for glucose, dilations of tight
junctions occur allowing increased flux of solutes along the paracellular pathway

(Turner and Madara, 1995).

Under normal circumstances, the presence of tight junctions limits the flux of D-
mannitol across epithelial cells via the paracellular route. In the presence of
sodium and glucose, such markers are apparently cleared from the lumen more
rapidly possibly via a solvent drag pathway (Turner and Madara, 1995).
However, the concentrations of glucose required to permit substantial solvent
drag are unphysiological. Nevertheless, as detailed by the above authors,
permeability changes in tight junctions are associated with alterations in the cell
cytoskeleton and may be linked to the phosphorylated state of myosin light chain
(MLC). The phosphorylation of MLC is modulated by the actions of myosin light
chain kinase (MLCK) and myosin light chain phosphatase (MLCP). Intracellular
calcium levels may regulate the actions of these enzymes; this is discussed in

more detail in chapter 5.
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A hypothesis proposed by Turner and Madara (1995) involves the activation of
MLCK by calcium following sodium-linked nutrient transport, leading to an
increase in tight junction permeability. Studies in vascular smooth muscle cells
presented herein (chapter 5), demonstrate that metformin is associated with
enhanced contractile and relaxant responses to noradrenaline (NA) and
acetylcholine (Ach), respectively. These metabolic processes are highly sensitive
to the levels of intracellular calcium. Metformin may influence smooth muscle
contractility through intracellular calcium levels or second messenger systems
(see chapter 5); a similar drug-dependent effect may function to modulate tight
junctions. Evidence exists indicating increased calcium levels in the intestinal
epithelium may be due to stretch-activated calcium channels (Chrisyensen, 1987).
If this effect occurs in vivo then increased calcium levels may result in increased
tight junction permeability. This may be linked to the extent of nutrient cell

swelling as a consequence of nutrient-induced osmotic load.

Tight junctions may be sensitive to changes in pressure and volume in the
intercellular space, as detailed by Wild ef al. (1997). Increased intercellular
pressure and volume may result from increased permeability of tight junctions.
According to Wild ef al. (1997), this would lead to increased backflux of salt and
water if the driving forces were favourable, leading to net loss of sodium
chloride, and water transport across the epithelium. Thus, tentatively, one
possible mechanism through which metformin could influence bile salt transport
in the ileum is by influencing the permeability of tight junctions. Evidence exists

demonstrating these structures can be modulated by luminally absorbed nutrients

200



such as glucose. It seems feasible that metformin’s reported effects on membrane
fluidity, active transport systems, or its vasoprotective effects (the origins of
which are currently unknown but may be achieved through second messengers),
may influence tight junction permeability. Equally, metformin may inhibit bile
salt transport through specific effects upon the bile salt transporter or the enzyme

systems regulating its activity.

If metformin is shown to increase membrane permeability to nutrient flux, this
may have implications clinically in the absorption of nutrients such as fat-soluble
vitamins and other drugs absorbed via the paracellular route. However, it is
unlikely that metformin’s effects upon intestinal permeability would be sufficient
to significantly impair fat-soluble vitamin absorption, partly due to their site of
absorption (across brush-border membranes) and partly due to the jejunal uptake
mechanism. Indeed, a significant proportion of bile salt uptake may occur in the
jejunal region together with the absorption of fat digestion products and fat-
soluble vitamins. Hypotheses relating to metformin’s sites and mode(s) of action

are presented in more detail in chapter 6.

Caco-2 cells thus provide an excellent model for studying active intestinal
transport systems since they are structurally and functionally similar to intestinal
ileocytes. However, the Caco-2 model does not provide information relevant to
the jejunal effect of metformin (to enhance transfer of bile salts) since passive
transport systems in Caco-2 cells appear to be lacking. To date a characterised

jejunal cell line is not currently available for such study.
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Chapter Five:

The Effect of Metformin and Cholesterol on the

Compliance of Aortic Smooth Muscle
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CHAPTER FIVE: The Effect of Metformin and Cholesterol on

the Compliance of Aortic Smooth Muscle

5.1 Introduction:

Type 2 diabetes is strongly associated with premature vascular mortality; deaths
related to coronary heart disease (CHD) are as much as four times higher
amongst the diabetic population than in non-diabetics (Standl, 1999). It is
believed diabetic dyslipidaemia plays a crucial role in the progression of this
complication. Hyperglycaemia, hyperinsulinaemia, and insulin resistance are also
believed to contribute (Standl, 1999). Risk factors for atherosclerosis, such as
high blood pressure and smoking, have also been identified for non-diabetic
individuals. It is, however, the cumulative effect of these factors together with
susceptibility of individuals towards the diabetic metabolic profile, which renders

the individual at high risk of vascular morbidity and mortality.

5.1.1 Smooth Muscle:

Vascular smooth muscle together with the endothelial cell layer is involved in
maintaining the delicate balance of tonicity within the vascular system. Under
normal conditions, these two systems operate effectively in the maintenance of
blood pressure and flow. In the diabetic individual it is now generally accepted
that the normal function of vascular smooth muscle and/or the endothelium
becomes severely impaired, particularly during atherosclerosis (Drouet, 1999).

Vascular smooth muscle is autonomically controlled by sympathetic inputs. In
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order to understand the possible functional defects of this tissue in diabetes, it is
important to understand how the tissue is structurally composed, and,
additionally, how the vascular smooth muscle contributes to the overall function

of the vessel.

Major arteries, such as thoracic aorta used in the studies herein, must by nature be
compliant to the demands of the cardiovascular system. Such vessels achieve this
through the presence of elastin and collagen fibres. The ability of the tissue to
contract or relax in response to stimuli is essential in the maintenance of arterial
tone. Endothelial cells line the lumen of the artery and are continuous with this
structure. Separating the endothelium and the smooth muscle are several layers
termed the media and adventitia. The smooth muscle forms the outermost layer
and is controlled by sympathetic innervation (although innervation may be poor
for the thoracic aorta), leading to the release of noradrenaline (NA), and thus
contraction (Hirst and Edwards, 1989). The endothelium also promotes relaxation
and/or contraction. Thus, there exists a state of constant innervation from both

tissues resulting in the precise control of vascular tone (Cocks, 1996).

In a review by Chen ef al. (1988), both haemoglobin and methylene blue were
found to increase the resting tension of smooth muscle in rat aorta. This effect
was more pronounced during contractions induced by NA, and suggests that NA
stimulated the release of endothelium-derived relaxing factor (EDRF) and that
this factor was spontaneously released during resting conditions (Chen et al.,

1988).

204



5.1.2 Endothelium:

The continuous endothelial monolayer lining the vascular lumen is functionally
very diverse, contributing to the maintenance of vascular tonicity and to the
fluidity of blood (Baron and Quon, 1999). In addition, it is believed the
endothelium plays important roles in the secretion of hormones, which in turn
influence vascular tone and endothelial regeneration and modification. (Moncada
and Higgs, 1993; Baron and Quon, 1999). Endothelial cells release a variety of
substances that modulate vascular function. The most renowned is EDRF,
endothelium-derived hyperpolarising factor (EDHF), and endothelin itself. These
substances make significant contributions to the long-term viability of the

vasculature and will now be briefly discussed.

The relaxation response of isolated arteries in vitro can be demonstrated by a
number of agents. One agent in particular is used repeatedly to demonstrate this
effect, and was indeed the agent of choice in the current studies. Acetylcholine
(Ach) acts via its muscarinic receptor to bring about a relaxation of vascular
smooth muscle. Muscarinic Ach receptors exist on both smooth muscle and the
endothelium (Goyal, 1989; Furchgott, 1984), enabling the generation of either a
contractile or relaxant response. This is dependent most probably upon the
affinity of the agent for its receptor, receptor number, and possibly the local
concentration of the drug. Thus, once the organ has been dissected from the
animal and prepared experimentally in an organ bath containing a suitable salt
solution, Ach can be used to elicit a relaxation of the vessel following contraction

with an agent such as NA.
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It is now widely accepted that the endothelial cell layer must be present and
functional in order to bring about relaxation in response to Ach (Chen and
Cheung, 1992). Relaxation is believed to result from the generation of a
diffusible substance from the endothelial cell layer, believed to be nitric oxide
(NO) or another local signal (Ignarro et al., 1987). Moncada and Higgs (1993)
suggest the actions of nitric oxide synthase enzymes (NOS) upon the amino acid
L-arginine are essential for the formation of this compound. There is some
dispute as to whether NO is the only EDRF and whether NO exists exclusively in
all vascular beds, since Garland and McPherson (1992) noted in the rat
mesenteric artery that NO played no apparent role in the endothelium-dependent

relaxation in response to Ach.

The relaxation response to Ach is generated by the endothelial production of NO,
which diffuses from the endothelial cell layer and directly activates the soluble
form of guanylate cyclase in smooth muscle by interacting with its available
haem group (Busse, 1987; Forstermann ef al., 1986). Stimulation of guanylate
cyclase results in vascular relaxation via increased cyclic GMP (cGMP)
activation from GTP (Waldman and Murad, 1988). The concentration of this
second messenger (cGMP) has been shown to increase in a time-dependent and
concentration-dependent manner. This increment in the levels of ¢cGMP in
response to Ach has been observed prior to the relaxation response (reviewed by

Ignarro and Kadowitz, 1985).

The precise mechanism by which ¢cGMP relaxes vascular smooth muscle is

poorly understood. According to the review by Ignarro and Kadowitz (1985),
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cGMP directly relaxes vascular smooth muscle. Indeed, activators of guanylate
cyclase have been shown to stimulate cGMP-dependent protein kinase (Rapoport
et al., 1982; Lincoln, 1983). Furthermore, cGMP may induce relaxation through
its effect on calcium metabolism within the smooth muscle cell. This effect is
possibly limited to a lowering of intracellular calcium levels (Ignarro and
Kadowitz, 1985) or modulating the activity of calcium sensitive second

messengers.

5.1.3 Hyperpolarisation:

Acetylcholine, as well as inducing direct relaxation of vascular smooth muscle,
also causes membrane hyperpolarisation, in certain arteries, prior to the onset of
relaxation (Chen et al., 1988). This has been demonstrated in isolated arteries of
several species, including rat, following contraction with agents such as NA

(Taylor et al., 1988).

As with EDREF, believed to be NO, it appears that a functional endothelial cell
layer is required for the release of this hyperpolarising factor, suggesting an
endothelial-derived factor (Furchgott and Zawadzki, 1980). Controversy
surrounded these findings, since Chen et al. (1988), provided evidence that
certain substances were able to relax vascular smooth muscle without causing
mem-branc hyperpolarisation. This ultimately led to the supposition that several
factors may be released from the endothelial cell layer influencing vascular
smooth muscle reactivity. Further evidence supported the theory of distinct
factors mediating relaxation and hyperpolarisation. According to Chen and

Cheung (1992), cGMP production and vasodilation itself can be blocked using
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haemoglobin and methylene blue. However, these same agents had no effect

upon membrane hyperpolarisation.

Methylene blue is known to block the endothelium-dependent relaxation response
(Furchgott, 1984) and haemoglobin also abolishes Ach-induced endothelium-
dependent vasodilations. Both of these agents may achieve this through specific
interaction with NO (Martin et al., 1985). The presence of these blocking agents
in rat aorta and pulmonary artery inhibited relaxation whilst the hyperpolarisation

induced by Ach remained unaffected (Chen et al., 1988).

Furthermore, it was determined that the hyperpolarisation induced by Ach
reflects alterations in potassium conductance across the cell membrane of smooth
muscle (Chen et al., 1988). This hyperpolarisation is short-lived compared to the
response to NO and the two factors appear to be released following stimulation of
different receptors. According to Chen er al. (1988), M, receptors appear to
mediate the release of EDHF in response to Ach, whereas M, receptors are
involved in the release of EDRF. The sulphonylurea glibenclamide is capable, in
certain mesenteric arteries, of blocking NO-induced hyperpolarisation, but not the
hyperpolarisation induced by Ach (Garland and McPherson, 1992). Thus the
hyperpolarisation response in some arteries may involve K* channels (Parkington

et al., 1995; Plane et al., 1995).

Current evidence indicates that NO may play a significant role in the
maintenance of vascular tone in large arteries such as thoracic aorta, whereas

EDHF may play a significant role in tonicity in smaller resistance arteries.
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Indeed, Hwa et al. (1994) reported a NO-dependent effect during Ach-induced
relaxation of rat superior mesenteric artery, whereas the relaxation response in
mesenteric resistance arteries was resistant to inhibitors of NO. Thus, it would
appear from these studies that the role of NO in large vessel relaxation is well
established. However, the method by which relaxation occurs in resistance
arteries is still open to some debate. It may be that a mechanism requiring heavy

involvement of EDHF persists in these smaller arteries.

As stated at the beginning of this chapter, sympathetic inputs at the level of
smooth muscle leads to persistent release of NA, promoting continual basal
contraction (Hirst and Edwards, 1989). In response, it seems the endothelium also
releases relaxing factors, striking a balance that moderates vascular tone. Thus, it
would logically follow that if EDHF was the predominant pathway for relaxation
in smaller arteries, constant innervation from this pathway may exist. Indeed, a
parallel pathway controlling relaxation has been hypothesised. In studies
supporting this hypothesis, NO played the principal role in relaxation in porcine
coronary artery. A second mechanism, potassium-sensitive also appeared to
contribute to the relaxation (Nagao and Vanhoutte, 1992). This system, seen as a
‘failsafe’, could generate over 60% relaxation if the NO pathway failed
(Kilpatrick and Cocks, 1994). The question remains as to why would a back-up
system for the NO pathway exist. Has evolution adapted specifically a dual-
signalling pathway to regulate vascular tone? If EDHF is the predominant or only
mechanism to achieve relaxation in resistance arteries, its protracted

hyperpolarisation effect could possibly lower resistance in these arteries.
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A hypothesis has been suggested for the hyperpolarisation effect specifically in
resistance arteries, and may involve relaxation of smooth muscle by reducing the
influx of calcium through voltage-gated channels (Garland et al., 1995). The
reduced calcium influx, together with increased efflux of intracellular potassium,
would lead to lowered intracellular calcium concentrations and movement of the
membrane potential away from the contraction threshold respectively. Thus, the
concept of dual innervation is certainly plausible and stems from the presence of

M, and M; receptors on functional endothelium (Komori and Suzuki, 1987).

Recently, studies have been performed on blood vessels from endothelial nitric
oxide synthase knockout mice (Chataigneau et al., 1999). These authors reported
increases in vascular resistance and blood pressure following chronic inhibition
of nitric oxide synthase (NOS). If the endothelial isoform of NOS was
specifically inhibited (eNOS), an increase in systemic blood pressure also ensued.
The above authors reported that the relaxation induced by Ach was abolished in
mice expressing the eNOS gene when NOS activity was inhibited, implying that
NO is the predominant endothelium-derived relaxing factor. Ach-induced
relaxations were found not to occur in eNOS deficient mice, supporting
conclusions regarding the role of NO in large vessel relaxation. Interestingly, an
EDHF response was not identified in murine coronary arteries (Félétou and

Vanhoutte, 1996).

5.1.4 Endothelin:
Endothelin is a peptide, and one of several factors released by endothelial cells.

There are three forms of endothelin, ET-1, ET-2, and ET-3 (known as rat
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endothelin) (Inoue et al., 1989; Yanagisawa et al., 1988a). As reviewed by
Hopfner and Gopalakrishnan (1999), endothelial cells are known to release ET-1,
mainly towards the luminal surface which influences vasodilation via the ETg

receptor.

Endothelin receptors are G-protein linked and are termed ETA and ETg. Hopfner
and Gopalakrishnan (1999) consider the primary effect of ET-1 is to cause
dilation of the vessel followed by a slower and more protracted contraction.
However, as in the case of NO, different vascular beds may express either of the
endothelin receptors preferentially. Thus, endothelin released by the endothelium
can oppose the actions of factors such as EDRF, contributing to the maintenance
of vascular tone. Yanagisawa et al. (1988b) demonstrated a calcium-dependence
for the contractile response induced by endothelin. The contractile response is
long lasting and in isolated vessels is difficult to attenuate, even with repeated

washings.

Endothelin is mentioned here since, in the present studies, following contraction
with NA and subsequent relaxation with Ach, a marked contractile response
occurred often above the initial levels induced by NA alone. This effect is
believed to be the consequence of endothelin release and is a ‘natural’ response to

the rapid change in the mitogenic activity of the smooth muscle.

The normal circulating concentration of endothelin is typically low (1-5pmol and
rarely surpasses 25pmol) even in disease states (Hopfner and Gopalakrishnan,
1999). In type 2 diabetes, conflicting data are available regarding circulating

levels of endothelin. However, in states where levels are raised, good metabolic
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control imposes a correctional effect (Hopfner et al., 1998). Kita et al. (1998)
reported that a dose of ET-1, below that normally associated with an effect (3 x
10™'° M), significantly increased the contractile response in normotensive rat
mesenteric arteries contracted with NA. This effect was attributed solely to the
ETp subunit. Thus, when we consider the potency of endothelin, the fact that in
certain disease states, such as diabetes, circulating levels may be raised, and that
different vascular beds may have a differing affinity for the peptide. The
suggestion by Kita er al. (1998) that endothelin may play a significant role in
various disease states encountered in syndrome X, including hypertension and

vasospasm, seem plausible.

Endothelin has been found to activate phospholipase C (PLC) in cultured
vascular smooth muscle, which ultimately leads to the activation of the
phosphoinositol pathway (Resink et al., 1988; Sugiura et al, 1989; Van
Renterghem et al., 1989). The inositol pathway and its role in vascular smooth

muscle contraction will be discussed in more detail later in this chapter.

It is apparent that the endothelium plays a significant role in maintenance of
vascular tone. The endothelium not only influences its own functioning but that
also of neighbouring vascular smooth muscle, through its various secreted
factors. We have concentrated in some detail on the factors released by the
endothelium, since in diseases such as diabetes the balance of these factors may
become disrupted. In states of diabetes there are commonly many conditions,

such as hypertension, the aetiology of which may be attributed to disturbances in
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the vasculature. The impact of insulin and diabetes on the normal functioning of

the vascular system will now be briefly discussed.

5.2 How Diabetes and its Associated Conditions Affect Vascular Function.

Hyperinsulinaemia and insulin resistance are commonly expressed in the
pathogenesis of type 2 diabetes. Insulin, under normal conditions, is involved in
many metabolic functions. In lipoprotein metabolism, it is essential in the normal
functioning of LPL (Bagdade, 1997). In addition, it is important in normal LDL
metabolism (Chait et al., 1979). The frequently encountered conditions of
hyperinsulinaemia and insulin resistance in the diabetic profile may impose

themselves as major risk factors for cardiovascular disease (Stout, 1990).

Insulin contributes, via the production of NO, to vasodilation (Scherrer et al.,
1994). Insulin has been shown to increase leg blood flow in non-insulin resistant
subjects (Baron, 1994). However, the ability of insulin to increase blood flow in

muscle in conditions such as NIDDM was severely impaired (Baron, 1994).

Vasodilation in response to insulin is severely attenuated in NIDDM patients
(Laakso et al., 1992), and appears also to be linked with the degree of obesity.
Since obesity is strongly associated with type 2 diabetes, then diabetes and/or
obesity may lead to the predisposition of impaired vascular reactivity to insulin.
In support of this hypothesis, Westerbacka et al. (1999) reported that insulin
decreased arterial stiffness in non-obese individuals, whereas in obesity the

ability of insulin to induce the same effect was severely reduced.
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Baron and Brechtel (1993) conclude that since the vasodilation response to
insulin is impaired in insulin resistant subjects, this may reflect a defect in
endothelial function, possibly at the level of NO synthesis or release. In a
separate study, subjects with insulin resistance exhibited a lower level of NO

production than in insulin-sensitive subjects (Steinberg et al., 1997).

Endothelial cells express receptors for insulin (Baron and Quon, 1999).
According to King and Johnson (1985), such receptors function to transport
insulin to target tissues via the endothelial cell layer. Although not principally
involved in glucose transport, since they do not express GLUT 4 transporters,

endothelial cells may take up insulin to regulate NO synthesis in some way.

Studies by Zeng and Quon (1996) determined that insulin could stimulate an
increase in NO production in a dose-dependent manner, and significantly quicker
than insulin could impose its vasodilatory actions (Laakso et al., 1990; Baron,
1994). As suggested by Baron and Quon (1999), this time difference in insulin’s
actions between in vivo and in vitro preparations may reflect additional effects of
this hormone on vascular tissue. The ability of insulin to stimulate glucose uptake
occurs over a period of hours, and according to the above authors is linked with

vasodilation, possibly accounting for its protracted effects in vivo.

A potential mechanism for vasodilation induced by insulin was proposed by
Baron (1994), whereby insulin may induce relaxation via hyperpolarisation and
by reducing calcium influx. Alternatively, insulin may influence the functioning

of Ca**-ATPase transporters, since this transporter plays a significant role in
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intracellular calcium efflux. The expression of such transporters may be reduced
in animal models of obesity (Baron, 1994). The obvious end point of a defect in
this transporter would be heightened intracellular concentrations of calcium, and

presumably contractility.

As discussed in chapter 1, dyslipidaemia plays a significant role in the
development of vascular disease. Hypertriglyceridaemia is the most common
form of dyslipidaemia and is associated with increased levels of IDL, VLDL, and
LDL particles (Standl, 1999). The altered lipid profile frequently evident in type
2 diabetes has important implications in vascular function. Dyslipidaemia is a
positive risk factor for CHD, predisposing the diabetic individual to a
significantly greater risk of mortality. Andrews e al. (1987) demonstrated an
effect of LDL on reducing EDRF-induced relaxations. In addition, native LDL, at
high concentrations, and modified LDL, may repress endothelium-dependent
relaxation (Jacobs et al., 1990). NO-induced relaxation was also inhibited by

LDL at concentrations comparable to hypercholesterolaemia.

Various proposals have been suggested as to how oxidised LDL may inhibit these
NO-dependent relaxations; including, interaction of oxidised LDL directly with
NO leading to its inactivation (Galle ef al., 1991; Chin er al., 1992). Alternative
proposals include an alteration in the activity of the NO released (Myers et al.,
1994). Liao et al. (1995) also demonstrated an effect of oxidised LDL in reducing
the expression of NOS mRNA levels. Despite these numerous hypotheses, the
precise mode of action of oxidised LDL upon vascular reactivity is presently not

yet know.
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As well as influencing relaxation responses, oxidised LDL molecules have been
shown to increase the responsiveness of blood vessels to various agonists,
demonstrated by an increased contractile response (Galle et al., 1990). Unlike
previous reports (Jacobs et al., 1990), Galle et al. (1990) found no such effect
with native LDL. Furthermore, ET-1 release may be increased in endothelial cells
exposed to oxidised LDL (Boulanger ef al., 1992). This provides evidence of an
additional mechanism whereby vascular tissue may be preferentially ‘primed’ to

respond to contractile stimuli.

Hypercholesterolaemia is a major risk factor for atherosclerotic vascular disease.
According to Steinberg et al. (1989), the genesis of atherosclerotic disease is
positively associated with elevated levels of LDL. The artificially elevated levels
of this lipoprotein and others in diabetes may lead to the accumulation of

cholesterol in the arterial wall, as detailed in chapter 1.

As reviewed by Cox and Cohen (1996), major constituents of the vascular wall,
including endothelial cells, have been shown to induce LDL modification to such
an extent that uptake via the scavenger receptor can occur. Smooth muscle cells
have also demonstrated an ability to modify LDL (Cox and Cohen, 1996),
thereby contributing to the process of atherogenesis. This process is covered in

more detail in the introductory chapter of this thesis.

Oxidised LDL has been found to influence several metabolic pathways and may
indicate a role in its ability to modify vascular function. Kugiyama et al. (1992)

reported activation of PKC in human endothelial cells. In addition, inhibition of
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endothelium-dependent relaxation and the mobilisation of calcium by oxidised
LDL were blocked by PKC inhibitors (Ohgushi ef al., 1993). Oxidised LDL may,
alternatively, influence the activity of G-proteins. Indeed, down-regulation of the
G subunit and a reduction in the activity of GTPase enzyme by oxidised LDL
has been reported (Liao and Clark, 1995). In addition, the generation of reactive
oxygen species is well known to result in damage to cellular processes (Rubanyi,
1988). NO has previously been shown to be directly inactivated by superoxide
anion (Gryglewski et al., 1986), as has Ach-induced relaxation (Seccombe ef al.,

1994).

Substantial evidence exists linking oxidised LDL with vascular dysfunction
independently of diabetes. Endothelial cells are known to express the receptor
that recognises acetylated LDL and thus may play an active role in the uptake of
the modified lipoprotein (Stein and Stein, 1980; Voyta et al., 1984). Although
LDL oxidation is a serious issue independent of diabetes, it is often evident in
overt type 2 diabetes. This lipoprotein fraction plays a role in dyslipidaemia and

hypercholesterolaemia contributing to accelerated atheroma formation.

Type 2 diabetics often exhibit a range of abnormalities in parameters such as
lipids. Whatever the aetiology of the condition, it makes a major contribution to
the elevated mortality levels of diabetes. Although the following paragraphs are
related to diabetes specifically, this is the term attributed to the overall condition
and in no way attempts to explain the origins of the vascular dysfunction evident

in this condition.
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Altan et al. (1989) reported that in type 2 diabetic rats’ relaxation to Ach was
significantly reduced. In addition, the vascular response to agonists, such as NA,
is reportedly heightened in diabetic patients (Hogikyan et al., 1999). Indeed,
Hogikyan et al. (1999) provides evidence for increased constriction of forearm
arteries in response to NA in type 2 diabetics. Results from these studies
suggested an overall enhancement in arterial tone in these subjects, and may have

implications in hypertension in diabetes.

Vascular dysfunction is evident in additional studies, and endothelial cells have
been implicated in this phenomenon (Cohen, 1993). Endothelial cell dysfunction
may be a consequence of hyperglycaemia due to diversion of metabolism of
glucose via alternative pathways (Gonzalez et al., 1986; Gonzalez et al., 1984).
The rampant hyperglycaemia characteristically present in diabetes may also
influence vascular function via the formation of advanced glycosylation end
products (AGE). Such end products have been shown to influence the activity of
NO, as detailed by Cohen (1993), and thus may subsequently alter responses
from vascular tissue. In response to such hypotheses, Soulis ez al. (1999) reported
vascular hypertrophy in diabetes could be reduced by inhibiting the formation of
these AGEs. Since blood glucose concentrations were not monitored in the
present studies, the effect of glycaemia upon vascular reactivity cannot be

quantified and will not be discussed further.

As mentioned in the context of oxidised lipoproteins, reactive oxidative species
have been found to profoundly influence the activity of the vasculature. Pieper et

al. (1997) provide evidence for such reactive species in endothelial cell
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dysfunction. As stated previously, and according to Pieper ef al. (1997), NO may
become inactivated in the presence of *O;’; this in turn caused the contraction of
vascular smooth muscle. Hydroxyl radicals are also believed to potentiate this
effect; several authors have reported increased production of these reactive

species in some diabetic animal models, as reviewed by Pieper et al. (1997).

5.3 Atherosclerosis:

Mortality rates linked to CHD increase dramatically in the diabetic population
(Jarrett, 1989). In a recent review, evidence is provided for up to 80% of diabetic-
related deaths being attributed to CHD (Laakso and Lehto, 1997). CHD is by
nature a progressive disease whose roots may be traced to adolescence. However,
diabetes is positively correlated with such disease and the diabetic profile
certainly exacerbates the condition. Those risk factors associated with diabetes
and positively correlated with CHD were covered previously in chapter 1.

Gross macroscopic changes can occur in the wall of vascular tissue in CHD,
leading to occlusion of the luminal space. However, subtle changes also occur
within vascular tissue and may include increased vessel calcification or the
formation of AGEs (Laakso and Lehto, 1997). Such changes may occur prior to
gross changes in vessel morphology, and include calcification of the medial layer
of arterial tissue leading to a loss of vessel elasticity. Occlusion of the vessel
lumen does not occur under these circumstances, and may represent an early

stage in the degenerative vascular process.

The glycation of proteins, such as collagen, is believed to play an important role

in exacerbating the progression of atherosclerosis, as discussed in chapter 1
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(Brownlee et al., 1985). In addition, prolonged hyperglycaemia may adversely
affect a variety of haemostatic factors, rendering individuals susceptible to CHD.
In particular, increased levels of PAI-1 and von Willebrand factor have been
identified in NIDDM patients (Laakso and Lehto, 1997). A recent review by Jokl
and Colwell (1997) suggests there exists an imbalance in the thrombotic state in
diabetes, which may play a crucial role in exacerbating vascular disease. I have
already discussed in detail one form of vascular abnormality, namely endothelial
dysfunction. The endothelium also plays important roles in haemostasis, via the
production of NO, which as discussed earlier is important in vascular tone. In
addition, the endothelium itself acts to prevent thrombogenic formation via
preventing the aggregation of platelets. The formation of a blood clot, or
thrombus, requires the participation of platelets, and the fibrinolytic system. In
diabetes, it is suggested that alterations in the activity of platelets, as well as other
factors, may increase the risk of vascular events (Drouet, 1999). Any damage to
the endothelial cell layer would also lead to exposure of the vascular wall to
various proteins normally prevented from such interaction, promoting platelet

aggregation.

An alteration in the expression of various receptors on the surface of platelets is
known to occur in diabetes. In a recent review by Jokl and Colwell (1997),
fibrinogen receptors were reported to be over-expressed in diabetes, which may
lead to enhanced fibrinogen binding to platelets and their subsequent aggregation.
Levels of fibrinogen in type 2 diabetes are reported to be elevated, and is seen as
a positive risk factor for cardiovascular disease (Jokl and Colwell, 1997). In

addition, hyperglycaemia may lead to generation of glycosylated fibrinogen, a

220



structure much more resistant to breakdown by the fibrinolytic system (Jérneskog
et al., 1996). Furthermore, the effect of insulin on increasing platelet cGMP
levels accounts for the anti-aggregatory effect of the hormone; this is suggested
to be altered in diabetes (Trovati er al., 1994). Platelets, when exposed to
damaged vessels, become attached to collagen in particular (Mustard and
Packham, 1970). The exposed collagen may also initiate the activation of factor

XII, thereby stimulating the coagulation cascade (Niewiarowski et al., 1966).

Final steps in the clotting cascade result in the formation of a clot or thrombus;
this involves the conversion of soluble fibrinogen to insoluble fibrin. This
conversion is stimulated by thrombin which is stimulated by an activated factor
X. This factor is in turn activated by additional factors which will not be
discussed in this context. The fibrin clot structure is initially maintained by
electrostatic interactions. Factor XIII covalently cross-links the fibrin o and y-
chains and thus functions to stabilise clot formation (Ariéns et al., 1999). Factor
XIII consists of four subunits, two A-subunits and two B-subunits. The activity of
the enzyme resides within the A-subunits (Muszbeck ef al., 1996). In the study of
Ariéns et al. (1999), the levels of subunit-A were found to be elevated with age
and smoking, one of the major independent risk factors for vascular disease.
However, the authors are keen to emphasise that the links between factor XIII
levels and vascular disease could not be confirmed in their study.

Furthermore, Ariéns et al. (1999) provide evidence for increased levels of this
factor in NIDDM patients suffering form macrovascular disease (micro- and
macroangiopathy and obliterative atherosclerosis). This study suggests that factor

XIII may correlate positively with atherothrombotic disorders.
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The levels or activity of several factors involved in the fibrinolytic system may be
altered in diabetes. Elevations in PAl-llevels have been linked with
atherosclerosis (Salomaa et al., 1995). PAI-1 plays an important role in inhibiting
the fibrinolytic system (Drouet, 1999) and prevents the breakdown of the
thrombus by tPA by interacting with fibrin, thus maintaining the structure of the
clot (Jokl and Colwell, 1997). Studies utilising atherosclerotic lesions from
diabetic patients determined PAI-1 levels were increased within these lesions
compared to non-diabetics (as detailed by Drouet, 1999). Tissue plasminogen
activator (tPA) functions to activate plasmin, which subsequently dissolves fibrin
within the blood clot. Under normal circumstances, a delicate balance exists
between these two parameters (Jokl and Colwell, 1997). According to these
authors, type 2 diabetes specifically is associated with increases in PAI-1 levels
and a decrease in tPA levels, leading to impaired fibrinolysis. Platelets are
themselves a rich source of PAI-1; a hypersensitive platelet profile may therefore

contribute to the development of thrombosis.

In a recent publication by Jorneskog et al. (1996), fibrinogen levels were elevated
in diabetic patients who did not display signs of vascular disease. This study
indicated that in a group of type 1 diabetic patients alterations in the fibrin gel
structure were evident. According to the above authors, hyperglycaemia may be
responsible for altering the properties of the fibrin clot. Those diabetics who
suffer from advanced atherosclerosis also display increased viscosity of their
blood, which indeed may be due to a combination of factors including elevated

fibrinogen levels (Jokl and Colwell, 1997).
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The general process of atherogenesis and current hypotheses as to its aetiology
has been covered in chapter 1. However, detail will now be directed to the
importance of atherosclerosis in diabetes. Lipoproteins such as LDL exhibiting
abnormalities such as glycation play a profound role in atherogenesis. Initially,
the consensus of many attributed atherogenesis and foam cell formation to LDL
modified by acetylation or glycation (Steinberg et al., 1989). However, recent
evidence suggests that the immune system may also play a role in antibody
formation against such molecules, leading to the formation of immune
complexes. It is not my intention to detail the immunogenic process leading to
the progression of this disorder; the reader is instead directed to the recent review

by Lopes-Virella et al. (1997) for further information.

Lopes-Virella et al. (1997) also provide evidence for glycated LDL molecules
being potently atherogenic, leading to foam cell formation. Uptake of these
modified lipoproteins into macrophages was, according to the above authors,
proportional to the extent of glycation and independent of the oxidised LDL
receptor pathway. In addition, a study by Bellomo et al. (1995) reported high
levels of antibodies against glycated and glyco-oxidised LDL in diabetic patients.
These authors suggest that autoantibody generation against such molecules may
be involved in the progression of atherosclerosis via uptake by macrophages. The
antibodies generated are believed to come into contact with modified LDL in the
vessel wall, forming immune complexes. These immune complexes are then
avidly taken up by macrophages and metabolised unconventionally, as detailed

previously (Lopes-Virella et al., 1997).
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The complexity of the atherogenic process is discussed briefly in chapter 1 and
involves numerous cell types. Growth factors are released at various stages
during atherogenesis, ‘recruiting’ additional cells into the process. These growth
factors not only stimulate the growth and development of the vascular smooth
muscle but also incorporate immune cells into the proliferative process. Reactive
oxygen species are also liberated from macrophages and may have implications

in localised effects upon the endothelium or oxidation of lipoproteins.

Activated monocytes release a myriad of factors influencing cell proliferation and
receptor expression; these may play a role in the promotion of atherogenesis.
Cytokines involved in atherogenesis are released predominantly from endothelial
cells and macrophages. The overall effect of cytokine release is to promote
smooth muscle cell proliferation and recruitment of further immune cells into the
affected area. The growth factors involved in atherogenesis will not be covered
comprehensively since our interest lies in improved vascular responsiveness that
may be seen in the presence of atherosclerotic disease. Nevertheless, diabetes is
associated with alterations in the release of various growth factors (Clemmons,

1997).

This summary of literature pertaining to atherosclerosis and vascular function
was designed to give the reader an overview of the multitude of factors involved
in vascular disecase. The complexity of the issue, and shear volume of
contributory factors make it impossible to assign appreciable credit to all
influences. The aim of the studies herein was to determine if

hypercholesterolaemia could be induced in a murine model and whether this
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would in turn lead to atherogenesis in the major arteries. It was also investigated
whether metformin could provide a so-called ‘vasoprotective’ influence, possibly
attenuating the deposition of cholesterol within the arteries and thereby
preventing a loss of vessel compliance and responsiveness. In order to investigate
the role of lipids and cholesterol in the progression of atherosclerotic disease, and
the possible ‘protective’ effect supplied by metformin, the following

experimental model was used.

Initial experiments involved animals sustained on a high cholesterol (5%) diet for
a period of eight-nine months. In addition, a further experimental group received
the same diet in the presence of metformin in their drinking water at a
concentration of 250mg/kg. These studies were subsequently repeated using a
myograph system, a more sensitive method for determining small vessel
responsiveness. Animals involved in the study were maintained on the same diet
as those in the previous set of experiments for a period of nine months, and

included an overall control group maintained on a standard laboratory rodent diet.

5.4 Results:

5.4.1 Vascular Compliance Study #1:

The contraction of murine thoracic aorta in response to NA, following cholesterol
feeding and metformin treatment, is represented in figures 5.1.1-5.1.3. Two
experimental groups were studied: one sustained on a high cholesterol diet and
one on a high cholesterol diet plus metformin. NA (concentration range 3 x 10° -

1 x 10% M) resulted in concentration-dependent contractions, using standard
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organ bath and vessel compliance apparatus. Figure 5.1.3 clearly illustrates that
metformin treatment resulted in significantly greater contractions at submaximal
and maximal concentrations of NA, with significance reached across a range of
concentrations when compared with cholesterol only values. Metformin treatment
resulted in a 22% increase in contraction compared with maximal contractile
values in the cholesterol fed group. The ECsq values for the two groups were

computed and were not found to differ significantly between treatments.

Figures 5.2.1-5.2.4 represent data of food ingested and weight gained over the
duration of study #1. The mean of food consumed in g per mouse per month
(5.2.1) showed very little fluctuation between groups. Likewise, no significant
difference was evident between treatments when the overall means of food
consumed per day were compared (5.2.2). However, when the mean body weight
of the relative groups at week 1 and week 33 (near to the experimental end point)
were compared, significant differences were observed (5.2.3). No significant
difference was evident for the combined cholesterol and metformin group
between weeks 1 or 33. However, the cholesterol fed group showed a significant
(p<0.01) weight gain between the two time points as one might expect. It is
concluded from the data presented herein that metformin may offset any increase
in body weight in animals eating a cholesterol-enriched diet. This result is
consistent with the current literature with regard to metformin’s ability to

stabilise bodyweight in patients receiving the drug (UKPDS, 1998).

At the time of killing, animals were anaesthetised with halothane whilst blood

was collected via cardiac puncture for the determination of factor XIII activity.
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The animals were then killed under terminal anaesthesia. Halothane, a known
vasorelaxant, produces a progressive diminution in blood pressure, which is
proportional to the depth of anaesthesia (Green, 1982). The vasodilatory effect of
this anaesthetic may influence the functioning of aortic vessels. Several
preliminary studies were conducted to determine the effect of cervical dislocation
and anaesthesia on vessel damage, whilst allowing sufficient time for maximal

blood withdrawal.

Anaesthesia under halothane resulted in a greater contractile response than a
vessel dissected following cervical dislocation (data not presented). There is a
high probability that the vasodilation induced by halothane in some way
influences the functioning of the NO pathway which, as stated at the beginning of
this chapter, is involved in the continued maintenance of arterial tone via
sympathetic nerve inputs. The loss of this relaxant influence has the effect of
allowing the contractile process to proceed unchecked; hence a more powerful
contraction than seen in vessels from animals killed by cervical dislocation. In the
interests of allowing reasonable amounts of blood to be collected, all animals
were killed under halothane anaesthesia by cervical dislocation in study #1. Since
the same anaesthetic was used at the same concentration for both groups of
animals, this should not interfere with the comparison of aortic contractility
between the two groups. However, it is possible that the effect of the anaesthetic
might be altered by metformin, which might influence the results. Therefore, in a
subsequent study (study #2) the gaseous anaesthetic was omitted and animals

were killed by cervical dislocation.

227



5.4.2 Vascular Compliance Study #2:

Data from the initial vascular compliance study proved interesting, and this study
was subsequently repeated using more sensitive apparatus. The apparatus used
was based on the Mulvany and Halpern design whereby the tissue segment is
held between two wire supports and stretched to a desired resting tension (1g in
the present studies). These wire supports are attached to a sensitive force
transducer, which by way of a pen chart (BBC Goerz) records changes in the
contractile properties of the tissue. The apparatus used allowed for improvements
in the sensitivity of the experimental technique. Specifically, incubating buffer
was maintained more precisely at 37°C throughout the experiment by way of
individual heating elements to each bath. All baths were covered throughout the
experiment whilst allowing drug administration, aeration, and washing of the
tissue to proceed unhindered. The transducer was more sensitive, the apparatus
inherently more stable, and calibration could be performed when desired. In
addition, the volume of buffer delivered to each tissue bath could be more

accurately measured, which has obvious implications in the concentration of drug

administered.

In study #2, an additional control group (standard rodent diet, untreated) was
included. As with study #1, metformin treatment resulted in a significant increase
in the contractile capacity of the tissue. Metformin treatment resulted in an
approximate 20% additive contractile response compared with controls and a 7%
additive response when compared with cholesterol fed animals (5.3.4). At the
lowest NA concentration (5 x 10 M) heightened tissue sensitivity to NA in the

metformin treated group was clearly evident, resulting in a contraction of 45%
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when expressed as a percentage of control (5.3.3). When this is compared to the
control group and cholesterol fed group, contraction was 27% and 32%,
respectively (5.3.4). Thus, chronic metformin therapy resulted in increased

maximal and submaximal tissue sensitivity to NA.

Cholesterol feeding slightly increased the sensitivity of aorta to NA (above 1 x
107 M) when expressed as a percentage of control. As with study #1, ECsp values
were similar for NA-stimulated contraction in the control and cholesterol fed
groups (5.3.1, 5.3.2). However, metformin treatment resulted in a marginally
lower ECsp value and demonstrated the greatest increase in sensitivity in the
concentration required to elicit 50% of the maximal contractile response (5.3.3).
The fact that both studies produced essentially identical data implies that the
initial study was entirely valid and that metformin can improve the compliance of
aortic vessels, and may indeed be one mechanism whereby metformin reduces

cardiovascular risk in type 2 diabetes.

True vascular compliance is determined by the ability of the tissue to stretch to
meet the requirements of the cardiovascular system and to accommodate blood
flow to tissues and organs. With respect to this, the ability of aorta to relax was
investigated in this study by the addition of Ach following maximal NA-
stimulated contraction.

Figure 5.3.5 demonstrates the effect of Ach on the relaxation of aortic tissue.
Metformin treatment resulted in a significantly greater vasodilatory response at
Ach concentrations 107 and 10 M, when compared with controls. In addition,

when compared with values for cholesterol fed animals, metformin was
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associated with increased relaxation at 10, 10”7, and 10 M. Cholesterol feeding
resulted in no significant increase in relaxation when compared with controls. In
fact, relaxations in the control group were generally greater than those observed

in the cholesterol fed group at the Ach concentrations of 107 - 107 M.

The data presented herein suggest that metformin therapy improved the
compliance of aortic vessels both in terms of contraction and relaxation. Of
similar interest, and perhaps importance, is the effect of cholesterol feeding both
increasing the contractility of the tissue to NA and reducing the vasodilatory
response to Ach. The implications are that a reduced relaxational response to Ach
would allow the contractile inputs responsible for maintaining tonicity to proceed
without its equal and opposite effect. Indeed, the increased contractile response
following cholesterol feeding (evident herein) would greatly exacerbate this
effect in vivo, and may lead to increases in blood pressure and, ultimately,
hypertension, a major risk factor for CHD. Despite significant differences in the
percentage relaxation of pre-contracted vessels, only marginal differences were
seen in ECsp values between the treatment groups. Nevertheless, sensitivity to
Ach in metformin treated mice clearly increased at the higher concentration range
used experimentally herein. The lack of a significant effect at the lower
concentration range of Ach implies that overall tissue compliance cannot be
assumed to have increased. Nevertheless, there exists an increased propensity for
vascular tissue from metformin treated animals to relax more so than tissue from

untreated or cholesterol fed animals, at these higher drug concentrations.
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The amount of food ingested and bodyweight values for animals from study #2
are shown in figures 5.4.1-5.4.4. No significant difference was observed in
relation to the average value for food consumed per month between the
cholesterol fed and metformin treated groups. Similarly, the mean of food
consumed on a daily basis demonstrates no significance between the treatment
groups. Significant differences were observed, however, relating to increases in
body weight (5.4.3). Significant increases in weight were observed between week
1 and week 36 in cholesterol fed, and cholesterol fed and metformin treated
groups; the greatest weight gain being observed in the cholesterol fed group. No
significant difference was observed in the body weight of the control group

between the beginning and end point of the study.

At week 36, the cholesterol fed group demonstrated the greatest weight gain,
significantly higher then both control and metformin treated groups at the same
time point. This progressive increment in body weight is clearly illustrated in
figure 5.4.4. Cholesterol fed animals increased in weight from 45.4g to 55.6g by
week 36, an increase of 10.2g. In contrast, those animals receiving metformin
increased in body weight by 7.15g compared with the 1.6g increase in weight in
the control group. Significant differences in weight exist at various weekly
intervals; however, these values were not included due to limitations in the
available plot size of the relevant graph (5.4.4). The significance of weight gain

between groups is represented, instead, using one way ANOVA and post-tests.
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5.4.3 Factor XIII Activity Assay:

Blood samples were removed from experimental mice whilst either under
anaesthesia, or immediately following cervical dislocation. Samples were
collected into eppendorf tubes as nine parts blood with one part anticoagulant
(0.1M tri-sodium citrate). Eppendorfs were placed immediately on ice; samples
were later centrifuged at 4°C for 30 minutes at 2560rpm. The plasma supernatant
was separated from the red cell pellet and stored at -20°C until required. The
assay was performed at Leeds General Infirmary under the direction of Dr R.
Ariéns in the Unit of Molecular Vascular Medicine. Plasma samples were

transported in a frozen state under dry ice.

Factor XIII is a coagulation factor present in blood. This factor is converted into
its active form in the presence of calcium and the enzyme thrombin., The function
of factor XIII is to stabilise the fibrin clot. Factor XIII activity in samples from
study #1 was significantly reduced in the metformin treated group (5.5.1). The
results are expressed as percentage of a pooled plasma group. The cholesterol fed
group demonstrated a factor XIII activity value of 107%, whilst in the metformin
treated group 90% activity was recorded compared to the control value of 100%
(derived from plasma pooled from untreated mice of the same sex and strain).
This effect, whilst small, is significant and supports the hypothesis that
metformin treatment may improve the coagulation state in some way by altering

the balance of fibrin clot formation and fibrinolysis.

Results from the second study support this conclusion (5.5.2). Factor XIII activity

was significantly decreased in both the cholesterol and metformin treated groups
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compared with controls. Metformin treatment resulted in a lower mean factor
XI1II clotting activity, but on this occasion no significant difference was evident
between metformin and cholesterol treatments. Overall, factor XIII activity of
both cholesterol fed and metformin treated groups was lower in the plasma
samples of study #2. This anomaly between the two studies remains unexplained.
Nevertheless, the significant difference between the experimental groups remains
fully validated due to the use of internal controls in the latter study. In
conclusion, results from this study suggest that metformin therapy reduces the
activity of factor XIII when administered in conjunction with a cholesterol rich
diet. Cholesterol feeding alone, whilst appearing to produce lower factor XIII
levels, does not reduce levels to the same extent as metformin treatment. There
may be several reasons why results from the two studies may be somewhat

variable; these are discussed briefly in section 5.5.3.

5.4.4 Total Plasma Cholesterol Assay:

Table 2: Total Plasma Cholesterol levels following Cholesterol and Metformin

feeding.
CHOLESTEROL | CHOLESTEROL | CHOLESTEROL
STUDY #1 LEVEL MMOL/L | LEVEL MMOL/L | LEVEL MMOL/L
(MONTH 1) (MONTH 5) (MONTH 9)
Cholesterol fed <3.88 4.13 2.97
Cholesterol fed &
<3.88 3.28 2.66
Metformin treated
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Cholesterol levels were determined upon commencement of the chronic
cholesterol feeding studies using a hand-held Accutrend GC plasma cholesterol
analyser (Boehringer Mannheim). All total plasma cholesterol levels failed to
register above the minimum level required for the assay (3.88mmol/l).
Cholesterol levels were further recorded midway through, and at the experimental
end point of study #1, by the CHOD-PAP assay method described in chapter 2
(section 2.5), and generally show a reduction in total cholesterol levels. The

reduced plasma cholesterol levels were unexpected due to the nature of the diet

the animals were receiving.

The fact that a 5% cholesterol-enriched diet induced no overall increase in total
plasma cholesterol levels suggests that these animals can clearly adapt to such
elevations in cholesterol intake. Although no clear conclusions can be drawn
relating to the effect of cholesterol feeding upon de novo cholesterol synthesis,
one hypothesis is that the liver must extract or utilise a significant proportion of
the cholesterol from the circulation. If this cholesterol is not utilised
metabolically, then it must be excreted. The results clearly indicate that
hypercholesterolaemia is extremely difficult to induce in a lean murine model,
which may account for the lack of studies with diet-induced
hypercholesterolaemic mice in the literature. Recently, it has been claimed that
cholesterol feeding alone in an attempt to induce hypercholesterolaemia in mice
is insufficient. Cholesterol feeding merely results in the up-regulation of the
enzyme systems involved in bile acid biosynthesis and the synthesis of greater

volumes of bile acids from this cholesterol source (Vlahcevic et al., 1999). Thus,
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cholesterol over and above the physiological level may merely be excreted via the

biliary route.

In regard to this statement, any possible ‘modification’ in the function of aortic
vessels in animals undergoing cholesterol feeding is not attributable to increased
cholesterol deposition within the vessel wall, since this would only occur under

conditions where circulating cholesterol levels were significantly elevated.

Cholesterol levels recorded from animals receiving metformin tended to show a
small overall decline over the entire study, as did those for the cholesterol fed
group. Cholesterol levels recorded at month five of the study clearly show
cholesterol feeding had raised circulating cholesterol levels in the cholesterol fed
group above the levels recorded at the beginning of the experiment. The group
receiving metformin showed no increase above basal levels. By month nine,
circulating cholesterol levels had fallen significantly from their month five values
(p<0.002 cholesterol month nine versus cholesterol month five, Student’s paired
‘t’-Test). The greatest reduction was evident in the cholesterol fed group;
however, metformin treatment resulted in the lowest total plasma cholesterol
levels between the two groups.

If these data are assumed to represent the true nature of the effect of cholesterol
feeding, it appears that acute feeding of cholesterol initially results in increased
circulating total cholesterol levels. Long-term feeding, however, resulted in lower
overall circulating cholesterol levels than those recorded at month five, and may
be partially explained by observations made in the previous paragraphs. Care
must be taken when interpreting these results since repeated freeze thawing of

samples may influence sample viability, as might prolonged periods of storage.
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5.4.5 Uptake of 2-Deoxy-D-[I,Z-"‘H]-Glucose by L6 Skeletal Muscle and A7r5
Smooth Muscle Cells:

2-Deoxy-D-Glucose uptake studies were performed to elucidate the effects of
metformin and insulin upon basal glucose uptake in muscle cells (figures 5.6.1,
5.6.2). In L6 muscle cells, metformin (10? M) significantly enhanced glucose
uptake in skeletal muscle following 24h incubations. Similarly, insulin (10" M),
when administered alone, also significantly stimulated glucose uptake above
controls (p<0.0001). Metformin and insulin, when incubated simultaneously,
induced an additive effect upon glucose uptake, supporting data previously
generated at Aston University (Bates, 1999). The aim of this study was to
compare the glucose uptake capabilities of the L6 skeletal muscle cell line with

that of the A7r5 smooth muscle cell line.

Smooth muscle A7r5 cells proved unresponsive to both metformin and insulin at
concentrations proven to stimulate glucose uptake in L6 cells (5.7.1-5.7.6).
However, at high metformin concentrations (10'2 M) a significant increase in 2-
DG uptake was achieved (5.7.2). The lack of appreciable effect to stimulate 2-DG
uptake at the lower concentration range may reflect the growth state of the cells,
or, alternatively, relative expression of insulin receptors. In rat L6 skeletal
muscle, metformin has been shown to stimulate glucose uptake both dependently
and independently of the insulin receptor binding status. This is discussed in

more detail in section 5.5.
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5.4.6 Calcium Imaging in Skeletal and Smooth Muscle Cells:

Recent studies have suggested that metformin may influence ion fluxes across
aortic plasma membranes (Chen et al., 1997; Sharma and Bhalla, 1995). In order
to elucidate the acute effect of metformin upon calcium flux, preliminary
experiments were performed with the A7r5 smooth muscle cell line and L6

skeletal muscle cell line. Cells were “loaded” with the fluorescent indicator Fura-

2-AM by pre-incubation with this agent (5 x 10® M for 60 minutes).

Smooth muscle cells (A7r5), when challenged with NA (10 M for 60 seconds),
demonstrated rapid intracellular calcium peaks (figure 5.8.1). These peaks were,
on average, twice as large in relation to basal calcium levels and occurred within
60 seconds; intracellular calcium decline was equally as rapid. Not all cells from
the experimental cluster responded with the same intensity, however. The
increase in intracellular calcium levels appears to be independent of whether cells

were isolated or in contact with neighbouring cells.

Following a washout period (5 minutes), metformin (10 M for 15 minutes) was
perifused onto the cells and resulted in a steady rise in intracellular calcium levels
over a period of 11 minutes. These levels of intracellular calcium were equivalent
to, and in some cases above, the levels achieved following NA challenge. Prior to
further NA challenge, calcium levels began to slowly decline. When cells were
subsequently challenged with NA in the presence of metformin, intracellular
calcium levels failed to peak as previously observed under noradrenergic

stimulation. Intracellular calcium levels then declined to their original levels over
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a period of minutes. In some cases, levels of intracellular calcium substantially

diminished below basal values and may represent a toxic drug effect.

The effect of acute exposure to metformin was also elucidated. Figure 5.8.2
represents the effect of exposure to metformin (10° M) on intracellular calcium
levels in A7rS smooth muscle cells. Metformin perifusion over a period of
approximately 20 minutes resulted in no significant effect upon intracellular
calcium levels. The addition of thapsigargin increased intracellular calcium levels
twofold. This is primarily due to blockage of intracellular calcium sequestering
pumps, causing a significant increase in intracellular calcium levels when added
to the cells, as one might expect. This demonstrates that the cells were viable, that
calcium was present intracellularly, and that calcium channels were still

operational.

Since the A7r5 smooth muscle cell line proved unresponsive to insulin and
metformin treatment as a stimulus for glucose uptake at levels known to stimulate
glucose uptake in L6 cells, and since metformin treatment had only a marginal
effect on calcium levels, L6 cells were challenged with NA and metformin to
elucidate any effects upon intracellular calcium. NA perifusion onto fura-2
loaded cells resulted in a substantial but transient increase in intracellular calcium
levels on more than one occasion (5.8.3). A delayed effect was evident in some
isolated cells and may reflect their growth status since not all cells reach
confluence at the same rate. Fully matured cells may express more sensitive
receptors and signalling pathways than those that are less mature. Nevertheless,

the increment in intracellular calcium was greater in the L6 cells than following a
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similar challenge in the A7r5 cells, and may reflect the relative size and extent of
intracellular calcium stores between these cells.

The calcium peaks seen following NA challenge in L6 cells are characterised by
rapid increases in calcium levels followed by an equally rapid fall in intracellular
calcium, and presumably reflects the phenotype of the cells and their role in
short-lived contractions. These calcium increments, when compared with those
observed in A7r5 cells, are distinctly different. Calcium increments in the A7r5
cells were considerably smaller and took considerably longer to achieve. The
blunted peak response in the smooth muscle cells represents a short period of
sustained calcium influx or release, and thus response, an inherent function of
vascular smooth muscle cells. Similarly, a reduction in the intracellular calcium

level was more protracted than in the L6 cells.

Metformin perifusion onto L6 cells had no incremental effect upon intracellular
~ calcium levels when administered alone. Simultaneous administration of
metformin (10” M) and NA (10® M) resulted in intracellular calcium peaks but at
a lower level than those seen for NA alone, suggesting that metformin may block
calcium-induced calcium release.

These data do not provide irrefutable evidence in relation to the action of
metformin on intracellular calcium levels in either cell line studied. However,
transient effects are clearly seen following metformin perifusion on vascular
smooth muscle cells. How metformin might achieve these effects will be

considered in the discussion of this chapter.
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The acute administration of metformin in these experiments allows a period of
minutes for any noticeable drug effect. The study by Sharma and Bhalla (1995)
utilised smooth muscle cells pre-treated with metformin for 1-24 hours. Thus, the
window of opportunity for any drug effect may have been too small for accurate
quantitation in the present studies. Although metformin only has a marginal
effect on the intracellular calcium concentration in a proportion of cells when
administered acutely, its effects may be more potent in more mature vascular
smooth muscle cells isolated from a mature adult mouse, or following chronic
metformin treatment. Sufficient time was not available to test newly harvested
cells from thoracic aorta. This method would require the extensive
characterisation of the cells and their culture time in order for their recovery from
isolation to occur. The isolation procedure could not be achieved under aseptic
conditions, and the culture time required to allow cell recovery, adherence, and
subsequent growth was considered too great to exclude the possibility of culture

infection.

5.4.7 Histology of Aortic Vessels:

Figures e-1 (appendix I) show representative cryostat sections of murine thoracic
aorta collected, embedded, and frozen at the time of killing from animals fed a
normal or cholesterol-enriched diet (chapter 2 sections 2.3.1b and 2.4.1). Sections
were stained with haematoxylin and eosin (appendix II) as an indicator of vessel
structure. Additional stains were employed to determine whether cholesterol
deposition within the vessel wall and/or vessel lumen had occurred. Several
variations of the standard cholesterol-specific staining technique were attempted.

However, only one proved applicable to the mouse aorta, details of which are
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given in chapter 2 section 2.4.2. In addition, thoracic aorta was embedded,
stained, and sectioned for electron microscopy. Figures m and n (appendix I)
show micrographs taken under transmission electron microscopy and detail the
luminal and endothelial region of the aortic vessel. These photographs function to
confirm the integrity of the constituent layers of the vessel and show no structural
abnormalities. No cholesterol was detected in the sub-intima either extracellularly
or intracellularly following cholesterol staining. There was no accumulation of
macrophages and no evidence of foam cell formation. In addition, the endothelial
layer and general morphology of the smooth muscle cells appeared normal in
tissues from most mice, if not slightly disrupted. Any disruption presumably

reflects vessel damage incurred during the dissection process.
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Effect of cholesterol feeding upon the
contraction of thoracic aorta in response
to noradrenaline.
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Figure 5.1.1: The effect of chronic cholestero! feeding for a period of eight-nine
months on the percentage contractile response of murine thoracic aorta under a
resting tension of 1g in response to noradrenaline (3 x 10® — 1 x 10 M). High
cholesterol diet consisted of 5% cholesterol and 4% fat. Data are expressed as
percentage contractions (cm). Values are mean + SEM. The lowest contractile
value corresponding to 3 x 10° M noradrenaline represents a contraction of
0.49cm, whereas the highest contractile value corresponding to 1 x 10% M
noradrenaline represents a contraction of 7.45cm.
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Effect of metformin and cholesterol
feeding upon the contraction of thoracic
aorta in response to noradrenaline.
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Figure 5.1.2: The effect of chronic cholesterol feeding and chronic metformin
treatment (250mg/kg), for a period of eight-nine months, on the percentage
contractile response of murine thoracic aorta under a resting tension of 1g in
response to noradrenaline (3 x 10® - 1 x 10" M). High cholesterol diet consisted
of 5% cholesterol and 4% fat. Data are expressed as percentage contractions of
the cholesterol fed group. Values are mean £ SEM. The lowest contractile value
corresponding to 3 x 10° M noradrenaline represents a contraction of 0.99cm,
whereas the highest contractile value corresponding to 4 x 107 M noradrenaline
represents a contraction of 9.15cm.
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Effect of metformin and cholesterol
feeding upon contraction of thoracic
aorta in response to noradrenaline.
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Figure 5.1.3: The effect of chronic cholesterol feeding + metformin treatment
(250mg/kg in drinking water), for a period of eight-nine months, on the
percentage contractile response of murine thoracic aorta under a resting tension
of 1g in response to noradrenaline (3 x 10 — 1 x 10 M). High cholesterol diet
consisted of 5% cholesterol and 4% fat. Metformin significantly (p<0.05)
increased percentage contraction of thoracic aorta compared with controls
(cholesterol fed group). Data are expressed as percentage contractions of the
cholesterol fed group. Values are mean * SEM, *p<0.04 versus control,
**p<0.006 versus control, ***p<0.0001 versus control (Student’s unpaired ‘t’-
Test).
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Food consumed g/mouse/month during

study #1.
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Figure 5.2.1: Average food consumption in g/mouse/month over the
experimental period in mice fed a high cholesterol (5%) diet containing 4% fat,
with and without metformin (250mg/kg in drinking water). Data are expressed as
weight of food consumed (g). Values are mean + SEM, n=8.
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Food consumed g/mouse/day over
duration of study #1.
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Figure 5.2.2: Average food consumption in g/mouse/day over the experimental
period in mice fed a high cholesterol (5%) diet containing 4% fat, with and
without metformin (250mg/kg in drinking water). Data are expressed as weight
of food consumed (g). Values are mean + SEM.
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Mean increase in body weight over time

(study #1).
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Figure 5.2.3: Mean increase in body weight between weeks 1 and 33 in mice fed
a high cholesterol (5%) diet containing 4% fat, with and without metformin
(250mg/kg in drinking water). Cholesterol feeding in the absence of metformin
resulted in significant (p<0.05) weight gain. Data are expressed as body weight
values (g). Values are mean + SEM, *p<0.01 cholesterol week 1 versus
cholesterol week 33 (Student’s paired ‘t’-Test).
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Mean increase in body weight over time

(study #1).
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Figure 5.2.4: Illustration of the mean weekly body weight values between weeks
1 and 36 of study #1 in mice fed a high cholesterol (5%) diet containing 4% fat,
with and without metformin (250mg/kg in drinking water). Data are expressed as
weekly body weight values (g). Values are mean = SEM.
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Contraction of thoracic aorta in response
to noradrenaline.
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Figure 5.3.1: Percentage contractile response of murine thoracic aorta under a
resting tension of 1g in response to noradrenaline (5 x 10 = 1 x 10 M) in mice
fed a standard rodent diet for a period of nine months. Data are expressed as
percentage contractions (cm). Values are mean = SEM. The lowest contractile
value corresponding to 5 x 10° M noradrenaline represents a contraction of
1.873cm, whereas the highest contractile value corresponding to 5 x 107 M
noradrenaline represents a contraction of 6.878cm.
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Effect of cholesterol feeding upon the
contraction of thoracic aorta in response
to noradrenaline.
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Figure 5.3.2: Percentage contractile response of murine thoracic aorta under a
resting tension of 1g in response to noradrenaline (5 x 10° — 1 x 10% M)
following chronic cholesterol feeding for a period of nine months. High
cholesterol diet consisted of 5% cholesterol and 4% fat. Data are expressed as
percentage contractions of the control group. Values are mean + SEM. The
lowest contractile value corresponding to 5 x 10® M noradrenaline represents a
contraction of 2.248cm, whereas the highest contractile value corresponding to 5
x 10”7 M noradrenaline represents a contraction of 7.736cm.
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Effect of metformin and cholesterol
feeding upon the contraction of thoracic
aorta in response to noradrenaline.
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Figure 5.3.3: Percentage contractile response of murine thoracic aorta under a
resting tension of 1g in response to noradrenaline (5 x 10° — 1 x 10° M)
following chronic cholesterol feeding and chronic metformin treatment
(250mg/kg in drinking water) for a period of nine months. High cholesterol diet
consisted of 5% cholesterol and 4% fat. Data are expressed as percentage
contractions of the control group. Values are mean + SEM. The lowest contract