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ABSTRACT

Calcium channel blockers (CCBs) are widely used in clinical practice but there is only
limited information of their effect on intestinal function. Thus, a study was designed to test
the hypotheses that a) there are multiple calcium (Ca) chznnels in rabbit jejunum and b) that
these Ca channels influence active and/or passive uptake of lipids and hexoses in the
jejunum. A study was undertaken toc determine the effects of a dihydropyridine, nisoldipine
(N) or a phenylalkylamine, verapamil (V) on the jejunal uptake of lipids and hexoses. In
addition, the effects of these drugs on ionic fluxcs in the jejunum was investigated.

The uptake of cholesterol, long chain fatty acids, D-glucose, galactose and L-glucose

was studied using a previously validated in vitro technigue which involved determining the

incorporation of “C-labelled substrates into jejural mucosa. The ionic fluxes were studicd
using Ussing chamber experiments to determine the effects of CCBs on short circuit current
(Isc).

Experiments were designed to determine the effects of short term or "acute” CCB
exposure to intact isolated jejunal segments. In these experiments male New Zealand white
rabbit jejunum was mucosally exposed to a dose range (10104 M) of N or V for 6 and 36
minutes. The animals were fed either a low cholesterol dict (LCD) or high cholestcrol dict
(2.8%, HCD). Acute exposure to N or V did not affect the jejunal uptake of cholesterol,
palmitic acid, or D-glucose in LCD or HCD.

In a second ser:s of experiments the animals were fed "chronic” (3 week feeding)
doses of N (1 mg/kg body weight) or V (4 mg/kg body weight). The chronic feeding of N or
V had a variable effect on lipid uptake depending upon the cholesterol content of the dict:
adding N or V to LCD increased cholesterol uptake, N enhanced cholesterol uptake in HCD

yet V lowered uptake in HCD. Both N and V increased the uptake of stearic acid in LCD,



N had no effect on fatty acid uptake in HCD whereas V lowered the uptake of stearic and
linoleic acids.

Chronic administration of N or V had differential effects on apparent kinetic
parameters of glucose and galactose uptake; these effects were also influenced by the
cholesterol content of the diet. The maximal transport capacities of both glucose and
galactose were greater in LCD plus N and in HCD plus N as compared to LCD or HCD
without N. There was no effect of N on the apparent affinity constant (Km") for glucose but
there was an increased Km® for galactose in both LCD and HCD. The maximal transport
capacity (Jmax) for glucose decreased in LCD plus V but increased in HCD plus V;
galactosc was affected in an opposite manner with Jmas being increased in LCD plus V but
decreased in HCD plus V.V feeding decreased the Km” for both glucose and galactose in
LCD but increased the Km™s in HCD. Passive uptake of L-glucose was decreased in LCD
plus N and increased in LCD plus V, but was unchanged in HCD plus N or HCD plus V as
comparcd with HCD alone.

In a final serics of studics isolated jejunal segments were serosally exposed to N, V,
or N plus V in LCD or HCD. There was no dose-dependent inhibition of basal jejunal Isc
by the serosal addition of either CCB or the combination of both agents in animals fed LCD
or HCD. However, both N and V reduced the magnitude of the stimulated Isc response to
glucose or theophylline in LCD but not HCD.

The alterations in jejunal nutrient uptake and Isc responses were not due to variation
in the animals’ food intake, body weight gain, mucosal surface area or membrane potential.
Thus, it is concluded that the chronic administration of N or V results in an intestinal
adaptive process that alters the jejunal uptake of lipids and hexoses, the direction of which

is influecnced by the class of drug and the cholestcrol content of the diet.
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CHAPTER 1
INTRODUCTION

1.1) BACKGROUND AND AIMS OF RESEARCH
The antiatherosclerotic effect of calcium channel blockers (CCBs) Las been reported
in several animal studies (see Chapter 2 - Introduction) and has rccently been suggested in
human subjects (Lichtlen et al, 1990). In our experimental work with a cholesterol-fed rabbit
model of atherosclerosis, we have observed that feeding the CCB, nisoldipine (N),
concurrently with cholesterol reduces the accumulation of cholesterol in aortic tissuc
compared to cholesterol-fed controls (Senaratne et al, 1991). In addition, scrum lipid lcvels
of total cholesterol are reduced by approximately 40% in N fed animals versus controls on
a high cholesterol diet. A similar reduction in serum cholestero! during the carly phase of
cholesterol and N feeding has been observed by others (Fronek, 1988). The mcchanism for
the antiatherosclerotic effect of CCBs and the reduced serum cholesterol levels in this and
other animal models is unknown (see Chapter 2 - Introduction). It is rcasonable to propose
that one or more of the following hypotheses might apply:
i) CCBs influence the form and function of the intestine thus
modifying intestinal uptake of {ipids.
ii) CCBs influence enterocyte lipid metabolism and cxit of
lipoproteins.
iii) CCBs alter hepatic/extrahepatic metabolism of lipids.
iv) Macrophage function is influenced by fceding CCB:s.

v) Biliary secretion of lipids is modified by CCBs.
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The focus of the present experimental work was to test the first hypothesis, i.e. that
CCBs modify intestinal uptake of lipids.

It was recently reported that rabbit intestine may have at least two voltage-dependent
channels or binding sites that may be modulated differently by acute exposure to various
classes of CCBs when added to the serosal surface (Homaidan et al, 1989). In addition, a
role for calcium (Ca) and an influence of CCBs on the movement of intestinal electrolytes
(sodium [Na], chloride [CI] and potassium [K]) has been suggested (Donowitz, 1983;
Donowitz and Asarkof, 1982; Hubel and Callanan, 1980). The effects of these agents on Na
transport and permeability may have important implications in several passive and active
nutricnt uptake processes in the small intestine (see section 1.10.4 - 1.10.6). In addition, Ca
is involved in numerous regulatory events in other tissues (see section 1.7.3, 1.8.1, 1.8.2).
Thus, it is reasonable to speculate that CCBs, particularly when administered chronically, may
alter intestinal transport function of several nutrients in addition to lipids.

Thus, a research project was designed with the following specific aims:

A) To test the hypothesis that there are multiple Ca channels in

the jejunum of rabbits.
B) To determine if Ca channels play a role in active or passive

uptake of hexoses and lipids in the jejunum.

1.2) GENERAL INTRODUCTION

The transport of water, nutrients and electrolytes is a vital function of the small
intestine. The absorptive and secretory functions are carried out primarily by the columnar
absorbing cells or enterocytes lining the lumen of the gastrointestinal tract. Thus, nutrient

transport processes are dependent upon the properties of the brush border as well as the



Page 3

basolateral membranes (BLM) of these cells. In addition, the state of the junctional
complexes between adjacent cells and the siate of the lateral intraceilular spaces determines
the general ionic permeabilities of the intestine and therefore has an important influcnce on
absorptive and secretory events (Armstrong, 1987; Pappenheimer, 1990).

In addition to considering the epithelial barrier itself, the movement of solutes to the
luminal interface is determined by the nature of an unstirred water layer (UWL) adjacent
to the cells {Thomson, 1984; Thomson and Dietschy, 1984). Thus, studics of nutricnt
transport need to consider the movement of the solute through the UWL and the ccll
membranes in series. The importance and involvement of cagl parameter becomes apparent
in the following discussion.

The absorptive function of the small intestine is a dynamic proccss that may
continually adapt to changes in intraluminal ceatent or physiologic and pathophysiological
influenves. As described in the ensuing discussion, modification of the propertics of intestinal
parameters including the absorptive cells, the tight junctions and the UWL may be important
in mediating this adaptive process. Early research has focused on dcscriptive detail of
alterations in nutrient transport and intestinal adaptation. Recently, work has turncd towards
elucidating the potential signals and the mechanisms for the observed changes.

As described kerein, Ca is important as an almost universal intracellular signal in
numerous cellular events. These include secretory, metabolic and transport processes as well
as involvement in the growth of cells (Rasmussen, 1986a). A role for intraccllular Ca in
intestinal electrolyte transport has been established (Donowitz, 1983). The involvement of
Ca in nutrient transport and intcstinal adaptation is less clear. However, in view of the
ubiquitous nature of this ion and its importance in cellular processes and proliferation, it is

not unlikely that Ca plays a role in mediating the adaptive functions of the intestinc.
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1.3) INTESTINAL UPTAKE OF NUTRIENTS
1.3.1) GENERAL

In general, intestinal uptake of nutrients may occur by either transcellular or

paracellular routes. The transcellular route involves translocation firstly across the apical or
brush border membrane (BBM). The BBM has a high lipid content and depending on the
nutricnt involved, movement may occur vi- diffusion through the lipid environment or
through polar regions and/or aqueous pores in the membrane {Csiky, 1984). In addition to
diffusion or passive movement, carrier transport or pinocytosis may be involved. Each of
these processes is described below.

The BLM has structural and morphological properties that are more similar to
plasma membranes of nonintestinal celis. Again, movement through this membrane may
involve diffusion, carriers, or pinocytosis (Csiiky, 1984).

Intercellular or paracellular movement occurs via the junctional complexes (tight
junctions) between adjacent intestinal cells (see section 1.10.6). The majority of intestinal
clectrolyte and water movement occurs through the lateral intracellular spaces between the
cells (Armstrong, 1987). Solutes may also move through the paracellular route.

1.3.2) PASSIVE TRANSPORT/DIFFUSION

Simple diffusion involves the unrestricted movement of a solute caused solely by the
kinctic energy or thermal agitation of the molecule. The rate of diffusional movement is
dependent upon the concentration difference between two "compartments”. In biological
systems, the membrane between two compartments restricts free diffusion; thus, the rate of
transfer is dependent upon the properties (resistance) of the membrane in addition to
concentration differences. The resistance factor or permeability coefficient (expressed in

cm/s) describes the amount of solute that crosses unit area of the planar cell membrane per
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unit time per unit concentration of the solute and is characteristic of a select solute in a
particular membrane (Thomson and Dietschy, 1984).

Passive net solute movement occurs in the direction of the electrochemical gradicent
across the intestine. In addition, passive transport is characterized by absence of compcetition
between structurally related substances and lack of inhibition by metabolic inhibitors, anoxia,
or absence of electrolytes. Often, passive movement is characterized by a linear relationship
between transmembrane concentration difference and rate of transport. However, a lincar
relationship does not rule out other modes of transport (Thomson and Dictschy, 1984).

Lipids and lipid-substances are likely passively absorbed for the most part through
the lipid environment of the membrane. However, additional carricr-mediated mechanisms
may also be involved as described further in section 1.4.5.

Passive absorption of some solutes (e.g. amino acids and monosaccharides) may also
occur through polar channels within the cell membrane or between adjacent cells. However,
even in the absence of structured aqueous channels or pores, there is likely to be some
passive movement due to the random movement of the hydrophobic chains of polar lipids
in the membrane resulting in the formation of dynamic pores in the bilayer (Esposito, 1984).
Thus, even for carrier-mediated nutrients (described below) there may be an important
passive transport component, such as in the case of glucose (Debnam and Levin, 1975;
Pappenheimer, 1990).

1.3.3) CARRIER-MEDIATED TRANSPORT

The precise molecular nature of carrier-mediated transport in the intestine is not
conclusively defined. In general terms, carriers (presumably membrane bound glycoprotcins)
allow a polar substance to interrupt its hydrogen bonding with water to enter the lipid bilayer

for transport across the membrane (Csizky, 1984). Carricr-mediated transport is often



Page 6

characterized by saturation kinetics (due to the limited number of carriers) and mutual
inhibition of uptake by substrates of a similar structure {due to possible sharing of the same
carrier).

Carrier-mediated transport may involve facilitated diffusion, in which case the carrier
simply facilitates the movement of a substrate across the membrane. The facilitated
transport exhibits diffusion kinetics (at concentrations below the saturation of the carrier) and
thus net transport is discontinued when solute concentration becomes equal on either side
of thc merbrane.

Carricrs may also mediate active transport in which case a solute is transported
against its chemical or electrochemical gradient. This process requires the expenditure of
cnergy which is usually derived from the hydrolysis of compounds such as adenosine
triphosphate (ATP). Other characteristics of active transport are described further ir: :he
context of hexose transport (section 1.6.5).

1.3.4) FINOCYTOSIS

Pinocytosis is a process involving the "infolding" of the cell membrane which detaches
as an intracellular vesicle. The contents of the vesicle are then released into the cell
cytoplasm accom.plishing the transfer from the extracellular environment. The potential
involvement of this process in the intestinal absorption of nutrients has not yet been fully
defined (Csiky, 1984).

1.3.5) BARRIERS TO NUTRIENT UPTAKE
A) The Unstirred Water Layer

The various transport processes have been described. Clearly, these processes, in
addition to the permeability of a solute and the membrane properties of the enterocyte are

important determinants of the rate of uptake of nutrients. However, before crossing the
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cells, solutes must first pcrmeate a layer of unstirred water interposed between the
membrane surface and the bulk luminal solution. This unstirred water layer (UWL) has
been defined as "the concentric layers of water extending out from the aqucous-lipid
interface that are pot in equilibrium with the remainder of the bulk water phase” (Dictschy
et al, 1971).

The effective resistance of the UWL is determined by the diffusion coefficient of the
solute, the thickness of the unstirred layer and UWL surface area. The term "thickness”
implies the layer of water adjacent to the cell membrane where diffusion is the only
mechanism of transport. However, it is recognized that there is no sharp boundary where
the bulk phase ends and the UWL begins; rather there is a progressive blending of the UWL
with the bulk phase until they become indistinguishable (Dictschy ct al, 1971).

Thomson and Dietschy (1984) have summarized the estimates of UWL dimensions

from several studies. In highly stirred in vitro systems in rats and rabbits, valucs range from
approximately 100-200 .m; unstirred preparations exhibit higher values of 200-350 ym. In
vivo, UWL thickness is even higher ranging from approximately 400 to over 600 .m in rats
and humans (Thomson and Dietschy, 1984). Thus, in the experimenial situation the rate of
stirring of the bulk phase affects the thickness and accordingly, th:: functional resistance of
the UWL. In addition, the thickness of the UWL may also be «i-ected in some physiological
and pathophysiological states including thiamine deficicnc;  <cliac discase (tropical spruc),
drug-induced diabetes, aging and dietary manipulz:.ci: {13 2mson, 1982). It is possiblc that
the alterations may be an adaptive mechanism to :::cr the absorption of nutricnts (scc
section 1.7). The molecular mechanisms responsible for alterations in the UWL are not clear
but do not appear to be related to changes in morphology of the intestine (¢.g. height of the

villi) (Thomson, 1982).
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In an anatomically flat membrane, the surface of the UWL is equal to that of the
underlying membrane. However, due to the complex morphology if the intestine, the UWL
lics over and between intestinal villi and microvilli. Thus, assumptions of uniform thickness
and surface arca cquivalent to that of the underlying membiane do not apply to the intestine.
The cffective surface area of the UWL relative to the underlying brush border is at least
1:500 (Thomson and Dietschy, 1984). Since molecules must first pass through the relatively
small arca of the UWL before reaching the greater area of the membrane, this has important
implications on the overall rate of intestinal transport.

Thus, the moveiment of lipids and solutes must occur through two barriers in series;
the UWL and the lipid membrane. When the diffusion coefficient is small relative to the
permeability coefficient in the membrane, the UWL becomes the rate-limiting step for
uptake during passive absorption (Thomson and Dietschy, 1981). Thus, for hydrophobic
molecules including cholesterol and long chain fatty acids, this situation applies. Therefore,
the UWL exerts a significant impact on the uptake of lipids and must be taken into
consideration when determining rates of uptake in experimental situations.

The UWL may also significantly affect the apparent kinetics of carrier-mediated
transport. The active transport of a substrate depends on the concentration immediately
adjacent to the membrane. Since the UWL affects the rate of nutrient movement, the
concentration of a molecule in the UWL is not necessarily equivalent to the concentration
in the bulk phase. Therefore, in the experimental situation, failure to account for the
presence of the UWL may result in an overestimation of apparent Km values and an
underestimation of the passive permeability coefficient for a given probe (Dietschy et al,

1971).
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B) Other Barriers to Uptake

In addition to the UWL, it is possible that the glycocalyx and intestinal mucus at the
membrane interface also contribute to the overall resistance of nutrient uptake (Westergaard
et al, 1986) It has been suggested that these parameters may alter the viscosity of the UWI,
although the exact effect of mucus on the effective resistance of the UWL is not clcar. In
the experimental situation, mucus may result in trapping of a portion of the probe molccule
in the adherent mucosal fluid. Therefore, a nonpcrmeable extracellular marker should be
used to correct for the volume of mucus and other fluid which comprises the adherent
mucosal fluid volume.

Mayer et al (1985) have suggested that a mucus material secreted by the intestine
may bind cholesterol stoichiometrically prior to its transfer into enterocytes.  This may
represent a possible regulated barrier to cholesterol uptake in the intestine.  However, there
is no definitive general conclusion regarding the rolc of mucus and glycocalyx as barriers Lo
lipid uptake and they may not significantly alter nutrient transport processes (Thomson and

Dietschy, 1984).

1.4) DIGESTION AND ABSORPTION OF LIPIDS

1.4.1) DIETARY LIPIDS
Approximately 90% of the fat in our food is in the form of triglyceride (TG)

(Kreutler, 1980). TG are tricsters of glycerol with varying compositions of long chain fatty
acids depending upon the dietary source. Animal products generally contain significant
amounts of saturated (e.g. palmitic and stearic acid) and monounsaturated (e.g. oleic acid)
fatty acids with smaller amounts of polyunsaturated structures. Vegetable products, with

some exceptions, usually provide long chain-unsaturated fatty acids including olcic and
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linolcic acid. The latter is an essential dietary component due to its lack of synthesis in the
body. Although fatty acids rarely exist as individual species in dietary foodstuffs, they are the
most abundant constituent of ingested lipids.

In addition to TG, the remaining 10% of dietary fat is provided primarily by
cholesterol and phospholipids (PL). North American data of cholesterol intakes has
indicated that consumption of this sterol ranges from #~S mg per day in males to 266 mg for
females (Carroll et al, 1982). Based on average body weight, this corresponds to 5.79 mg/kg
and 4.84 mg/kg in males and females, respeciively. The majority of ingested cholesterol is
in the uncsterified form while approximately 10-15% is esterified with a long chain fatty acid.
In addition to dictary intake, endogenous sources are provided by the cholesterol found in
biliary sccretions and sloughed endothelial cells which may account for 50% of the luminal
load (Holt, 1972).

Estimatcs of dictary PL intake have ranged from 1-2 grams (Borgstrom, 1976) to 4-8
grams per day (Rizek et _al, 1974). However, it is generally agreed that endogenous PL
sources dcrived from biliary secretions and sloughing of epithelium provide the more
significant contribution of 11-12 grams per day (Borgstrom, 1976; Noma, 1964). In fact,
cstimates of daily endogenous contributions have ranged as high as 22 grams (Carey et al,
1983). Over 90% of the biliary PL is phosphatidylcholine.

Chemically, lipids are a very heterogenous group ard the ability of each lipid to
associatc with water and other lipids varies significantly. In addition to chemical

sifications, lipids have been categorized according to the nature of their interactions with
watcer (Small, 1968). Of the major dietary lipids, TG and cholesterol have been classified as
insoluble, nonswelling amphiphiles, implying no interaction between ihese lipids and water

in the bulk phase. PL, although still considered insoluble, have a greater ability to interact
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with water in that they form a continuous bilayer or stable vesicle enclosing a water core
(termed swelling).

The importance of the nature of these interactions becomes apparcat in the following
discussion of digestion, absorption and transport of these three major dictary lipids including
TG, cholesterol and PL.

1.4.2) MECHANICAL AND CHEMICAL DISGESTION OF LIPIDS

The biological availability of lipids for absorption is influenced by the nature of their
int=raction with aqueous media and other lipids. Thus, an impcrtant goal of digestion is to
ransform the insoluble complex dietary and endogenous lipids into their morc soluble
components and therefore improve their bioavailability. This is accomplished by both
mechanical and chemical means.

Mechanical effects play an important role in emulsifying and increasing the surfacc
area of ingested fat. The chewing action in the mouth initiates this proccss and the
subsequent peristalsis in the stomach and small intestine continucs to further disperse the
lipid droplets. In the acidic environment of the stomach the physical emulsifying effccts may
be enhanced by the presence of complex polysaccharides, products of pcptic protcin
digestion and endogenous PL (Carey et al, 1983).

Chemical digestion of dietary lipids in adults is accomplished by four cnzymes
secreted into the intestinal tract. The progression of lipid through the gastrointcstinal tract
and the action of each of these enzymes will be discussed bricfly.

Lipolysis of TG is initiated in the stomach: intragastric activity may account for up
to one third of the total digestion of this lipid (Hamosh, 1973). The enzyme responsible for
this lipolytic activity in humans originates mainly from the von Ebner’s glands on the dorsal

aspect of the tongue and is identified as lingual lipase or gastric lipasc. The enzyme acts on
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the fatty acid cster linkage of TG and appears to cleave the fatty acid in the sn-3 position
preferentially, at a rate twice as fast as the sn-1 position. In addition, the enzyme is more
active on medium and short chain TG fatty acids (Patton, 1981).

The major end products of the TG digestion by these lipases include diglycerides and
fatty acids. Both of these end products are highly hydrophobic in the low pH environment
of the stomach; thus, they likely partition into the core of TG (covered with a surface coat
of mainly PL). A small fraction of TG (2-3%) and protonated fatty acids may also be
present in the surface coat (i.e. at the lipid-water interface) (Carey et al, 1983).

These lipid particles in the chyme then enter the small intestinal lumen in small
propulsed ali~uots through the pyloric canal and are further emulsified by the shear forces
of the propulsive movement. In the small intestine where most of the lipid digestion is
completed, the emulsion is mixed with pancreatic juice containing additional lipases as well
as bicarbonate and bile.

Pancreatic lipase is secreted by the acinar cell of the pancreas and functions at the
TG-water interface. This enzyme hydrolyzes the primary (sn-1 and sn-3) ester bonds of TG
to yield fatty acids and 2-monoglycerides (Tso, 1985). The presence of bile salts in the lumen
(in concentrations close to and above "critical micellar concentration® see section 1.4.3)
appears to physically prevent the binding of the pancreatic lipase to the TG substrate
possibly by occupying the interface. In vivo, this inhibition is prevented by the presence of
a protein cofactor designated "colipase” which is also present in the pancreatic juice (as a
zymogen, procolipase which requires activation by trypsin). It is speculated that the colipase
binds to the ester regions of the TG molecule in addition to forming a 1:1 lipase:colipase

bond thus altering the conformation of lipase to promote substrate-enzyme interaction



Page 13

(Borgstrom et al, 1979). This binding appears to be enhanced in the presence of lipid
digestinn products.

Carboxyl ester lipase (also termed cholesterol esterase, nonspecific lipase and others)
is also secreted in the pancreatic juice. It has been shown to catalyze the hydrolysis of
water-soluble carboxyl esters as well as insoluble esters including cholesterol and vitamins
A, D and E. The enzyme is secreted in an inactive monomeric form that requircs bile salts
to dimerize to the active form (Carey et al, 1983; Bérgstrom, 1988).

Phospholipase A; is also present in the pancreatic secretions in the proenzyme form.
Upon activation by tryptic hydrolysis, this enzyme catalyzes the hydrolysis of the fatty acids
at the sn-2 position in phosphatidylcholine and a variety of phosphoglycerides (excluding
sphingolipids), resulting in the formation of lysophospholipids and fatty acids. Bile salts and
Ca ions are required to promote this hydrolytic activity. Although other phospholipascs may
hydrolyze PL at alternate positions, the actions of phospholipase A, appears 10 be the most
physiologically important (Shiau, 1987).

The coordinated presence of the lipids, pancreatic secrctions, bicarbonate (to raisc
the pH to 5.5-6.5 to permit effective action of lipolytic enzymes) and bile salts is important
to accomplish the task of digestion. Therefore, although each of the lipolytic cnzymcs has
been discussed separately above, it is clear that cooperation and synergism play an important
role. For example, the partial hydrolysis of TG in the stomach with the resulting 15-20% frec
fatty acid content (Borgstrom, 1988) has been suggested to enhance the subscquent hydrolytic
action of pancreatic lipase in the upper small intestine due to the stabilization of the surfacc
of the TG emulsion and increased binding of colipase (and thus lipasc) at the interface
(Carey et al, 1983). Furthermore, the presence of lipid in the intestinal lumen, particularly

long chain fatty acids, appears to stimulate the release of the hormone cholescystokinin-
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pancreozymin which in turn induces contraction of the gallbladder and simultaneous
relaxation of the sphincter of Oddi, with the resulting secretion of bile and the discharge of

pancreatic lipases.

1.4.3) SOLUBILIZATION OF HYDROLYZED LIPID PRODUCTS

The c~mbined eilects of the lipolytic activity on the non-polar dietary lipids results
in the production of mainly fatty acids and 2-monoacylglycerols, in addition to lysolecithin
and free cholesterol. Although the end-products in general are more polar than the original
ingested forms, their aqueous solubility is still limited. Therefore, the second important
phase of digestion is t: Jispersion of these hydrolyzed products into absorbable forms
(Patton 1981).

The interaction of lipolytic products with bile acids in mixed aggregates or micelles
is very important to improve their interaction with water and thus their rate of absorption.
Bile acids are end products of cholesterol metabolism synthesized by the liver. The
conjugation of the hydrophobic bile acid steroid nucleus with amino acids (taurine or glycine)
and the presence of hydroxyl groups (in varying numbers and positions) account for the
amphipathic nature of these soluble compounds and their ability to stabilize at an oil-water
interface. At low concentrations bile salts exist as monomers in solution. However with
increased concentrations above a given point (referred to as critical micellar concentration)
spontancous aggregation occurs resulting in the formation of micelles with the polar groups
cxposed to the aqueous phase, making the entire aggregate water soluble. These negatively
charged micelles have the ability to solubilize lipids, particularly swelling compounds including
PL and monoglycerides, between the amphipathic bile acids or into the hydrophobic centre.

The addition of swelling amphiphiles to bile salt micelles enhances the solubilization of



Page 15

nonpolar lipid compounds into the aggregate. For example, in the presencc of PL and
monoglyceride, cholesterol solubilization is enhanced (Shiau, 1987).

As indicated earlier, the presence of lipids in the proximal intestine stimulates the
secretion of bile (i.e. a micellar solution of bile acids, phosphatidylcholine, and cholestcrol)
which results in luminal bile acid concentrations well above critical micellar concentration.
The micelles, containing bile salts and the biliary lipids, solubilize the products of Lipoiysis as
described above.

Thus, the lipid digestive products become distributed betv.cen an aqucous, oil and
possibly several intermediate phases in the intestinal lumen. The aqucous phasc is believed
to include the mixed micelles and monomeric forms of the digested lipid products, in
equilibrium with the aggregated products. It is suggested that these micelles coexist with
liquid crystalline vesicles saturated with bile salts in the aqueous phase (Carcy ¢t al, 1983),
although little is known about the role of these dispersions on the uptake of lipids in the
normal physiological setting (Borgstrom, 1988).

1.4.4) MOVEMENT OF LIPIDS INTO THE ENTEROCYTE

The solubility of a lipid in the bulk phase will influence its concentration gradicnt
across the intestinal cell. These factors, in addition to the passive permcability coefficicnt
of the lipid for crossing the membrane are important determinants influcncing the overall
rate of uptake. However, as described in section 1.3.5, due to the low diffusion cocfficicnt
of cholesterol and fatty acids, the UWL is likely the rate limiting step in the uptake of these
hydrophobic structures.

The presence of bile acids, particularly trihydroxy forms in the lumen, is obligatory
for the: absorption of cholesterol, whereas approximatcly one third of TG and some fatty

acids may be absorbed in the absence of micellar solubilizstion (Thomson and Dictschy,
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1981). The role of the bile salt micelle in cholesterol uptake has been defined as a means
of solubilizing cholesterol, as well as overcoming the resistance of the UWL. In addition,
micelles are believed to provide a reservoir from which cholesterol partitions into an aqueous
phase prior to its uptake into the membrane (Westergaard and Dietschy, 1976). Biliary
cholesterol may be more efficiently absorbed than dietary cholesterol due to existing micellar
solubilization in the bile (Grundy, 1983).

The concentration of lipolytic products in the aqueous environment is increased 100
to 1000 times by micellar solubilization, in spite of the increase in diffusional UWL resistance
to the relatively large aggregated form of the micelle (Thomson and Dietschy, 1981). As
indicated above, the passage of smaller molecular weight substances including short and
mcdium chain TG’s, is not rate-limited by the UWL.

Both the monomeric and aggregated forms of lipid move towards the BBM for
absorption. However, it is generally concluded that mixed micelles are not absorbed intact
but must dissociate before the lipids permeate the enterocyte. Experimental evidence
indicating that the components of mixed micelles are absorbed at different rates supports this
view. There is strong experimental evidence to suggest that fatty acids and cholesterol
solubilized in the micelle are released into the aqueous phase as monomers which partition
(according to individual permeability characteristics) into the adjacent membrane of the
absorptive cell (Thomson and Dietschy, 1981). The postulated acidic micro-environment
adjacent to the cell membrane likely facilitates the dissociation of micelles. The low pH
presumably favours the protonation of fatty acids in the micelles resulting in their reduced
solubility in the aggregate and enhanced partitioning into the membrane (Shiau, 1987). The
resulting micellar disaggregation likely enhances the release of other lipids (e.g. cholesterol)

from the micelle.
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When increasing concentrations of the bile acid taurodeoxycholic acid (TDC) arc
used to solubilize cholesterol in the bulk phase, there is a progressive decline in cholesterol
uptake (Thomson, 1981; Thomson et al, 1983). When the concentrations of both TDC and
cholesterol were increased but the ratio of TDC to cholesterol remained constant, the rate
of cholesterol uptake remained unchanged. The bile salts may favour retention of the
cholesterol in the micellar phase and decrease the monomeric concentration available for
uptake. However, this latter relationship is not observed in mixed micelles, and thercfore
may pot be significant physiologically. Thus, the components of the micelle, as well as the
shape, size and the charge of the aggregate will all influence the movement of the lipid from
the micelle to the membrane.

Traditionally, it has been suggested that the lipophilic naturc of the fatty acids
allowed their direct passive diffusion through the phospholipid bilayer of the mucosal ccll.
However, for some long chain fatty acids (oleic, linoleic and arachidonic acid) saturatable,
concentration-dependent absorptive trends have been observed (Hollander ct_al, 1984;
Stremmel, 1985; Stremmel, 1988). Furthermore, high affinity binding sites for long chain
fatty acids in the BBM of the jejunum have been reported. In addition, a 40-kD membranc
fatty acid binding protein (MFABP) in these membranes has been described and
characterized by Stremmel and co-workers (Stremmel, 1985, 1988). Thus, the saturible
kinetics and the inhibition of fatty acid uptake by a monospecific antibody against MFABP
support the suggestion that fatty acid uptake is at least in part, mediated by a membranc
carrier (Stremmel, 1985, 1988). The antibody inhibition studics carricd out in isolated
perfused jejunal segments of rats also demonstrated inhibition of uptake for palmitate,
linoleate, arachidonate and cholesterol. Stremmel suggests that the MFABP may therefore

exhibit transport competence for other lipolytic products. As described below, fatty acid
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binding proteins (FABPs) are also shown to be present in the cytosol of several cells

including enterocytes.

1.4.5) INTRACELLULAR EVENTS

Once the lipid products of digestion have permeated the cell they are transported
through the cytoplasmic matrix to the endoplasmic reticulum (ER), which is the major site
for metabolism of absorbed lipids. Cytosolic proteins (FABPs) with a high affinity for fatty
acids (particularly long chain and unsaturated) may play a role in transporting the fatty acids
from thec BBM to the ER. However, the precise role for FABPs in the uptake, intracellular
targeting, and metabolism of fatty acids has not been defined (Lowe et al, 1987).

Intestinal tissue has two distinct FABPs including liver-(L-FABP) and intestinal-type
(I-FABP). The highest concentration of I-FABP appears to be located in the villi of the
jejunum and is not expressed in crypt cells, thus implying that FABP expression is an event
of differentiation (Clark and Armstrong, 1989). It is unclear why two cytosolic FABPs are
present in the intestine. Lowe et al (1987) suggest that the two types differ in their affinities
for various fatty acids as well as in transport capacity. They hypothesize that I-FABP ay
dircct and transport saturated fatty acids absorbed into the enterocyte while L-FABP, with
a higher affinity for unsaturated fatty acids, might target endogenous (bloodstream) fatty
acids to phospholipid synthesis. FABPs may play a role in enhancing free fatty acid uptake
by facilitating desorption from MFABP (Clark and Armstrong, 1989). It is also speculated
that these proteins may influence various cellular lipid metabolism functions. However,
conclusive evidence regarding the varying affinities of FABPs for different fatty acids as well
as the actual function of FABPs remains speculative at this point and further study is

required.
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The transport mechanisms responsible for the other digested lipids within the cell
remains undefined.

At the ER, TG may be resynthesized from fatty acids and monoglyceridcs via the
monoglyceride pathway or from fatty acids via the a-glycerophosphate or phosphatidic acid
pathway. The initial step in both pathways involves the activation of fatty acid to acyl-CoA
- a reaction requiring ATP which is derived mainly from glucose mctabolism. The
monoglyceride pathway is more important during lipid digestion and may account for more
than 70% of total intestinal TG synthesis under physiological conditions (Shiau, 1987).
During fasting, the phosphatidic pathway predominates, using endogenous fatty acids and
glucose metabolites as substrates. It has been suggested that thesc two pathways function
independently and that the intermediate (i.e. diglycerides) and end-products (TGs) of cach
remain in separate pools in the intestinal mucosal cell; the exact mechanisms and functional
significance of this separation remain unclear (Tso, 1985).

Absorbed fatty acids may also be used for reacylation of PL and esterification of

cholesterol as will be discussed. Recent evidence suggests that desaturase enzymes arc

present in the enterocyte; thus, some fatty acids may provide substrates for the de novo
synthesis of other polyunsaturated fatty acids that eventually become componcnts of the lipid
membrane (Garg et al, 1988). Fatty acids may also be metabolized via the oxidative pathway
when availability of glucose is reduced.

Absorbed lysophospholipids, mainly lysolecithin, are acylated by acyl-CoA to form PL.
Lysolecithin may also be hydrolyzed by lysolecithinase to rclease glycerylphosphorlycholine
and fatty acid.

Cholesterol absorbed from the lumen appcars to combine with the endogenous pool

of cholesterol consisting of products of de novo synthesis and cholesterol derived from
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lymphatic lipoproteins. The absorbed free form of cholesicrol muy .o csterified 9y
acyl-coenzyme:cholesterol acyltransferase (ACAT) or by the pancrestrc « sofostest s lyrase
within the enterocyte. It is estimated that 80-85% of the cholesterol appeariag in the lymph
(in chylomicrons [CM] and very low-density lipoproteins) is esterified; thus esterificatinn
appears to be important for cholesterol transport although the rate limiting step is likely toe
uptake from the lumen (Thomson, 1982). “The ‘auty acids used for esterificatic «re
influenced by the composition of the dietary lipids (T'.owsce gt al, 1989a), however, it has
been suggested that oleic acid is the preferred fatty acid for esterification (Karmen et al,
1962).

CCBs have been shown to inhibit cholesterol esterification in cultured macrophages
possibly by a direct action of these agents on the ACAT enzymes (Daugherty et al, 1987).
It is unknown whether a calcium dependent step is involved in the regulation of ACAT, but
it is likely that inhibition of this enzyme would influence intestinal lipid uptake (Tso, 1985).

The resynthesized lipid products in the cell are mainly nonpolar and nonswelling in
nature (i.e. cholesterol esters [CE] and TG); thus, once more their solubility must be
enhanced for aqueous transport. The solubilization of lipids for transport in the lymphatics
and plasma is accomplished by incorporation into macromolecular complexes called
lipoproteins. The general model is a spherical complex containing mainly TG and CE in a
hydrophobic core surrounded by a layer of PL, free cholesterol and small amounts of specific
protcins (apoproteins) and likely a trace of the hydrophobic core lipids. CM are the
principle lipid-carrying particles secreted by the small intestine following lipid digestion. The
composition and metabolism of CM and other intestinal and hepatic lipoproteins will be

discussed in the following section.
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The sites and mechanisms for assembly of lipoproteins in the enterocyte are not
completely delineated. Ultrastructural studies have shown that following the ingestion of fat,
droplets of lipid appear within cisternae and vesicles of smooth ER in the apical cytoplasm
of enterocytes. The vesicles then appear to move sequentially through the cell, likely through
a continuous tubular system to the Golgi apparatus. The Golgi cisternae become distended
with the droplets and pinch off to form vesicles which then migrate toward and fusc with the
plasma membrane. The lipoprotein complexes are then released into the lacteals of the
lamina propria and eventually enter the venous system via the thoracic duct.

The lipid-protein complex is continually modified during the progression through the
cell as protein and carbohydrate moieties are added at various stages. Furthermore, the
completed lipoprotein is modified almost immediately after secretion into the extraceliular

environment. The significant processes are discussed in the following scction.

1.5) LIPOPROTEIN METABOLISM
1.5.1) GENERAL

As indicated above, lipoproteins are macromolecular complexes that transport lipids
in the aqueous environment of the body. Although lipoproteins are in a constant state ol
exchange and modification they are most commonly classified according to their hydrated
densities. The five classes of lipoproteins include CM, very low density lipoproteins (VLDL),
intermediate density lipoproteins (IDL), low density lipoproteins (LDL) and high density
lipoproteins (HDL). Only the liver and the small intestine are capable of directly sccreting
the lipoproteins. However, a number of important metabolic altcrations take place in the

plasma.
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1.5.2) APOPROTEINS

The apoproteins associated with the lipoproteins are synthesized by the liver and the
small intestine, alihough most are derived from circulating lipoproteins or their remnants in
plasma (Shiau, 1987). Specific apoproteins are associated with the lipoproteins via
hydrophobic interactions. However, due to the amphipathic nature of the amino acid
sequence, hydrophillic pertions of the protein are directed toward the surface of the particle.
Thus, the apoproteirs behave like peripheral proteins participating in transfer and exchange
between lipoprotein classes. The protein content of the lipid-carrying particles represcits
a very small percentage of the total mass (e.g. 1-2% by weigit for CM [Tso, 1985]), however
their presence in the lipoprotein is a critical factor in their transport and metabolism. Using
the ABC nomenclature proposed by Alaupovic (1972) several apoproteins have been
classified and will be referred to in the context of their roles as cofactors, and inhibitors cf
lipoprotein metabolism.

1.5.3) TRIGLYCERIDE RICH LIPOPROTEINS

The major TG carrying lipo;'roteins are the CM secreted from the small intestine
after lipid ingestion and VLDL secreted from the liver. The rate of secretion is dependent
upon TG synthesis in both of these tissues. The UM are the most important carrier of TG
derived from luminal absorption although endogenous sources may also be carried (Shiau et
al, 1985). They are the largest lipoprotein with an average diameter of 1200 A, although this
varies significantly according to the amount of lipid carried in the core. The composition of
CM particles is estimated to be 86-92% (of total wiass) TG, 0.8-1.4% CE, 0.8-1.6% free
cholesterol, 6-8% PL and 1-1.5% protein (Shiau, 1987).

The VLDL secreted from the liver transport TG synthesized mainly from endogenous

fatty acid sources, including albumin-bound free fatty acids from the adipose tissue during
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the interprandial period. Following ingestion of fat, a variable portion of the CM TG
(hydrolyzed by the action of lipases) may also contribute to the fatty acid pool in the liver.
Furthermore, excess dietary carbohydrate may be converted to frce fatty acids in this tissuc
(Havel et al, 1980).

The intestine also secretes VLDL with a similar lipid and protein composition t¢ CM
but a smaller size (280-750 A) (Ockner et al, 1969). In the fasting state, VLDLs arc the
major lipoprotein in the intestinal lymph. Based on a variety of experimental obscrvations
Tso and Simmons (1984) have proposed that TG formed via the aforementioned
monoglyceride pathway are carried predominantly in CM whereas TG synthesized by the
a-glycerophosphate pathway are packaged into VLDL. Although not yet resolved, most
recent studies appear to support the notion that intestinal VLDL are formed independently
of CM via separate pathways and mechanisms, rather than simply being smaller CM.

Both CM’s and VLDL contain apoprotein B (apo-B) as an csscntial structural
component. The larger apo-B of hepatic origin associated with VLDL has been arbitrarily
called apoB-100 and the smaller form produced in the intestine (estimatcd to be 48% of the
unresolved molecular weight of the hepatic form) has been designated apoB-48. Unlike the
other apoproteins, apo-B does not exchange between lipoproteins and remains an important
component of the lipoproteins during their entirc metabolism. Bascd on ultrastructural
studies it appears that when apo-B is prevented from being incorporated, transport of the
lipid particles within the enterocyte is inhibited (Gotto et al, 1971).

The initial stages of the metabolism of CM’s and VLDL arc similar. Immcdiatcly
after secretion there is a rapid exchange of apoproteins between the newly formed (nascent)
particles and the circulating HDL. The HDL transfer apoprotcein-E (apo-E) to the CM’s and

both VLDL and CM acquire C apoproteins. The nascent CM are cnriched in apoprotcins
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A-l and A-lI, however these are rapidly transferred to HDL particles in the plasma
(Anderson gt al, 1981).

Apo-C. received from HDL) plays a major role in the initial TG-rich lipoprotein
degradation. This protein has been shown to accelerate the activity of lipoprotein lipase, an
important enzyme in lipid metabolism, responsible for the hydroiysis of TG in both CM and
VLDL. The active forms of the enzyme are located extraceliularly at the surface of capillary
cndothelia and appear to be most effectual in capillaries of adipose tissue, cardiac and red
skcletal muscle and lactating mammary gland (Havel et al, 1980). The precise nature of the
interaction between lipoprotein lipase and the TG substrate has not been determined,
however the activity of the enzyme ultimately results in the removal of TG from the core of
the particle, producing remnant particles. The end products of the lipase activity, mainly
fatty acids, are cither taken up by associated tissue or bound to albumin for transport to
other tissues, depending upon the physiological state. The continual removal of the
lipoprotcin components, and in particular apo-CII results in a progressive reduction in the
hydrolytic activity and when 80-90% of the core components have been broken down,
lipoprotein lipasc activity is minimal (Higgins and Fielding, 1975).

As the TG is removed from the cores of CM and VLDL they acquire CE from
circulating HDL (as described in section 1.5.5) and the ratio of apo-E:apo-C in the particle
riscs as apo-C is lost to HDL. The net result of these changes is a smaller particle with
reduced TG:cholesterol ratio designated "chyiomicron remnants" from CM and "IDL" or
"VLDL remnants" from VLDL. These particles maintain the original content of apo-B, in
addition to some apo-C and an enriched content of apo-E, all of which are important for the

subscquent catabolism of these lipoproteins by the liver.
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CM remnants are actively cleared from the plasma by uptake via a specific hepatic
receptor, that recognizes the presence of apo-E and appears to be inhibited by the presence
of apo-ClI (Calvert and Abbey, 1985). The receptor mediates an endocytotic process
resulting in delivery of CM components to the hepatocyte.

The major catabolic route for the VLDL remnants is hepatic endocytosis via the well
characterized LDL receptor mechanism (apo B-100,E receptor described further in the
following section). In humans it has been suggested that the apo-E receptor for CM may
also bind large VLDL remnants. The VLDL remnants that are not internalized by the liver
remain in the plasma where most of the remaining TG is hydrolyzed possibly through the
action of hepatic TG lipase in the liver sinusoids. The particles are also further depleted of
CE by an unknown mechanism. The resulting particlc. ith a core composed of mainl.. CE
and containing apo B-100 as the only apoprotein are designated as LDL.

1.5.4) LOW DENSITY LIPOPROTEINS

Studies in normal humans and rats have concluded that all of the LDL in plasma is
derived from the metabelism of VLDL. However the fruction of VLDL converted to LDL
varies significantly among species, and this difference and the determinants of Vi.OLto LDL
alterations are not well understood. In humans it is estimatea that approximately half of the
VLDL is taken up while the remaining portion is converted to LDL. In rabbits
approximately 10% of VLDL forms LDL and in rat the value may be 5% or less (Havel,
1987).

In addition to this variation between different species, the lipoprotein composition
may also differ. For example, in humans, LDL is the primary carricr of excess plasma
cholesterol. However, rabbit;, which exhibit an extreme sensitivity to dictary cholesterol,

carry cholesterol in 8-VLDL particles (Kovanen et al, 1981). These 8-VLDL particles differ
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from normal VLDL particles which carry TG as the major lipid component (section 1.5.3).
In addition, the apoprotein content and electrophoretic mobility differ between the two
lipoproteins. The rapid hypercholesterolemic response observed in rabbits may be due to
cnhanced absorption of dietary cholesterol and a failure to develop high rates of bile acid
production in response to cholesterol feeding.

The removal of LDL from the circulation occurs mainly by the LDL receptor
mechanism. Since the LDL contain only apo-B-100 they compete poorly with the apo-E
containing VLDL remnants for the receptor and therefore circulate in the plasma for longer
periods (Havel, 1987). The receptors were first described in cultured human skin fibroblasts
in 1974 by Brown and Goldstein (summarized in Goldstein and Brown, 1975) and have
subscquently been identified in all other tissues studied with the exception of the nervous
system. The receptor, a 5-domain protein, localizes at specialized regions of the plasma
membranc (coared pits) that facilitate invagination and internalization of the
receptor-lipoprotein complex to form endocytotic vesicles. The formed vesicle then migrates
through the cytoplasm of the cell where it fuses with a primary lisosome to form a secondary
lisosome in which the apo-B is degraded and the CE is hydrolyzed.

The free cholesterol derived from LDL mediates several important actions to stabilize
the cholesterol content of cells including: suppression of cholesteroi biosynthesis by inhibiting
the rate-controlling enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA
reductase), activating ACAT to re-esterify excess cholestes: % for storage, and suppressing the
synthesis of LDL receptors, thus controlling cholesterol entry into the celi (Goldstein and
Brown, 1975).

As indicated earlier, it is undetermined but possible that calcium may influence the

activity of ACAT. Furthermore, a calcium ar.i calmodulin dependent kinase has been
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suggested to play a role in the short-term regulation of HMG-CoA reductase (Beg ¢t al,
1987a, 1987b). Reduced calcium influx by CCBs may upregulate HMG-CoA reductasc
activity by promoting dephosphorylation of HMG-CoA reductase. The resulting enhanced
cholesterol synthesis would likely influence cholesterol uptake as well as membranc lipid
composition (Brasitus and Schacter, 1982).

Furthermore, it has been observed that in vitro CCBs stimulate the synthesis of LDL

receptors, another factor which may have important implications for cholesterol uptake
(Paoletti et al, 1988).

In addition to LDL receptors it has been demonstrated that part of LDL catabolism
is mediated by lower affinity routes that may or may not be reccptor independent. Based
on data comparing ['*I}-LDL turnover rates in individuals with receptor dcficicnt cells (i.c.
homozygotes for familial hypercholesterolemia) to turnover rates in normolipemic humans
it is estimated that these "alternate” pathways may account for one-third of the LDL
catabolism in the normal state (Havel, 1980). Although there are limitations when making
such comparisons the majority of studies support the observation that the majority of LDL
uptake is receptor mediated. Dietschy (1984) suggests that the importance of the LDL
receptor uptake varies for specific organ systems. For example, in the liver, endocrine
glands, lung and kidney, receptor-dependent LDL transport may account for more than 90%
of the LDL uptake. However, in the small intestine and splcen, receptor-independent
mechanisms may account for nearly three-fourths of the observed uptake.

The relative importance of the receptor-dependent and receptor-independent
mechanisms in each organ may vary depending on changes in the plasma LDL levels.
Kinetic-transport data for LDL transport have been calculated for several animal specics as

well as humans (Meddings et_al, 1987). Thus, while LDL receptor mediated uptake has
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gained much attention, receptor independent LDL uptake may be quantitatively significant.
It is unknown whether calcium or CCBs modify receptor-independent transport. The
significance of LDL uptake by alternate routes will be discussed more fully in the context of

atherosclerosis (see section 1.11.2).

1.5.5) HIGH DENSITY LIPOPROTEINS

There are several discrete classes of HDL. These have been categorized into HDL,,
HDL, and HDL; subgroups with the latter two being the major forms in human plasma.
Interconversion occurs between the latter two groups which differ mainly in their content of
CE. HDL, is a major particle in rat plasma but has also been reported in humans (Mahley,
1982). In animals fed a cholesterol rich diet HDL, has been identified and is likely an
analogue of normally circulating HDL, developed to carry the large amounts of cholesterol.

HDL may be secreted directly by the small intestine and the liver, although some
authors have challenged the suggestion that these are true secretory products (Eisenberg,
1984). The excess surface material released during the degradation of CM and VLDL (i.c.
free cholesterol, PL and apoprotein C) form precursors for HDL particles. The challerging
authors suggest that the immediate initiation of lipolysis of newly formed CM (possibly in the
lacteals) and VLDL release these surface constituents and that these represent the so called
"secreted HDL". Thus, surface constituents would represent the major, if not the only,
precursor of HDL.

The nascent HDL particles are very different from those circulating in plasma. In
general terms, the secreted HDL are in a discoidal form and consist mainly of a bilayer of
PL and unesterified cholesterol with no CE and apo-E as the major apoprotein. The HDL
in plasma are spherical, have a higher content of CE and apo A-I. The nature of HDL

particles secreted by the intestine is unclear. Both discoidal and spherical particles appear
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in the mesenteric lymph of rats hut discoidal forms have not been identified in normolipemic
humans.

The nascent forms of discoidal HDL appcar to be transformed to the spherical form
in plasma by the activity of lecithin-cholesterol acyl transferase (LCAT) (Shiau, 1987). LCAT
is produced in the liver and its activity as an acyltransferase, resulting in the formation of
CE from phosphatidylcholine, is dependent upon the prescnce of apo-Al, the major
apoprotein component of most particles in the HDL density class (Eisenberg, 1984).
Evidence for the importance of apo-Al and LCAT is provided by the observation that
subjects with Tangier disease (Apo-Al deficient) and familial LCAT decficicncy do not
transform nascent HDL (Calvert and Abbey, 1985).

As HDL cholesterol is the preferred substrate for the activity of LCAT, a major rolc
of HDL is to function as a site for cholesterol esterification in the plasma. The PL and CE
components of HDL are in continual exchange between lipoproteins and cell membrances.
In humans, most LCAT derived CE is transferred to other lipoproteins of lower density
(Eisenberg, 1984). The transfer of CE is facilitated by a protein present in the plasma
referred to as plasma lipid transfer protein. Although this protein participates in the
moement of TGs and PL it's major role in humans is belicved to be the transfer of
esterified cholesterol from tic HDL.

In addition to cholesterol esterification, HDL essentially acts as a reservoir for lipid
and apoproteins as well as interacting with the lipases, the LCAT system and the lipid
transfer proteins. In fact, some authors have suggested that LCAT and transfer proteins arc
actually a component of a specialized subfraction of HDL.

As first proposed by Glomset in 1968, HDL also appears to play a major role in the

movement of free cholesterol molecules from most cells to the liver and other tissucs (i.c.
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reverse cholesterol transport). This ability has been attributed to a very small fraction of
HDL, with a specific content of apo-Al. There appear to be HDL binding sites on many
cells that facilitate this process. LCAT likely enhances the ability of HDL to accept free
cholesterol, especially when lipid transfer proteins and acceptors of the CE are present. The
binding sites also recognize a variety of proteins and lipoproteins including LDL but the exact
nature of the receptors still needs to be clarified.

The mechanisms responsible for the catabolism of HDL are not well understood.
HDL appears to have several modes of interaction that vary between cells. As indicated
above HDL binding is not necessarily followed by catalytic events as in the case of LDL.
Recent evidence suggests that the apoprotein components and cholesteryl esters are
metabolized separately (Eisenberg, 1984). The mechanisms and significance of these

obscrvations are yet to be defined.

1.5.6) DIETARY INFLUENCES ON LIPOPROTEIN METABOLISM

A) Variability in Responses

Dictary components may have a significant effect upon serum lipoprotein
concentrations in humans and animals. However, as indicated earlier, not all species respond
to dictary influences in a similar manner. As discussed, the rabbit is particularly sensitive to
dictary cholesterol intake and transports the excess cholesterol in a unique B-VLDL
lipoprotein particle.

The magnitude of response to dietary components may also be highly variable within
a specics. For example, responses in serum cholesterol may exhibit wide inter-animal
differences in cholesterol fed animals and to a lesser degree in humans (Beynen et al, 1987).
Individuals showing only small alterations in serum cholesterol have been designated

"hyporesponders” and those developing significant hypercholesterolemia have been called
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"hyperrcsponders”. A similar phenomenon has been described in response to dictary
saturated fatty acids in humans and rabbits (Grundy and Vega, 1988).

The mechanisms responsible for the variability in individual scrum responses to
dietary components has not been determined. Beynen et al (1987) proposc that
hyperresponders may produce greater LDL (or precursors for the samc) than
hyperresponders) possibly due to enhanced cholesterol absorption compared to hepatic
hyporesponders. Alternatively, altered regulation of cholesterol biosynthesis could play a
role. Itis likely that there is a genetic component although much further study is nceded to
improve in identifying hypo- and hyperresponders as well as to determine the underlying
mechanism(s).

B) Dietary Components

Two important dietary factors influencing plasma lipids and lipoproteins include
cholesterol and fat; both the total fat content as well as the types of dictary fat arc
important. The amount of cholesterol and fat in the dict may affect hepatic lipid and
lipoprotein synthesis as well as influence the activity of the LDL receptor.

For example, dietary cholesterol is taken up by the liver as a component of
chylomicron remnants (see section 1.5.3). Thus, dietary cholesterol contributes to the total
amount of cholesterol in the hepatic cell and thus may decrease hepatic receptor LDL
activity as well as influence cholesterol biosynthesis. Meddings ct al (1987) quantitatively
demonstrated that cholesterol feeding induced a rise in plasma LDL levels in hamsters duc
to an increase in LDL production rate coupled with decreascd maximal transport rates for
receptor-mediated LDL uptake. Dietary saturated fats appeared to further suppress hepatic
LDL receptor activity and removal of plasma LDL (Grundy and Denke, 1990; Mcddings ¢t

al, 1987). High intakes of saturated fatty acids reduce mRNA for LDL receptors in baboon
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liver (Fox et al, 1987). Saturated fats may also directly increase the synthesis of cholesterol
and LDL in the liver (Connor and Connor, 1990). However, not all saturated fats arc
hypercholesterolemic. For example, stearic acid (18:0) does not significantly influence serum
cholesterol levels, likely due to its conversion to the monounsaturated species, oleic acid
(18:1), via a desaturase enzyme (Connor and Connor, 1990). Monounsaturated fatty acids
have a reportedly neutral affect on serum cholesterol although recent research has postulated
a cholesterol lowering effect (Grundy, 1986). Whether the reduction in serum cholesterol
level occurs due to a direct induction of LDL receptors by the monounsaturated fatty acid
or a secondary effect due to the removal of saturated fats from the diet is unclear (Grundy
and Denke, 1990).

Polyunsaturated fatty acids include species from the omega-6 and the omega-3
branches. The essential fatty acid linoleic acid (18:2), and arachidonic acid (20:4)
(synthesized in liver or from linoleic acid) are from the former class while linolenic acid
(18:3), cicosapentaenoic acid (20:5), and docosahexaenoic acid (22:6) are omega-3 fatty acids.
The latter two are derived from fish, shellfish (particularly in fish oils) while the former is
found in some vegetable products. Either class of fatty acid has been shown to depress
plasma total and LDL cholesterol levels. Unlike the omega-6 polyunsaturated fatty acids the
omega-3 fatty acids may affect several other factors related to the pathogenesis of
atherosclerosis by modifying vasoconstriction, platelet aggregation, blood viscosity, leukocyte

function, and several other postulated effects (Connor and Connor, 1990).
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1.6) CARBOHYDRATE DIGESTION AND ABSORPTION
1.6.1) DIETARY CARROHYDRATE

Traditionally, the majority of carbohydrate consumed by human adults has consisted
of polysaccharides (starch) with a lesser portion being provided by disaccharides (sucrose and
lactose) or monosaccharides (glucose and fructose). However, with increased consumption
of refined and processed foods in Western society, the latter two groups (simple sugars) may
provide up to half of the estimated 300 grams of carbohydrate ingested daily (Alpers, 1987).
Small, variable amounts of oligosaccharides (raffinose, stachyose) and polysaccharides
(cellulose and others) that are resistant to digestion are also consumcd.

1.6.2) STRUCTURE OF CARBOHYDRATES

Ingested starch consists of linear chains of glucose linked between carbon 1 of onc
glucose molecule and carbon 4 of a second unit (i.e. 1-4 linkage in a configuration). In
addition to the straight-chain glucose polymers (termed amylosc), branched linkages of
glucose occur via linking between carbons 1 and 6. The branched structure is called
amylopectin and is the second major component of ingested starch. These a-1-6 branching
points occur approximately every 20-25 glucose residues along the amylosc chain and thus
join adjacent a-1-4 chains (Gray, 1981).

The major ingested disaccharides include sucrose, an a-linked glucosc and fructosc
molecule, and lactose which consists of galactose and glucose in a 8-1,4 linkage.

Before being assimilated by the body these dictary forms are first hydrolyzed to their
monosaccharide derivatives which are then transported by specific mechanisms across the
enterocyte. The nature of the linkage between monosaccharide units, as well as the

structures involved have important implications for the digestive process. The digestion of
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carbohydrate will be briefly reviewed before providing a more in-depth view of absorption,
with an emphasis on glucose and galactose uptake mechanisms.
1.6.3) DIGESTION OF CARBOHYDRATES

The digestion of starch is initiated in the mouth by an endo a-1-4 glucosidase called
a-amylase. This enzyme acts to randomly hydrolyze the interior a-1-4 bonds of the amylose
chain. The ¢-1-6 linkages, as well as the a-1-4 linkages adjacent to the branching points are
resistant to the hydrolytic activity of a-amylase. In the acidic environment of the stomach,
this enzyme is denatured, although the presence of short chain substrates may provide
protcction against complete inactivation. Thus, in the stomach, hydrolysis is limited to the
action of residual salivary amylase and some acid hydrolysis (Reiser and Lewis, 1986).

The majority of starch digestion occurs in the intestinal lumen by pancreatic
a-amylase which may also be attached to the surface of the enterocyte by electrostatic charge
(Alpers, 1987). This enzyme acts in a manner similar to the salivary amylase (i.e. cleaving
a-1-4 bonds and is also ineffective against the a-1-6 branched points). Thus, the major
end-products of the combined hydrolysis include chains consisting of 5-10 glucose residues
including 1 or more a-1-6 branched links; the latter structures are called a-limit dextrans.
In addition, a-1-4 linked double or triple units of glucose (maltose, and maltotriose,
respectively) are formed. The hydrolysis is rapid with the three major end products
appcaring in approximate equal amounts by the duodenal-jejunal junction (Gray, 1981).

As indicated earlicr, the nature of the linkages within polysaccharides is an important
dcterminant of the hydrolytic activity by carbohydrases. For example as indicated, the
amylases are ineffcctive against the a-1-6 linkage of amylopectin. Furthermore, glucose units

linked by a B linkage between carbons 1 and 4 (8-1-4 linkage) are also resistant to hydrolysis.
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As a result, cellulose and its analogues are considered indigestible by humans and arc
collectively referred to as dietary fibre.

The final digestive step of carbohydrate occurs by membrane-bound enzymes in the
BBM. Hydrolytic sites of these "oligosaccharidases/ dissaccharidases” are exposcd at the
luminal surface to act upon the end-products of the amylase digestion as well as ingested
disaccharides. These enzymes may act on specific bonds occurring between particular
substrates. For example, the brush border enzyme lactase acts specifically to cleave lactose
into its respective monosaccharides of glucose and galactose. Sucrase hydrolyzes the a-1-4
linkage of sucrose resulting in the release of free glucose and fructose. However, the sucrase
enzyme also plays an important role in hydrolyzing the a@-1-4 bonds of maltose and
maltotriose. Isomaltase or a-dextrinase is essential for hydrolyzing the a-1-6 glucosc linkages
from partiaily hydrolyzed a-limit dextrins. Trehalase acts upon trehalose, a glucose dimer
with 1-1 carbon linkage which is not highly significant in human consumption.

The combined hydrolytic activity of the brush border enzymes results in the release
of free monosaccharides which are subsequently absorbed by various carrier systems or
passive diffusion (see next section). The main products of the final digestive step include
glucose and lesser amounts of fructose and galactose. The brush border hydrolysis step is
rapid and efficient with the exception of lactose hydrolysis by lactasc. Therelore,
monosaccharides may accumulate in small amounts during the digestive process. Thus, the
rate-limiting step to the assimilation of carbohydrate by the body is likely the transport
process from lumen to enterocyte.

1.6.4) UPTAKE OF MONOSACCHARIDES
As with other nutrieats, the absorption of monosaccharides involves functional events

at both the BBM and BLM. In the case of hexose absorption asymmetric transport
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mechanisms play an important role in accomplishing the net transport. In addition, the
presence of the UWL has an influence as discussed previously (section 1.3.5).

The three major monosaccharide products of digestion including glucose, galactose
and fructose are all absorbed at rates that appear to exceed passive movement. In fact,
saturable, carrier-mediated transport has been observed for each monosaccharide. In
addition, other characteristics of carrier-mediated transport including competitive
interactions and specific inhibition have been described. Thus, monosaccharide transport has
been characterized by Michaelis-Menton kinetics, as described below. As well, permeability
coefficients are important. For example, as suggested earlier, there may be a significant
passive component o glucose uptake in addition to the carrier-mediated movement

(Pappenheimer, 1990). Thus, kinetics studies of glucose absorption in vivo are characterized

by a curvilinear relationship in which, superimposed on the curve of active transport, there
is a linear passive transport component (Debnam and Levin, 1975).
1.6.5) BRUSH BORDER MEMBRANE TRANSPORT MECHANISMS

Active glucose transport has been widely studied. Earlier studies by Crane et al
(1962) suggested that carrier-mediated glucose transport was a Na-dependent process. These
authors postulated that the flow of Na in a chemically favourable direction across the plasma
BBM provided the energy for the accumulation of hexose against its concentration gradient.
Furthermore, early studies with unidirectional flux chambers suggested that the influx of
sugar was determined primarily by the extracellular concentration of Na and was a saturable
function of cither Na or sugar concentration in the bathing solution (Goldner et al, 1969).
In subscquent years, studies with intact tissue, isolated cells and rore recently membrane
vesicles, have confirmed the involvement of Na in the transport process. An imposed Na

gradient will induce a sugar gradient in each experimental situation.
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However, continued studies also indicated that the chemical gradient for Na would
not provide adequate energy to accomplish the observed rates of glucose transport (Kimmich,
1981). It is now recognized that membrane electrical potentials are also an important factor
in the bioenergetics of glucose/hexose transport in addition to the Na gradient of chemical
potential (Kimmich, 1981). The importance of membrane potential has been demonstrated
by the use of valinomycin which increases membrane permeability to K. When a Na gradicnt
is imposed simultaneously with valinomycin, the induced substrate uptake is several-fold
greater than with Na gradients alone (Murer and Hopfer, 1974). Furthermore, the carricr
movement of glucose is electrogenic; it is well established that active transport of glucosc
induces a significant and rapid depolarization of the electrical potential difference across the
BBM which cannot be accounted for by intracellular Na levels alone (Rose and Schulty,
1971).

The inward movement of Na is favoured by the Na-K-ATPasc in the BLM which
maintains electrochemical gradients for Na and K. The importance of this mechanism is
confirmed by the use of the glycoside ouabain which inhibits the action of the Na pump and
simuitaneously inhibits hexose-stimulated Na absorption and clectrical currents across the
epithelium (Schultz and Zalusky, 1964). Thus, although the glucose carrier itsclf is not
directly energy dependent, metabolic activity or ATP expenditure is required for the activity
of the Na pump to maintain the transmembrane potential difference. The presence of Ca
dependent K channels (CDPCs) has been reported in the BLM of rabbit (Brown and
Sepulveda, 1985) and chick enterocyte (Montero et al, 1990). Enhanced K permcability (via
these channels) associated with Na-dependent substrate transport may also be important in

energizing the movement of hexoses across the BBM.
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The nature of the relationship betweca M2 and the glucose carrier is not completely
dclineated. Recent studies suggest that the Na effect occurs at the level of the E3M and
may be variable between species. For example, in rat, hamster, guinea pig and human
intestine, Na may modity the affinity of the carrier for glucose but not the maximal transport
ratc; whereas the opposite situation may be characteristic of rabbit and chick (Kimmich,
1981; Thomson, 1983). In a study, correcting for the effects of the UWL as well as
concomitant passive glucose permeation, Thomson (1983) studied the effects of Na on the

kinctic parameters of in vitro glucose uptake into rabbit jejunum. The author reported that

both affinity and velocity components of the carrier were influenced by the concentration of
Na in the external environment. Furthermore, the passive permeability of the tissue to
glucose was increased with increasing concentrations of Na. These observations have
important implications in defining the kinetic model of the glucose transporter and the order
of substrate and cosubstrate binding patterns.

Several studics have assumed a stoichinmetry of 1 Na ion for each glucose molecule
transported by the carrier across the membrane. However, other workers have suggested
that the ratio is more likely 2:1 for Na to glucose (Kessler and Semenza, 1983; Kimmich and
Randles, 1980; Kimmich, 1981). These authors propose that since basal entry of Na is a
potcntial-dependent event, the addition of sugar (which depolarizes the BBM) diminishes Na
entry by routes other than the sugar-induced movement. The net result is presumably lower
basal fluxes. Since, sugar-induced Na entry is calculated by subtracting the stimulated from
basal values, it is possible that the assumed basal value is higher than the true value, thus
resulting in erroneous stoichiometry calculations. In isolated chick enterocytes with
cxperimentally controlled membrane potential and monovalent ion transport, stoichiometries

of 2:1 have been measured (Kimmich and Randles, 1980).
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Stoichiometries of greater than 1:1 have been suggested in rabbit and bovinc
intestinal vesicles (Kaunitz and Wright, 1984). Using a methed incorporating controlled
vesicular glucose and Na gradients (Freeman et al, 1987) have suggested stoichiometrics of
greater than unity in rat intestinal tissue. The stoichiometry of Na:glucosc has important
energetic implications, since the free energy released as an ion flows down a gradicent of
electrical potential is an exponential function of the number of ions transferred (Kimmich,
1990).

The reports of varying stoichiometries, among other experimental observations, have
led to the speculation that in some species there may be two distinct, simultancously
functioning, Na-dependent glucose transporters (Malo, 1988). Two transporters have been
described in kidney membranes including a high capacity, low affinity system (in cortical
BBM) and a low capacity, high affiaity system (in outer medullary membrancs) (Turner and
Moran, 1982). Kinetic analyses of intestinal tissue as well as varying substrate specificitics,
and indirect evidence suggesting a sigmoidal relationship between glucose flux and
experimental extracellular Na concentration, have all been suggestive of two carriers with
different afiiaities in the intestine (Hopfer, 1987). However, the cvidence for two
transporicte remains inconclusive and inconsistencies have been reported. It has been
suggestes: ihat in mammals, the major glucose transporter exhibits a 1:1 Na to glucosc
stoichiometry and there may bc a possible second transporter with higher ratios that vary
with species, age, intestinal region and cxperimental preparation. Kimmich (1996G) suggcsts
that a single transport system may provide kinetic data that may be interpreted as two or
more carrier systems, particul..i; " membrane potential is not controlled. Furthermore,
Wright and coworkers have recently cloned a glucose transporter (Ikeda gt al, 1989). Their

cloning studies suggest that if there are other Na-dependent hexose transporters in rabbit
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intestine they are not homologous to their reported single cloned transporter. Clearly, more
research is needed.

As with other carriers, the glucose transporter(s) demonstrate substrate specificity and
preferred structural requirements. In particular, the orientation of the hydroxyl group at the
sccond carbon of the pyranose ring appears important for the Na-dependent transport
mechanism, although there is flexibility in the structure. Inhibition by structurally similar
substrates has been reported. Phlorizin is a S-glucoside that binds to the glucose site on the
transporter in a Na and membrane potential-dependent manner. Thus, this competitive
inhibitor of Na-coupled glucose transport has been widely used to measure the number of
transport sites and characterize the system. These types of studies have suggested that under
normal circumstances the majority of active glucose transport occurs in the upper one-third
of the villus (Chang et al, 1987). However, it is possible under certain conditions that the
distribution of transport sites may be altered (see section 1.7).

D-glucose uptake is inhibited by D-galactose at the BBM and it is currently thought
that glucose and galactose are transported by the same carrier. However, this has been
challenged by several authors. Inhibition studies with uranyl nitrate showed suppression of

galactose but not glucose transport in vivo and in vitro (Newey, 1966). Differential patterns

of inhibition of glucose and galactose by phlorizin have been reported (McMichael, 1973).

Thomson et al (1987a) studied the in vitro interactions between glucose, galactose and

3-0-methylglucose in conditions of reduced UWL resistance. Based on in vitro uptake

pattcrns, these authors determined that single Michaelis-Menton functions or single
Michaclis-Menton plus competition functions could not explain the observed resuits. They
postulated that multiple carriers might be involved including a possible carrier with common

competence for all three study probes, and a second carrier with preferential galactose
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transport capacity (Thomson et al, 1987a). They proposed an interesting speculation that
alternatively, a single carrier exhibiting varying transport capacities during cnterocyte
maturation and migration might account for the observed propertics.

D-glucose uptake is not inhibited by L-glucose. L-glucose does not appcar to be
transported by the glucose carrier except at extremely low concentrations. Thus, the
L-isomer may be used experimentally as an indication of passive glucose pcrmeation in the
intestine.

Fructose transport appears to occur by a mechanism independent of the Na-mediated

transport of glucose and galactose. In vivo studies have suggested that fructosc absorption
is not due to simple diffusion but occurs via a specific mechanism that is independent of
glucose transport (Esposito, 1984).

The biochemistry of the glucose transporter is currently being defined. However,
until it is isolated and purified, many of the above questions rcgarding stoichiometry,
multiplicity of carriers etc. will remain speculative.

1.6.6) KINETICS OF TRANSPORT AND THE PASSIVE COMPONENT

Kinetic studies have suggested that the affinity constant (Km) for the intestinal
transport of sugars ranges from 5-10 mM in intact tissue (Alpers, 1987). However, since
many studies have not corrected for UWL effects, it is likely the true Km arc considerably
lower with estimates of 0.5 to 1.9 mM reported. Studies in isolated BBM have ranged from
0.2 to 4 mM in so-called "low-affinity systems" and less than 50 .m for "high affinity sysizms”
which vary between species (Hopfer, 1987). As discussed previously, the concentration of
Na will influence the kinetic parameters. In rabbit jejunum, the truc Km for ¢ :¢osc uptake
was 3 mM in the presence of 25 equivalents/L Na but decreased to 0.7 mM as the buffer Na

concentration was increased to 75 equivalents/L (Thomson, 1983).
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Following the ingestion of a carbohydrate meal it is clear that glucose concentrations
in the lumen will greatly exceed these values and thus as much as 80% of glucose transport
will occur under conditions of a favourable chemical gradient for this hexose (Alpers, 1987).
It has been suggested that this favourable transport may utilize the same carrier system as
the active transport mechanism but without energy expenditure. The passive component is
likely considerable under these conditions as well and may account for more than half of
glucose uptake under physiological conditions (Pappenneimer, 1990).

However, at low concentrations (1 mM) of 3-0-methylglucose in isolated chick cells
and confirmed in vesicle work, approximately 90% of the total influx of this hexose was via
the Na-dependent, phlorizin sensitive pathway. Thus, the active transport mechanism is
important in mediating uptake when the chemical gradient is dissipated and luminal
concentrations become low. In addition, since nutrient backflux into the lumen is occurring
continuously (sce below) the active transport provides a mechanism for continual
rcabsorption of the rutrients from the UWL {Kimmich, 1990).

1.6.7) BASOLATERAL TRANSPORT ME{HANISMS

As suggested, the net movement of hexoses must involve transport processes in both
membranes. Experimental evidence in isolated cells and vesicles suggests that the exit of
glucose from the cell across the BLM is mediated by a carrier that is independent of Na and
docs not actively transport substrates (i.e. a facilitated diffusion process). The carrier
demonstrates saturatior: kinetics, and different substrate specificities and structural
requircments than the BBM carrier. However, there is some overlap in function; both the
BBM and BLLM mechanisms are able :n transport both D-glucose and galactose. The BLM
is commonly characterized by its sensitivity to phloretin and other structural analogues of

flavones and flavonones as well as cytochalasin B.
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As a mechanism of glucose influx, serosal transport mechanisms do not contribute
greatly. As indicated above in isolated intestinal cells, at low concenirations of
3-0-methylglucose, the great majority of cellular influx occurs via the BBM carricr;
approximately 7% may be mediated by the scrosal component and 3% by passive
unidirectional flux (Kimmich, 1981). However, Kimmich suggests that as sugar accumulatcs
to a steady state in the cell, the facilitated diffusion and nonmediated diffusion pathway
account for approximately 90% of the sugar movement from the cell (Kimmich, 1990). The
remaining portion may involve efflux into the lumen via the PBM carricr (Kimmich, 1981).
It is also suggested that serosal transport processes have a significant impact on the
developed gradients of sugar due to the dissipation of these substrates through the cfflux
pathways. In this regard, inhibition of BLM transport with the aforementioned inhibitors
results in extremely high sugar gradients across the cell. Thus, the potential thermodynamic
capability of the glucose transport system appears to far exceed that normally obscrved undcr

physiological conditions.

1.7) GASTROINTESTINAL ADAPTATION

There is abundant evidence to suggest that the nutricnt transport processes of the
small intestine adapt to a variety of physiological, pathological and cnvironmental stimuli.
Functional and morphological alterations have been observed in responsc to dictary
manipulation, starvation, hyperphagia, gestation, lactation, aging, cthanol ingestion,
drug intake, diabetes, abdominal irradiation and intestinal resection (Thomson et al, 1989c¢;
Thomson et al, 1990). Although it is not the intent of this review to provide dctails of cach
phenomenon, several characteristics of these adaptive responses will be considered in the

context of mechanisms of adaptation.
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1.7.1) MECHANISMS OF ADAPTATION
A) Morphology

One of the simplest mechanisms of adaptation in response to a given stimuius is an
alteration in the intestinal surface area available for absorption. This may occur at the
macroscopic level by increasing the length and diameter of the bowel. For example,
following intestinal resection, increases in these parameters have been reported in the
residual bowl of humans (Postuma et al, 1983) dogs (Shin et al, 1980) and pigs (Sigalet et
al, 1990).

Microscopically, alterations in villus height, width and density may occur, thus altering
the mucosal surface area available for nutrient transport. This phenomenon has been well
characterized as a process of intestinal adaptation during lactation and in the remnant bowel
following intestinal resection. Karasov and Diamond (1987) suggest that these responses may
be classified as "nonspecific adaptation” in which absorption of several nutrients is
simultancously increased by the primary mechanism of increased absorptive area.
Hyperphagia is associated with a similar response and in fact may mediate the adaptation
associated with lactation in experimental animals. In some species, hypertrophy of the
individual villi may occur while there is a decrease in the actual number or "density” of villi
(Sigalct ct al, 1990); the overall result however, may be an increased or unaltered absorptive
surface arca.

In many cases, alterations in intestinal morphological parameters do not entirely
account for the direction and magnitude of the observed functional responses (Keelan et al,
1985a, 1985b; Thomson et al, 1989c). Thus, alterations in nutrient transport need not be
mediated solely by changes in total mucosal surface area. This is likely because the

functional surface area of the villus may not be the same for all nutrients. As described
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below, the upper portion of the villus is important for the transport of glucosc and amino
acids (Chang et al, 1987; Maenz and Cheeseman, 1986). Furthermore, the portion of the
membrane surface area used for the passive uptake of different lipids may also be variable
(Winne, 1978). Therefore, static measurements of mucosal surface arca do not necessarily
indicate which functional portion of the villous may be affected by various stimuli (Winne,
1978; Thomson et al, 1989b, 1989c).

B) Cell Kinetics and Distribution

Under normal circumstances there is an equilibrium between cell production and
division in the crypt and cell loss at the tip of the villi (Williamson, 1978). As cntcrocytes
migrate up the villus from the crypts they mature and gain the ability to transport various
substrates. The adaptive response may influence both the rate at which cnterocytes are
produced and released from the crypt as well as the time required to migrate {from the crypt
to the villus tip, and finally the rate of turnover. For example, hyperplasia in both the
mucosal and crypt cell compartments has been observed in association with lactation and
intestinal resection (Johnson, 1987). Increased cell migration rates have becen obscrved,
although overali 2!l turnover may not change due to elongated villi (Williamson, 1978).

Furthermore, the signal along the villus for initiating the transport function may be
subject to adaptive regulation (Cheeseman, 1986; Thomson ¢t al, 1989b). The age of the
cell, in addition to the position on the villus are likely both important (Thomson ¢t al, 1989c).

As indicated earlier, under normal circumstances the upper portion of the villus appcars to

be utilized for nutrient transport (Chang et al, 1987, Macnz and Chcescman, 1986;
Cheeseman, 1986). However, in the early post-irradiation phase, microdensitometry
techniques revealed that enterocytes express the ability to transport amino acids at an carlicr

age and at a position closer to the base of the villus than the control animals (Thomson ¢t
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al, 1989b). By 7 days pu.t-irradiation, the transport and migration properties return to
normal. Alterations in the distribution of transportirg enterocytes along the villus may also
be an important adaptive response for glucose trazspit in experimentally-induced diabetes

(Chang et al, 1987; Fedorak, 1990).

C) Unstirred Water Layer (UWL) Effects

As indicated earlier (section 1.3.5), the UWL adjacent to the cell membrane may
have important effects on the uptake of nutrients. Therefore, alterations in this barrier may
play a role in the adaptive process. Several phenomena have been associated with changes
in the effective resistance of the UWL including dietary manipulation, aging and diabetes
(Thomson, 1984). However, changes in the UWL do not always account for the direction
and magnitude of the observed nutrient transport changes.

D) Brush Border Membrane Composition

The fluidity and passive permeability characteristics of BBM and all membranes is
influenced by the relative content of cholesterol, phospholipid, the nature of the fatty acid
composition of the PL and the presence of proteins. Altering the lipid fluidity may affect the
immediate environment of integral digestive and transport enzymes or the bulk lipids in the
membrane. Thus, factors that alter lipid content or distribution may influence transport
function as well as permeability of membranes.

Changes in intestinal transport function have been described in association with
altered BBM composition (Keelan, 1985a, 1985b, 1985c; Thomson and Keelan, 1985; Brasitus
and Schacter, 1982; Meddings et al, 1990). The altered lipid composition in these studies was
induccd by aging, fasting, diabetes and dietary manipulation.

Altering the fatty acid composition of the diet has been well studied. Dietary

differences in fatty acid intake alter fatty acyl tail composition of PL in plasma membranes
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of rat intestinal mucosa, as well as liver and brain (Clandinin ¢t al, 1983, 1985). Brasitus ¢t
al (1985) demonstrated that altering the composition of fatty acid components in TG had a
significant influence on cholesierol content, cholesterol:PL molar ratio, the saturation of acyl
chains and the membrane fluidity of rat BBM.

Furthermore, the fatty acid composition of the diet may play a role in modifying the
functional adaptive response to other stimulating effects. For example in .. Jiated rats, a
diet high in saturated fatty acids prevented radiation-induced aiterations in the uptake of
several lipids and glucose whereas an isocaloric dict high in polyunsaturated fat did not
(Thomson et_al, 1989b). In experimental diabetes (streptozotocin-induced) a high
polyunsaturated diet, initiated before streptozotocin treatment and hyperglycemia, prevents
the characteristic induction of glucose and lipr: uptake in these animals (Thomson ¢t aj,
1987b). Feeding animals a diet enriched with polyunsaturated fatty acids reduces glucose and
galactose uptake compared with animals on a diet high in saturated fatty acids (Thomson,
1987).

At the intracellular level it is probable that altcrations in the enzymes of lipid
metabolism (e.g. desaturase acylation and deacylation enzymes) play a role in altering the
membrane lipid composition. Desaturase enzymes with the ability to cesaturate and clongate
2ssential and nonessential fatty acid have been demonstrated in the enterocyte, thus implying
that these enzymes are important for the synthesis of long chain polyunsaturated fatty acids
in the enterocyte membrane PL (Garg et al, 1988). It is postulated that extcrnal and intcrnal
stimuli can alter the activity of fatty acyl desaturase with resulting alterations in membranc
PL composition and possible further changes in cholesterol and/or PL synthesis. The

resulting alterations in the physicochemical propertics of the membrane may then account
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for altered permeability and transport characteristics which represent. the adaptive response
to the stimulus {Garg et al, - 5).
E) i'ransport Kinetics

Alterations . specific transport mechanisms zcyuived for act~e transport an!
facilitated diffusion may play a role in the adaptive response. There h::ve been reports of
altcred maximal transport capacity (Jmax), and affinity constants (Km) as well as altered
passive permeability characteristics of nutrients.

The major adaptive alteration in carrier-mediated transport is likely a change in the
Jmax versus alterations in carrier affinity (Karasov and Diamond, 1983). Increased mucosal
surface area and a corresponding increase in the total number of enterocytes is the simplest
nonspecific means of increasing total transport capacity. However, an increased Jmax has
been obscrved in the absence of alterations to mucosal surface area. Substrate-induced
synthesis of carriers without alterations in mucosal surface area has been proposed as a
mechanism for the increased maximal transport capacity of the jejunum in response to a high
carbohydrate diet. This type of effect may also account for the mzintenance of the observed
proximal to distal gradient of glucose transport in the gastrointestinal tract of most specics.

Alternatively, the total number of transporting enterocytes may be altered without
a change in the total number of enterocytes. Altered distribution of transporting enterocytes
has been reported as an adaptive mechanism for both glucose (Chang et al, 1987; Fedorak,
1990) and some amino acids (Cheeseman, 1986).

In the case of Na-coupled transport processes it is also possible that nonspecific
mechanisms such as altered electrochemical gradients might be expected to influence

maximal transport capacities for some nutrients. However, this has been ruled out in many
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cases, due to dissimilar effects on several Na-coupled nutrients (Karasov and Diamond, 1983,
1987).

Alterations in the conformation or biochemical state of a carricr might be affected
to influence the affinity of the carrier for its substrate (Km). As indicated above, this is a
less commonly reported adaptive phenome 101, although it cannot be ruled out as potential
mechanism of intestinal adaptation (Thomson, 1984).

Alterations in the passive permeability to nutrient transport may be affected by the
composition of the intestinal membranes as discussed above. Nutricnts may also pass
through the paracellular route via tight junctions driven by clectrochemical potential
differences and by the solvent drag exerted by water flux (Pappenhcimer, 1990). Altcrations
to the tight junctions may the::fore affect nutrient uptake although this is not widely
reported as an adaptive effect in the intestine.

1.7.2) SIGNALS FOR ADAPTATION
A) Luminal Factors

The presence of food in general, as well as specific nutricnts in the dict have both
direct and indirect effects on the form and function of the intestine (Thomson and Keclan,
1985).

The importance of the general presence of luminal nutricnts in the intestine is
demonstrated by the observation that mucosal atrophy and reduced transport function arc
associated with parenteral feeding (Lo and Walker, 1989). Furthermore, the provision of
oral nutrition appears to be a major factor in optimizing the adaptive responsc of the
remnant bowel after resection. In fact, pairfeeding studies suggest that hyperphagia may play

a role in the genesis of adaptation in intestinal resection and lactation (Williamson, 1978).
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Hyperphagia associated with thermal reduction and thyroidectomy also elicits an adaptive
response.

The effects of starvation also suggest the importance of the nonspecific effects of food
although reports of adaptive responses in starvatior aic inconsistent. The consequences of
short term starvation on transport appear to be similar to *he dietary removal of substrate
(i.c. reduced transport function). However, interpretation of data from longer starvation
periods must consider potential alterations in metabolism. of transported nutrients and
probable thinning of the intestinal wall (Karasov and Diamond, 15€3).

Active absorption or secretion stimulated by the presence of nutrients is likely more
important in mediating trophic effects on the gut than the actual metabolism of the nutrients.
For cxample, infusion of poorly metabolized but transported substrates {e.g. galactose,
methylglucoside) have been shown to stimulate mucosal <ell production to the same extent
as glucose (Clarke, 1977). The author proposes that "functional workload” is the important
factor in stimulating mucosal growth. In contrast, dietary amines have been suggested to
have a dircct trophic affect on the normal and adapting gastrointestinal mucosa (Johnson,
1987). Dictary fibre also stimulates mucosal growth likely mediated by decreasing luminal
pH secondary to fermentation processes.

The presence of food in the gut also elicits a number of secondary responses
including the sccretion of pancreaticobiliary juices which themselves exert trophic effects on
the mucosa. In addition, the ingestion of food initiates the secretion of peptides into the
lumen. Epidermal growth factor has been shown to stimulate growth intraluminally. Gastrin
is also an important factor affecting the growth of gastrointestinal mucosa (Johnson, 1987).

In summary, the general presence of food initiates intestinal secretion, absorption and

motility as well as stimulating nerves and the release of trophic hormones. Thus, it is difficult
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to separate the direct effects from the indirect influence of food in the intestinal lumen
(Thomson et al, 1989c¢).

In addition to nonspecific effccts, there appears to be a relationship between the
dietary content of some specific nutrients and the uptake of the same. In general, transport
of nutrients that are considered "nonessential and/or used for calories” (e.g. carbohydraics)
appear to be upregulated in response to increased dietary intake of the specific substrate
(Ferraris and Diamond, 1989). The relationship between dietary protein content and uptake
is more complex due to the essential naturc of some of the amino acids and the multiple
carriers involved, including acidic, basic and neutral transporters and peptide carriers. To
study amino acid effects Karasov et al (1987) used low nitrogen rations with esscntial amino
acids in rats to avoid the deterioration in intestinal mass and structure that occurs with
traditional low protein diets. They demonstrated that the transport of nonessential amino
acids (e.g. proline, aspartate) increased in relation to the dietary protein level whereas the
response of essential amino acics was more variable. Low concentrations of essential amino
acids appeared to downregulate uptake whereas with higher amounts uprcgulation occurred
but to a lesser degree than that observed for nonesscntial protein.

For m:any minerals, including iron, Ca, zinc and phosphate, transport is downregulated
in response to a high dietary content 3f cach. This response appears to be characteristic of
essential nutrients that do not yield calories or that may be toxic if excessive absorption
occurs (Ferraris and Diamond, 1989).

The signals for specific transport are not always as clear cut as in the casc of fructose
and aspartate which appear to upregulate their own carricrs specifically. For cxample
non-transported substrates such as mannose and fructosc appear to cxert the same regulatory

and induction effects as glucose does, whereas the nonmetabolized but transported glucose
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analogue 3-0-methyl glucose docs not (Ferraris and Diamond, 1989). A similar paradox has
bcen reported for amino acid and peptide transporters.
B) Distal Signals

In addition to luminal factc::;, experimental evidence suggests that circulating humoral
factors may be associated with the adaptive response of the intestine. Enteroglucagon and
cpidermal growth factor may be important in mediating the effects (Thomson et al, 1989c).
For cxample, following partial intestinal resection, plasma enteroglucagon levels increase
significantly. Other potential humoral agents have been suggested but there is no conclusive
evidence for a specific substance at this point.

1.7.3) POLYAMINES AND INTESTINAL ADAPTATION: A ROLE FOR CALCIUM?

An increase in the polyamines putrescine, spermidine zad spermine and their
rste-regulating synthetic enzyme ornithine decarboxylase (ODC) is one of the earliest events
in ccfl growth, replication and differentiation {Koenig et al, 1983). The polyamines may be
an important factor in the adaptive response of the intestine, particularly in association with
mucosal growth. The activity of ODC in the mucosa of rat small intestine is elevated after
fceuiag, partial resection, during lactation, and in other experimental manipulations
associated with enhanced mucosal growth (Luk and Yang, 1987; Hosimi et al, 1987).
Inkbiting ODC activity with a specific inhibitor (DL-a-difluoromethylornithine or DFMO)
prevents the usual mucosal growth associated with the adaptive responses and prevents the
accumulation of polyamines. Thus, it is apparent that polyamines somehow mediate some
of the observed intestinal adaptive responses. Their exact function at the molecular level has
not been determined; direct effects on RNA activity have been postulated.

The induction of ODC in several cultured cell types by various stimuli appears to be

mediated by Ca and/or cyclic adenosine moncphosphate (¢(AMP). For example, in an
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osteogenic sarcoma cell line (UMR 106-01) forskolin and parathyroid hormone stimulated
ODC activity was associated with a significant increase in intracellular Ca (Van Lecuwen ¢t
al, 1988). Furthermore, the addition of verapamil to the cellular media dose-dependently
decreased the stimulated, as well as basal ODC activity. A role for extraccllular Ca is
strengthened by the observation that EGTA and LaCl; had similar effects. These results
were independent of effects on cAMP production; in fact, cAMP production was cnhanced
by these agents. In contrast however, Ca ionophores could not induce basal or stimulated
ODC activities in these cells. The authors concluded that a risc in intracellular Ca levels
without a rise in cAMP is not sufficient to stimulate activity and thus both mediators arc
likely involved in polyamine induction.

The presence of extracellular Ca has been associated with ODC stimulation in other

in_vitro cell cultures as well (Langdon, 1984). However, in cultured keratinocytes Ca

stimulation of ODC activity was only demonstrable in cells that were previously Ca deprived.
The stimulation was proportional to the duration and degree of Ca deprivation.

In kidney cortex, it was shown that stimulation of membrane transport processcs
(testosterone-mediated) was associated with increased polyamine synthesis. The stimulation
also increased Ca fluxes and mobilization from mitochondria, resulting in incrcased cytosolic
Ca concentrations (Koenig et_al, 1983). Each of these proccsses could be blocked by
DFMO.

Whether Ca is involved in the polyainine synthesis of intestinal tissue is unknown.
It has been observed that ODC levels are higher in villus than in crypt cells, thus suggesting
potential importance in mature or differentiating cells (Baylin ¢t al, 1978; Scpulveda ¢t al,

1982). However, indirect evidence has suggested that intracellular Ca may not be involved,
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agents such as gastrin and CCK that alter Ca levels in intestinal the cells do not appear to
affect the activity of intestinal ODC (Johnson, 1987).

In addition to it’s potential association with the polyamines, Ca is well recognized as
a direct regulator of cell growth. Ca has been shown to be important from the G1 to the S
phase in DNA repiication. Furthermore, several reports suggest a role for Ca and
calmodulin (CAM) in mitosis (Rasmussen and Means, 1989).

Thus, it is likely that Ca may be involved in the adaptive processes occurring in the
intestine. Whether modifications in cellular influx via CCBs might somehow alter intestinal

adaptation directly or via polyamine effects remains to be ¢'termined.

1.8) CALCIUM
1.8.1) INTRODUCTION

In 1883, Sydney Ringer discovered that Ca was essential for the contraction of cardiac
muscle. Subsequent years of work by numerous investigators have shown that Ca not only
mediates the contraction of all forms of muscle but is also involved with many other cellular
processes. In fact, Ca is the critical component in the so calle: "Ca messenger system”. This
ncarly universal message system regulates cell function by translating or "coupling” events at
the external cell surface (i.e. stimuli) to responses in the cell. Examples of Ca regulated
processes include the secretion of exocrine, endocrine and neurocrine products, the metabolic
processes of glycogenolysis and glyconeogenesis, the transport and secretion of fluid and
clectrolytes and the growth of cells (Rasmussen, 1986a).

Under resting conditions Ca is present in concentrations of approximately 1000 »m
outside of the cell. Intracellular concentrations in a variety of cell types have been reported

and range from 0.05 to 0.35 xm, although the most commonly reported value is approximately
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0.1 xm (Carafoli, 1984; Rasmussen and Barrett, 1984). Thus, there is a 10,200-fold gradicnt
of Ca across the plasma membrane of most cells studied. The coordination of “#: cmplex
system involved in maintaining this gradient will be discussed briefly in the foBowing section.

Stimulation of the cell by an appropriate messenger generally causes a risc in the
intracellular concentration of Ca by an estimated 0.65 to 1.5 um (Rasmussen and Barrett,
1984). Alterations in cytosolic Ca concentration (in both directions) may occur by a varicty
of mechanisms as outlined below. Very small changes in the concentration of Ca in the
cytosol initiate a series of effects that ultimately rcgulate the function of the cell. The
mechanisms of this process are discussed in more detail (sce Calcium Messenger System).

Although the basic aspects of cellular Ca metabolism are sizailar in most mammalian
cells, each cell type has its own particular specialization of the components involved. Thus,
the means of translating small changes in intraceliular Ca concentration into cellular
responses may be varied and complex. A general summary of these processes is provided
below.
1.8.2) THE CALCIUM MESSENGER SYSTEM

The transmission of information from an external cell surface receptor to the cell
interior by the Ca messenger system appears to involve two operationally and temporally
distinct branches. The proposal of a general sequence of events was developed by the work
of Rasmussen and colleagues (1984, 1986b). These authors used a highly specialized
endocrine cell, the adrenal glomerulosa, that produces a single product. The obscrvations
in this system have been based largely on the stimulation of the cell by angiotensin I to
induce the production of the steroid hormone aldostcrone. However, similar general events

have been observed in a varicty of other cell systems. Thus, the model proposed by these
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authors may represent a general mechanism by which 37 * . ‘n.essenger system operates to
initiate and sustain cellular responses to external stimuli.

The first branch of the proposed Ca messenger system has been designated the
calmodulin "(CAM)-branch” and appears to mediate the initial cell response to stimulus. The
sccond branch has been termed the "protein C-kinase branch" and is responsible for the
sustained phase of ccllular response. The two branches are depicted in figure 1-1.

A) Initial Response - Calmodulin Branch

The initial sequence of events occurring after a hormone interacts with its receptor
is not completely defined. However, the general effect involves the activation of a specific
phospholipase, called phosphslipase C. This enzyme in turn catalyzes the hydrolysis of a
phosphoinositide that is present in the plasma membrane, phosphatidyl-inositol
4,5-biphosphate (PdtlIns[4,5]P,). This hydrolytic action generates two important cellular
messengers; these include inositol 1,4,5-triphosphate (Ins[1,4,5]P;) and diacylglycerol (DG),
the latter of which is rich in arachidonic acid (thus providing a potential source of
arachidonic acid for the production of leukotrienes, prostaglandins, prostacyclins and
thromboxane synthesis) (Berridge, 1984, 1989; Rasmussen and Barrett, 1984; Rasmussen,
1986b).

The Ins(1,4,5)P; is water-soluble and thus diffuses into the cytosol of the cell where
it acts 10 mobilize Ca from internal stores. The Ca mobilizing activity of this messenger was
first demonstrated in pancreatic acinar cells and has subsequently been observed in a variety
of cell types (Streb et al, 1983). Although the site and mode of action of intracellular Ca
releasc are still being investigated, it appears that a particular Ins(1,4,5)Ps-sensitive
component of the ER is the likely site. It has been proposed that Ins(1,4,5)P; binds to a

receptor which then activates a channel permitting the release of Ca into the « ytosol.
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Simultaneous with the increased release of Ca from an inner pool, an enhanced influx
of Ca from the external environment appears to occur. The influx is likely mediated via
receptor operated Ca channels (ROCC) and/or voltage dependent Ca channels (VDCC) in
the plasma membrane. The combined results of intracellular mobilization and extracellular
influx result in a sharp rise in the cytosolic content of Ca.

In the cell, Ca may interact directly with enzymes to modulate their function.
However, in many cases the Ca interacts with a universally distributed Ca receptor protein
called CAM. CAM binds Ca to at least three of four potential binding sites thus inducing
a conformational change and the formation of a Ca-CAM complex. This complex can then
act either directly with proteins/cnzymes to elicit a response or may act indirectly to regulate
activity via Ca-CAM dependent phosphorylation of appropriatc enzymes.

‘There are a number of important kinases considered to be Ca-activatcd and
CAM-dependent. Examples include phosphorylase b kinase, myosiri light chain kinase, and
gencral Ca-CAM-dependent kinase. Kinases catalvze the ATP-dependent phosphorylation
of specific substrate proteins (enzymes), altering their structural and kinctic properties. Thus,
they are highly important in cell function and regulation.

An example of a Ca-CAM directed phosphorylation occurs in hepatic glycogenolysis.
For example, phosphorylase b kinase is activated by Ca-CAM to catalyzc the phosphorylation
of the enzyme phosphorylase thus converting it fi »m its inactive to active form. Recently,
a Ca-CAM dependent kinase has been suggested to play a role in the short-term regulation
(via phosphorylation and concomitant inactivation) of 3-hydroxy-3-methylglutaryl-cocnzyme
A reductase (HMG-CoA reductase), the rate-limiting enzyme for cholesterol synthesis (Beg
et al, 1987a, 1987b). Recent studies in the small intestine suggest that Ca-CAM dependent

phosphorylation reactions (via kinases in the BBM) may be important in the regulation of
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intestinal jon transport. These are discussed further in the section on "Mechanisms of
Calcium Rcgulation”. It ic not certain whether CCBs influence these kinase-mediated
phosphorylation rcactions.

An important example of direct interaction with Ca-CAM in most celis is the
activation a Ca pump (Ca-ATPase) in the plasma membrane by increased concentrations of
Ca-CAM in the cytosei. As a result of this pump activity and the sequestering of large
amounts of Ca into a nonionic mitochondrial Ca pool (both described further below), the
stimulated clevated Ca level in the cell returns to basal levels (or just higher than basal). For
cxample, in glomerulosa cells stimulated by Angiotensin II, a transient rise in cytosolic Ca
pcaks at 1 minute and returns to nearly basal values within 2 to 4 minutes (Rasmussen and
Barrctt, 1984).

However, in spite of the decline in intracellular Ca levels the elicited response (i.e.
aldostcrone secretion) is initiated in 5 to 8 minutes and slowly increases to a sustained value
by 15-20 minutes. Furthermore, although cytosolic levels return to baseline, the influx of Ca
across the plasma membran:: remains elevated and appears to be balanced by an elevated
rate of efflux. The mechanisms responsible for the sustained influx of extracellular Ca are
poorly understood. It has been speculated but not confirmed that the hydrolytic activity of
phospholipasc C may alter membrane structure and thus Ca permeability. Alternatively,
Ins(1,4,5)P; itsclf or products of arachidonic acid metabolism could play a role.

B) Sustained Respouse - Protein Kinase C Branch

The observation that the intracellular Ca concentration returns to basal levels even
in the presence of continued stimuli (and cell response) led to the speculation that o second
branch of the Ca messenger system must be active in sustained responses. This branch has

been designated the protein kinase C branch and is related to the second product formed
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by the initial hydrolysis of PtdIns(4,5)P, which is DG. The DG remains in the planc of the
membrane and plays and important role in activating a kinase designated as protein kinasc
C (Takai et al, 1979).

Protein kinase C is present in the free form in the cytosol of most cells and in the
resting state is relatively insensitive to Ca. The interaction of this kinase with the increasced
DG content of the plasma membrane in the activated cell increases its sensitivity to Ca and
also promotes its binding to the plasma membrane. The presence of PL in the membranc
(particularly phosphatidylethanolamine) further enhances its sensitivity to Ca. Hence, this
kinase has been described as a Ca-activated, phospholipid-dependent protein kinase.

In summary, it is likely that the CAM branch and the protein kinase C branch
function either sequentially in some cell types (perhaps the intestine as will be discussed) or
synergistically in others (e.g. adrenal glomerulosa) to initiatec and maintain a ccllular responsc
via the Ca messenger system.

1.8.3) CALCIUM INFLUX AND EFFLUX MECHANISMS

Ca is transported into and out of cells by several mechanisms involving both the
plasma membrane and the intracellular organclles. The mechanisms most rclevant to the
experimental work of this thesis involve Ca cntry through channcls in the plasma membrane.
Therefore, most of the following discussion focuses upon Ca channcls; other transport
mechanisms will be briefly included to complete the review.

1.8.4) CALCIUM CHANNELS AND THE PLASMA MEMBRANE

One of the important characteristics of the plasma membrane is its relative
impermeability to the Ca ion. This impermeability contributes to the maintenance of
intracellular Ca homeostasis and the maintenance of the significant Ca gradient in the ccll

as mentioned previously.
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As indicated above, the plasma membrane also plays an important role in mediating
the response of a cell to an extracellular stimulus. This is due to the presence of Ca channels
in the membranc that open in an activated cell to allow the rapid entry of Ca across the
stecp concentration gradient. The Ca channel may open in either a transient or sustained
fashion depending upon the external signal.

In general, ion channels are proteins embedded in the lipid bilayer of the membrane.
The pore or channel-forming proteins provide an aqueous route for the passive flux cf ions.
‘The movement of the charged ions into and out of the cell would otherwise be restricted
through the lipid cnvironment. Channels may be opened in resporse to changes in
membrare potential (voltage dependent channels [VDC]) and/or by occupation of the
channel-ass xiated reccptors by intracellular second messengers, neurotransmitters and/or
drugs (ligand-gated or reccptor-operated channels [ROC]) (Greenberg, 1987). VDC and
ROC that provide a channel for the movement of Ca are referred to as voltage dependent
calcium channels (VDCC) and receptor operated calcium channels (ROCC), respectively.
A) Voltage Dependent Calcium Channels

VDCC have been generally well characterized using voltage patch techniques, mainly
in cardiac cells. The VDCC are closed in the unstimulated state; depolarization of the
plasma membrane increases the probability of channel opening resulting in inward movement
of Ca. The cxact mechanisms of the voltage dependent gating are not fully understood
(Reuter and Porzig, 1988).

VDCC do not display absolute selectivity; barium and strontium may move through
the channel(s) in addition to Na (Tsien et_al, 1987). The channels may be blocked by
numecrous other cations in addition to 2 large heterogenous group of organic pharmacologic

compounds, collectively referred to as CCBs. VDCC are often characterized by their
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susceptibility to blockade by various classes of these agents as outlined in the section 1.9
"Calcium Channel Blockers".

Two types of VDCC have been described in patch clamp recordings of various
cardiac muscle tissues in guinea pig, dog, frog and rabbit (Bean, 1989). The VDCC subtypcs
differ in several respects, most notably their membrane potential gating kinetics. In general,
the most common type of VDCC appears to be the L-type channcl (also referred to as "slow"
and "high" threshold) which is characterized by producing a long-lasting inward Ca current
and requiring strong depolarizations for activity. The T-type channcl (also tecrmed "low"
threshold and "fast" Ca channel) on the other hand, is associated with more transicnt influxcs
and opens at more negative membrane potentials and weaker depolarizations than the L-type
channels (Tsien et al, 1987; Bean 1989). Based on prelimirary clectrophysiological studics,
it has been suggested that L-type and possibly T-type voltage sensitive Ca channcls arc
present in rabbit ileum (Homaidan et al, 1989).

A third type of VDCC has been described in  cultured sensory neurons of chick
dorsal root ganglion (Nowycky et al, 1985). Designated the N-type channels, these VDCC
appear to be characteristic of sensory neurons and are only opcncd by a large membrane
depolarization from a strongly negative potcntial.

The various channels also differ in their sensitivities to the organic CCBs. In gencral,
L-type channels display a greater sensitivity to dihydropyridine structurcs (described below)
than T-type channels. Furthermore, ionic sclectivity and sensitivity to inorganic blockers also
differs implying a possible different poic structure for the L and T-type channcls in cardiac
muscle. Similar types of Ca channels have been described in several species of mammalian

arteries, veins and aortic muscle cell lines (Bean, 1989).
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Traditionally, VDCC have been felt to be characteristic of excitable cells including
the above. However recently, Chen et al (1988) described both L and T-type VDCC in
fibroblasts, based on patch clamp recordings of whole cell and single channel currents. Rat
ostcoblasts also appear to have VDCC.

As indicated earlier VDCC may also be present in the BLM of rabbit ileal epithelial
cells (Homaidan et al, 1989). These authors proposed (wo types of Ca channels (L and
possibly T) based on differing magnitudes of effects and interactions with the major classes
of CCBs. Further detail is provided in the section on "Calcium and Electrolyte Transport".

Thus, continuing research suggests that the presence of VDCC may be more
ubiquitous then previously proposed.

B)_Receptor Operated Calcium Channels

Activation of a cell surface membrane receptor with an appropriate agonist allows
the entry of Ca from the extracellular environment, through ROCC. Receptor occupation
by a ligand may also induce the release of Ca from an intracellular storage site or depolarize
the membrane and activate the VDCC (Vanhoutte, 1988). Whether the ROCC are in fact
scparate structures or whether the association of ligands with VDCC alters the channel
characteristics and sensitivity is controversial.

Benham and Tsien (1987) have published direct electrophysiological evidence for
ROCC by observing the effects of ATP on Ca influx in vascular smooth muscle cells from
rabbit ear artery. These authors concluded that ATP-activated channels were present and
were different from VDCC in many respects. The ROCCs could be activated at much lower
membrane potentiais and exhibited less of a voltage dependent relationship. In addition the

ATP-activated channels did not exhibit the same characteristics of blocking by organic
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compounds or citias.  Similar ROCC'’s activated by N-methyl-D-aspartate have been
suggested in neurcns (MacDermott et al, 1986).
C) Leak Channels

Divalent cation j::meable leak channels were also demonstrated in the work of
Benham and Tsien (1987). These channels appear to be active in the abscnce of
depolarization or ligand. The presence of similar channels has been suggested in T-helper
lymphocytes. Although not widely reported, this mode of Ca entry may affect the basal level
of free Ca in some cell types.

In the intestine, a significant component of cation movement occurs through the tight
junctions. It is unknown how CCBs influence the tight junction or ionic movement via this
pathway. However, Ca does play a role in maintaining the integrity of the tight junction and
is therefore an important influence (see section 1.10.6).

1.8.5) OTHER CALCIUM TRANSPORT MECHANISMS IN PLASMA MEMBRANES

A Ca pump located in the plasma membranc of most tissucs designated
Ca-adenosine-triphosphatase (Ca-ATPase) is an important mechanism for facilitating Ca
movement out of the cell. This enzyme is likely significant in non-excitable cells, and has
been identified in the BLM of rat duodenum (Ghijsen et al, 1982). It has a high affinity for
Ca (Km less than 1 pm) and as indicated earlier, is regulated by Ca-CAM. Rising levels of
Ca and CAM in the cell are thought to bind directly to the enzyme thus incrcasing its affinity
for Ca as well as maximal transport capacity. PL may also regulatc the Ca-ATPasc in a
similar manner.

A Na*/Ca?* exchange mechanism is also present in the plasma membranc. Although
it is a lower affinity mechanism than the above Ca pump it is likcly a morc important

mechanism in transporting Ca out of excitable cells or when large amounts of Ca need to be
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removed from the cell. The enzyme stoichiometry is 3 Na ions in for each Ca icn removed
from the cell; the driving force is the chemical gradient across the plasma membrane. The
presence of a Na/Ca exchanger of this nature has been demonstrate: in BLM from rat
duodenum, jejunum and ileum (Ghijsen et al, 1983).

The cffccis of CCBs appear to be limited to plasma membrane C.  .annel entry with
no reported cffects on these alternate calcium transport mechanisms. It is unknown,
however, how the influence of CCBs on Na permeability and transport (section 1.10.4, 1.10.5)
would influcnce the Na+/Ca?* exchange mechanism. Furthermore, if lowering intracellular
calcium concentrations stimulates Na*K* ATPase activity in the BLM, CCs may iafluence
Na gradicnts and therefore possibly affect the membrane Na/Ca®* ¢x:hange mechanism.

1.8.6) CALCIUM TRANSPORT MECHANISMS AND INTRACELLUTAR CALCIUM

LEVELS

Although this review has focused mainly on Ca transport across the plasma
membrane, Ca-ATPases and exchangers are also present in the ER, sarcoplasmic reticulum
(SR) and inner mitochondrial membranes of several cells. The mitochondrial membranes
also contain transporters that facilitate unidirectional uptake of Ca ions.

The coordinated activity of each of the plasma membrane and intracellular Ca
transport mechanisms dctermines the cytoplasmic concentration of this ion and thus
ultimately, several facets of cell regulation. The quantitative importance of each mechanism
varics from cell to cell. Generally, the Ca channels mediate rapid Ca influx, balanced by the
efflux mechanisms of the Ca-ATPase. The ER and SR appear to be important for initial
stimulus-induced intracellular release of Ca ang for buffering small variations in cytoplasmic
levels. When the capacity of the ATPase is exceeded the mitochondria actively accumulate

Ca and store it in a nonionic, biologically active form. The mitochondria have been defined
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as "long term" or emergency Ca buffers in the cell while the ER and SR are responsible for
"fine regulation” {Carafoli, 1984).

The control of intracellular Ca levels is critical not only as a potential regulator for
cell function but also because increases in the level of this ion within the cell have very toxic

cffects. Thus the combined goal of Ca transport mechanisms is to maintain Ca homcostasis.

1.9) CALCITUM CHANNEL BLOCKERS
1.9.1) GENERAL

A great deal of charactcerization of Ca channels has been based on their interaction
with various agents that selectively block the movement of Ca into the cell. As indicated
earlier, a large group of organic agents with "Ca blocking" activily have been described.

The designation "Ca antagonist” was coined by Albrecht Fleckenstcin in 1966
(Fleckenstein, 1983). His observations were based on initial investigations of the
cardiodepressant side effect of coronary vasodilators (prenylamine and, then unnamed,
verapamil) in addition to several subsequent experiments. This investigator noted a specific
inhibitory action against Ca currents and Ca mobilization in ventricular myocardium. The
agents appeared to "mimic" Ca withdrawal. Furthermore, these cffects could be overcome
by the elevation of extracellular Ca concentration (Fleckenstein, 1983).

In subsequent years, numerous agents that can be classified as "Ca antagonists” have
been described and designated using a varicty of terms including Ca entry blockers, Ca
channel modulators and CCBs used in this review. A varicty of classifications have been
developed to categorize this large, chemically heterogenous group of compounds. A recent

World Health Organization Committee (Vanhoutte, 1987) proposed a functional classification
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in an aticmpt to amalgamate several previous schemes. The committee’s general
classification of CCBs selective for Ca channels includes:

A) Type I - verapamil-like

B) Type II - nifedipine-like

C) Type III - diltiazem
Chemically, verapamil is classified as a phenylalkylamine, nifedipine is a 1,4-dihydropyridine
structure (as is nisoldipine) and diltiazem is a benzothiazepine. A number of nonspecific Ca
channel blockers have also been described but are not relevant to the present discussion.
1.9.2) MECHANISMS OF ACTION

Within 3 years of Fleckenstein's discovery, it was established with the use of

radiolabelled [45-Ca] that the antagonist activity was a specific suppression of plasma
membrane Ca movement. Furthermore, in cardiac and smooth muscle cells in which the cell
membrane was removed mechanically or chemically, the usual inhibitory effects of these
agents on Ca-dependent contractile activity was not observed (Rampe et al, 1985). A variety
of studics confirm that of the many potential sites where Ca could be inhibited it is likely
transmembranc transport that is affected by these agents (Janis and Triggle, 1983). Based
on voltage-clamping experiments it has been revealed that the action of CCBs is membrane
potential or "voltage” dependent. Thus, increasing inhibitory activity has been noted with
decrcasing membrane potential. This voltage-dependency may be more prominent in the
casc of verapamil and diltiazem-like agents. Thus, it has been postulated that the
dihydropyridines do not need to penetrate the Ca channel to exert inhibitory effects whereas
the former drugs act on the inside of the channel. However, others have observed that

dihydropyridines also exhibit voltage-dependency (Carafoli, 1984). It is unknown what the
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influence of varying exposure times to CCBs may have on membrane potential and/or related
effects.

The molecular structure of Ca channcls in plesma membranes is undetcrmined.
Thus, it is difficult to characterize the molecular nature of the interaction between CCBs and
these channels. In general however, CCBs are not believed to act as channel plugs or as
simple competitors with Ca for binding. Glossman et al (1985) have proposed multiple drug
receptor sites (at least 3) exhibiting allosteric regulation. For cxample the binding of
dihydropyridines may induce a conformational change in the channel that affects the binding
of other ligands (e.g. verapamil and diltiazcm).

A dihydropyridine-binding =~ iz from skeletal muscle has recently been sequenced
and the authors suggest that the re. . . .iself is a Ca channel. For example, purificd
preparations of dihydropyridi..> .-~ : proteins from skcletal muscle t-tubules have been
reconstituted into lipid bilayers and function as Ca channels (Flockerzi et al, 1986).

Preliminary cvidenqe of the molecular structure of plasma membrance Ca channcls
suggests that a glycoprotein of relative molecular mass 210,000 (consisting of a possible three
subunits) may represent at least one of the Ca channels (Reuter, 1985).

In general, the CCB are more selective for VDCC than ROCC (Vanhoutte, 1988).
For example, micromolar concentrations of the dihydropyridine nifedipinc completely
blocked rat aortic contraction induced by membrane (KCl evoked) depolarization. In
contrast, norepinephrine-induced contraction was only reduced by 50% of maximum in the
presence of nifedipine.

Various classes of CCBs aiso demonstrate tissuc spccificity. Thus, verapamil and
diltiazem appear to be equally potent inhibitors in cardiac and smooth muscle cclls whercas

the dihydropyridines are significantly more effective Ca channel inhibitors in vascular smooth
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muscle than cardiac tissue (Katz, 1986). In intestinal tissue, verapamil may be a more
cffective inhibitor of Ca entry than agents from the other major classes of CCBs (Homaidan
ct al, 1989). As described further in the context of "Mechanisms of Calcium Regulation",
these authors reported that verapamil had quantitatively greater effects on ion transport in
rabbit ilel tissue. Furthermore, radioligand binding studies suggested three times as many
binding sites in this tissue for phenylalkylamine-derivatives (verapamil) than the other classes
of CCBs.

Thus, while CCBs influence ionic transport in the ileum, a significant portion of the
clectrical activity of the gastrointestinal tract appears to be resistant to the activity of CCBs
(Spedding, 1988). In humans, few gastrointestinal side effects have been reported in patients
taking thesc drugs. Verapamil, however, often characterizcd as having more nonspecific
clfects than other CCBs, has been reported to cause constipation. However, CCBs may be
more effective in pathologict! conditions in which the cells are excessively depolarized with
cnhanced electrical activity and resulting contractions. For example, CCBs may have 2
positive influcnce in the treatment of irritable bowel syndrome, as well as achalasia and other
csophageal disorders.  Further, as discussed in section 1.10.5, the use of CCBs promotes
water and clectrolyte absorption and therefore has the potential for clinical use in the
trcatment of diarrheal discases.

The extent of potency of Ca blockade by the various agents is likely affected in part
by the dependence of a particular tissue or cellular process on the supply of extracellular Ca.
Other variables including the number and type of Ca channels, and the membrane potential
play a role in determining the susceptibility of a tissue to a CCB (Spedding, 1988).

The widcly recognized pharmacologic effects of CCBs include coronary, peripheral

and cerebral vasodilation, a ncgative inotropic effect, and inhibition of excitation of sinoatrial
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and atrioventricular nodes. Based on these effects, CCBs have become important clinical
agents in the treatment of angina pectoris, hypertension, posthemorrhagic cercbral vasospasm
and supraventricular tachycardia (Vaghy, 1987). Other potential uses include inhibition of
platelet aggregation, relief of migraine and asthma and protection of ischemic myocardium.

The effect of CCBs in reducing Ca movement from the extraccllular space across the
membrane has important implications for Ca as a second messenger and therefore has the
potential to affect several cellular functions. As indicated above, the influx of extraccllular
Ca is heightened during many of the cellular processcs activated by the Ca messenger system.

New derivatives of these agents are continually being developed and CCBs arc being
widely studied. Their effects on Ca influx combined with the potential varied tissuc
specificity could have important conscquences. It is likely that the list of clinical bencefits and
experimental significance of this important class of agents will continuc to grow with ongoing

research.

1.10) CALCTUM AND INTESTINAL REGUILATION
1.10.1) IONIC TRANSPORT

At least two ionic transport mechanisms appear to be affected by alterations in the
intracellular level of Ca in zmall intestinal tissucs, particularly the ileum. These include
linked Na and Cl absorption and Cl sccretion (Donowitz and Welsh, 1986). A bricl review
of these ion transport mechanisms and a more lengthy discussion of their regulation by Ca
is included in the following section. The emphasis is upon regulatory mechanisms as some
of these processes may have potential significance in terms of nutricnt uptake and Ca. Since
a great deal of the experimental evidence providing support for a role of Ca has been

obtained using the Ussing chamber technique, it is also described in a separate scection.
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1.10.2) SODIUM AND CHLORIDE TRANSPORT IN THE SMALL INTESTINE

Na and Cl transport is iniluenced by CCBs as discussed in section 1.10.4. Thus, a
review of these transport processes is relevant. Na may be absorbed in the jejunum by
scveral processes including:

A) Na-substrate cotransport. This will be discussed more fully in the context of
hexose absorption.

B) Diffusion pathways.

C) Co-transport with PO4 and SO4.

D) Na/H cxchange

A summary of potential transport mechanisms in the jejunum is depicted in Figurc
1-2.

The entry of Na is favoured by the low intracellular Na content of the absorptive
cpithelial cells which in turn is maintained by the activity of the Na,K-ATPase in the BLM.
In addition, a high intracellular K concentration and a negative cell voltage are maintained,
contributing to the large clectrochemical
gradicnt for Na entry.

Na/H exchange has been demonstrated using manipulation of the proton gradient in
BBM vesicles isolated from rabbit jejunum (Gunther and Wright, 1983). This electrically
ncutral process that operates in the absence of an electrical gradient also appears to be
present in rat and human jejunum (Donowitz and Welsh, 1987). The Ma/H exchange
mechanism likely accounts for a small percentage of the total Na flux in jejunum; an
estimated 7% of total Na flux in the absence of food. It has been proposed that the most

important pathways for Na flux across the jejunal BBM membrane are diffusion and organic



Page 71

substrate/Na co-transport systcms (Gunther and Wright, 1983). However, the precise mode
of diffusive Na entry has not been completely defined.

It has also been proposed that the Na/H exchange mechanism may be a major
mechanism for jejunal bicarbonate (HCO;) absorption (Powcll 1985; Gunther and Wright,
1983). The secreted H can combine with HCOj in the lumen to form carbonic acid (H,CO;)
which further dissociates to carbon dioxide (CO;) and H,0O;; the former of which diffuscs
across the apical membrane and reforms HCQO; via carbonic anhydrase. Thus the overall
process results in Nail{CO; absorption.

Active Cl absorption docs not appear to occur in mammalian jejunum (Gunther and
Wrict 27 However in ileum, Na and Cl absorption is a linked or coupled process.
Ncu. as et al 1977) and others have observed a codependency of these two ions for transport
across BBM. Subscquent studies with vesicles have suggested that the coupling of Na and
Cl in the ileum is irdirect. The linkage is likely duc to the operation of two transport
exchangers operating in paralicl in the apical membrane; a Na/H cxchanger and a CI/HCO,
exchanger. The mechanisms of linking between the two exchange:s have not been deflined.
In ilcal brush border vesicles, alterations in intravesicular pH have been suggested as a
potential mode of linkage, however, whether this occurs physiologically has not been
detcrmined.

Thus, Ci absorption in the ileum is likely accomplished by this CIYHCO, exchange
mechanism in addition to passive transport down the electrical gradicnt through the
paracellular shunt pathway. The rate limiting step for the absorption of Na and Clis likcly
the apical entry step at the BBM. The majority of studics have concluded that the
Na,K-ATP pump is the primary mechanism of Na exit across the BLM (Powcil, 1985). The

clectrogenic pump has a stoichiometry of 3 Na:2 K.
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Cl entry across the apical membrane results in elevated intracellular concentrations
however the Cl permeability of the BLM may be limited. Carrier-mediated exit across this
men.brane involving C/HCO; exchange likely enhances the rate of transepithelial Cl
movement.

It is likely that absorption occurs via absorptive cells present on the villus of the small
intestine (and on the surface of the colon). From microdensitometry studies it appears that
the upper third of the villus is the major site for amino acid transport (Cheeseman, 1986).
Phiorizin-binding studics provide similar evidence for glucose uptake (Chang et al, 1987).
In contrast, sccretory cells appear to be present mainiy in the crypts (Donowitz and Welsh,
1987). Thus, crypt cells are likely involved in Cl secretion (i.e. movement from blood to the
lumen) in the small intestine. In several non-mammalian cell types it is proposed that Cl
crosses the BLM via a co-transporter with Na and K. The carrier is electroneutral and the
stoichiometric ratio is likely 1 Na:1 K:2 Cl (O'Grady et al, 1987). The Na pump provides the
driving force fo- the entry of Cl by co-transport with Na, The movement of Cl across the
luminal membrane is thought to occur through channels that are opened by cyclic adenosine

monophosphate (¢cAMP) or possibly Ca (Ficld et al, 1989). Thus, net Cl secretion is

accoryplished by the Na-coupled electroneutral transport mechanism in the BLM and the Cl
channels in the BBM. In general, the conductive permeability of the luminal membrane to
Cl is the rate limiting determinant of net secretion. The secretion of Cl via the transcellular
route is accompanicd by the movement of Na in the same direction via the paracellular
pathway (Ficld ¢t al, 1989).
1.10.3) USSING CHAMBER TECHNIQUE

The Ussing chamber technique has been widely used to measure transepithelial

clectrical paramct_.s and ion fluxes in intestinal tissue and other epthelia (Ussing and
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Zerhan, 1951). Ussing chamber studies of jejunal tissue were also undertaken in the present
study to determine the effects of CCBs on basal and stimulated ionic transport. For
intestinal studies, intact sheets of tissue are stripped of external muscle layers to permit
adequa‘e oxygenation and to reduce the effect of the muscle layer contribution to tissuc
resistance (White, 1977; Frizzel et al, 1974). The intact segments are then mounted vertically
& = flat sheet between two sides of a divided chamber. Thus, mucosal and scrosal surlaces
.ic exposed through an aperture of known diameter to circulating and oxygenated
experimental solutions.  This sct up allows the addition of various test agents (drugs,
nuirients etc.) to either the mucosal or seros:® .. v the chamber.

Salt bridges are connccied to exterr:: electrodes. Two of these salt bridges
(connected through reversible electrodes to a voltage rccording apparatus) are positioned as
close as possible to either siic of the tissuc to monitor transcpithelial potential.  Although
the distance between the sensing bridge and the tissuc is minimal the fluid resistance
contributed by this space may be significant and therefore is compensated for manually or
automatically in most >urrent cases.

Two other bridges are connected to a current source thus allowing controlled
amounts of current to be passed across the tissue.  Thus, the technique allows
measurcments of the spontaneous potential difference (PD) across a tissuc (open circuit).
Additionally, the amount of external current required to bring this spontancous PD to zero
(closed circuit) may also be determinced. In the latter state (PD of zero) and when mucosal
and serosal solutions are identical, all known physicochemical driving forees across the
membrane are eliminated. Thus, the external current required to maintain a zero PD
represents the algebraic sum of the net fluxes of ions that are actively transported in both

direction- across the tissue. This measurement has been termed "<Lort circuit current” or Isc
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and is widely used in the following literature. Specific directional fluxes and the relative
contributions of individual ions to the total Isc may be determined by using radiolabelled
ions.

The Ussing chamber is a useful technique however it is limited in that it does not
provide information regarding specific involvement of various components of the intact tissue.
The recent literature using vesicles of select membranes has helped to provide more specific
information regarding potential mechanisms and cellular components involved.

1.10.4) CALCIUM EFFECTS ON ION TRANSPORT

A regulatory role for cytosolic Ca has been suggested by iiumerous studies using both
intact tissucs and later, isolated membrane preparations. In general, experimental
manocuvres expected to increase the concentration of Ca (mainly via serosal entry) in the
cell cytosol are associated with a reduction in Na and Cl mucosal to serosal transport
(absorption) and/or an increase in electrogenic C! movement from serosa to mucosa
(sceretion).

Rabbit ilcum has been extensively investigated. In 1977, Bolton and Field added Ca
ionophore A23187 (to enhance Ca entry) to solutions bathing rabbit ileal scgments in Ussing
chamber experiments. They reported a decrease in net Na and Cl transport and an increase
in Isc. Similar findings were obscrved by adding excess Ca (10mM) to the external bathing
solutions.

Subscquent work with BBM vesicles agreed with tine results of the intact tissuc
experiments suggesting that at least part of the regulatory effect occurs in the apical
membrane of the ilcum (Fan et al, 1983). Furthermore, this work demonstrated that the
Ca-mediated inhibition of Na uptake was Cl-dependent and vice versa. Glucose and amino

acid-sti s alated uptake of Na does not appear to be affected by altered ieveis of Ca in the
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above studies. Specifically, in calcium deprived bathing solutions, the 10 mM (mucosal)
glucosc-dependent increase in Isc was not significantly different from controls (Donowitz and
Asarkof, 1982). However, one author has reported that increased intravesicular Ca
decreased Na dependent glucose and amino acid uptake (Fondacaro and Maddcn, 1964).
Whether this was a specific effect or due to alterations in Na gradients or nonspccific
interactions has not been clarified.

Similarly, elevated levels of Ca also affected various aspects of NaCl transport and
Isc in other tissues including rabbit colon, rat colon and flounder intestine (Donowitz, 1983).
In some of these tissues, the effect was primarily a stimulation of Cl secretion.

Converscly, iowering extcrnal Ca in the bathing solutions surrounding rabbit ilcal
tissue has been shown to increcase mucosal to scrosal movement of Na and Cl. Studics
lowering external Ca to 50 .m have been associated with increases in Na and Cl absorption;
in addition, Isc decreases, presumably attributed to decreases in residual ion flux which
likely reduced bicarbonate secretion in the ilcum (Donowitz and Asarkol, 1982; Donowitz

ct al, 1984). This phenomenon (i.e. lowered to Ca stimulation of ion transport in small

intestine) has only been confirmed in rabbit ileum. Again, interdependence of Na and Cl
transport was observed and glucose-stimulated Na was not affceted.

Donowitz and his group have reported all of the three major classes of CCBs
(phenylalkylamines, dihydropyridines, and benzodiazepines) have been shown to stimulate
linked Na and Ci absorption in rabbit ilcum (1982, 1985, 1989). In general these agents
appear to exert this effect mainly when applicd to the serosal side of the tissuc (see section
1.16.5).

The potential physiological significance of Ca regulation in clectrolyte transport is

supported by the observation that scveral ncurohumoral substances normally present in the
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intestinal tissuc appear to regulate electrolyte transport by increasing cytosolic Ca. For
example, carbachol, serotonin, substance P, and neurotensin have all been shown to increase
the rate of {45Ca] entry across ileal BLM and increase total ileal Ca content (Donowitz,
1983). All of these substances reduce Na and Cl absorption and/or induce Cl secretion.
Furthermore, these effects of stimulated transport are inhibited by decreasing serosal Ca or
by scrosal verapamil. Therefore, Ca likely acts as the intracellular mediator for the action

of these ncurchumoral substances.

1.10.5) MECHANISMS OF CALCIUM REGULAT 1ON

The above findings suggest that plasma membrane entry of Ca is likely an important
cvent in regulating both basal and stimulated electrolyte tra: ort. Based on studies using
CCBs, it appears that serosal Ca entry is of particular i ni¥"~ance. The addition of
verapamil to mucosal and serosal surfaces of rabbit ileun: .- <= not produce any effects
diffcrent from scrosal exposurc alone (Donowitz and Asarkof, 1982). The presence of
verapamil significantly reduces [45Ca] entry across the BLM but not mucosal Ca entry
(Donowitz, 1983). Furthermore, reducing Ca concentrations in mucosally exposed solutions
does not affect basal Na and Cl transport. The different effects may due to fewer Ca
channcls in the BBM or binding or vesiculation of absorbed mucosal Ca. Whether thesc
obscrvations arc unique to rabbit ileum and why serosal Ca entry appears to be more
regulatory is unclear. Luminal Ca in rat small intestine may in fact play a role in regulating

transport of Na (Markowilz et ai, 1985). In_vivo jejunal perfusion of 0.4 mM V dose.

dependently stimulated luminal mucosal to serosal Na water flux (Markowitz et al, 1985).
At higher concentrations, however (1.6 mM) the effect appeared to be reversed (ie.

sccretion). This study was reported in abstract form only.
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The observation that CCBs have the effcct of increasing basal Na and Cl transport
suggests that there are Ca channels in the BLM and that these may be partially open in the
resting state. It is hypothesized that the neurohuinoral substances affecting Ca cniiy
(carbachol, serotonin, substance P and neurotensin) likely function by binding to the plasma
membrane to trigger messages that alter ccllular Ca handling and the state of BLM Ca
channels. This would be similar to the mechanism of recepior operated Ca channcls
(ROCC)stimulation described previously. As suggested earlier, it is unknown if VDCC diffcr
from ROCC or if hormonal binding mediates alterations in the propertics of ROCC.

A more detailed demonstration and characterization of BLM Ca channcls was
reported by Homaidan ¢t al (1989). This group used CCBs from the three major groups
(including phenylalkylamines, dihydropyridines and the benzothiazepine, diltiazem) to
characterize Ca channels in rabbit ileum and enrichcd BLM preparations of this tissue. As
previously demonstrated using the Ussing chamber tcchnique, scrosal addition of all classes
of drugs dose-dependently decreascd Isc, likely due to increased Na and Cl absorption, and
reduced residual ion flux. However, the phenylalkylamines had a further inhibitory cffect on
Isc even in the presence of maximally inhibiting concentrations of dihydropyridines. This
might be suggestive of a distinct channel or site with diffcrent binding kinctics for the latter
drug. Maximal and half-maximal inhibitory concentrations varicd among classes, with
verapamil (phenylalkylamine) being the most effective inhibitor of basal Isc.

Althougk the effects on Isc suggest two poi_.itial binding sites, radioligand binding
was characteristic of a single, saturable, high affinity binding site for phenylalkylamine
structure using the derivative [*H(l)-desmethoxyverapamil]. The authors (Homaiden ¢t al,

1989) suggest that the binding affinitics may differ between the purificd membrancs and the
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intact cell. Thus, further evidence is required to characterize a potential second channel or
binding site for this group of CCB.

Dihydropyridine binding sites (using [*H-nitrendipine}) also exhibited saturable, high
affinity single sitc binding characteristics. In addition, these radioligand studies also indicated
that there are three times as many binding sites for phenylalkylamine structures than the
dihydropyridines. Displacement studies showed that the three classes of drugs do not
classically compete for binding sites in the ileum. Rather, similarly to other tissues there
appears to be allosteric interactions at the binding site(s) by the various agents.

This study provides good evidence for CCB binding sites and apparent VDCC in
small intestinal cpithelial cells. The authors conclude that two distinct channels exist; an
L-type channel that may bind dihydropyridines, phenylalkylamines and benzothiazepines at
three different sites and a second channel that exclusively binds the phenylalkyl mines.
However, further study is warranted.

In addition to plasma membrane entry, there is indirect evidence that intracellular
Ca stores may play a role in the regulation of some aspects of electrolyte transport
(Donowitz, 1983). Drugs which are shown to confine Ca within intraceliular stores of the cell
(c.g. dantrolenc) have been tested in rabbit ileum. Serosal exposure to dantrolene results
in stimulatcd Na and Cl absorption but again does not affect glucose-dependent uptake of
Na. In terms of stimulated transport, these drugs inhibit the effects of carbachol but not
scrotonin raising the possibility of different modes of Ca mobilization by these two
substances (Donowitz and Welsh, 1986).

The precise molccular mechanisms involved in the regulation of electrolyte transport

by Ca are not completely understood; recently mechanisms are being proposud. Although
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serosal Ca entry is important, most evidence suggests that the apical membranc is likely a
key factor in the regulatory mechanisms.

Many Ca-regulated cellular functions in other tissues are CAM-dependent and this
also appears to be the case for electrolyte transport in rabbit ilcum. CAM is present in the
brush border and the soluble fraction in epithelial cells. Using BBM vesicles, Powell and Fan
(1984) demonstrated that preincubating vesicles with 20 .m CAM shifted the dose-response
curve for Ca-mediated inhibition of basal Na and Cl uptake (i.c. a significantly lower
concentration was required for half maximal inhibition). Antagonists to the Ca-CAM
complex have also supported the involvement of CAM. Specifically, the
naphthalenesulfonamide W13 has becen used for this purpose, as well as a hydrophobic
control W12 which has an almost identical structure, but not Ca-CAM inhibiting activily
(Donowitz et al, 1989). The presence of 45 »m W13 decrcased ileal Ise and stimulated
mucosal to serosal fluxes of Na and Cl. The nct effect was significantly increased absorption
of Cl compared to the lack of cffect by the hydrophobic control W12, (a
naphthalenesulfonamide that differs from W13 by a single chlorine atom). Glucose
dependent Na absorption was not affected, nor were the stimulated alterations in clectrolyte
transport caused by Ca ionophores, serotonin, or manipulations that increasc cyclic AMP
(Donowitz and Welsh, 1986; Donowitz ¢t al, 1989).

In most ncnintestinal iissucs increased cytosolic Ca leads to several Ca-CAM directed
phosphorylation reactions and in this way regulatcs several aspects of cell function. Protein
phosphorylation has been suggested to modulate the function of other transport protcins
including ion pumps and voltage dependent channels. The presence of endogenous Ca and
CAM dependent protein kinases has been suggested in the ileum. Experiments with purificd

apical membranes show that varying concentrations of Ca or Ca plus CAM dosce-dependently
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increase the phosphorylation of five peptides by 50-110% (Donowitz et al, 1984). These
peptides have been identified by one dimensional SDS-PAGE and autoradiography. The
presence of Ca-CAM versus Ca alone results in larger increases in phosphorylation and less
variability in the results. Furthermore, inhibitors of the Ca-CAM complex inhibit the
cnhanced phosphorylation.

Recent investigations have focused on the possibility of phosphorylation and have
attempted to determine more specifically which aspects of Na and Cl transport might be
substrates for phosphorylation reactions. Rood et al (1988) have studied the regulation of
the Na/H antiporter in rabbit ileal BBM vesicles. These authors used a previously validated
technique to incorporate macromolecules and to alter the proton gradient across the vesicle
to differentiate between Na/H exchange and other Na transport mechanisms. Their study
showed that the combination of Ca, CAM and ATP inhibited Na uptake when there was an
acid inside pH gradicnt (presumably the Na/M mechanism) while in the absence of a proton
gradient Na uptake was not affected by this combination. Replacement of ATP with a
nonhydrolyzable analogue was also withcut effect thus implicating phosphorylation via
Ca-CAM as an cffect on the Na/H exchange process in rabbit ileal membrane.

In a subscquent study, Emmer et al (1989) used the same technique in rabbit ileum
to determine the kinetics and specificity of the Ca-CAM,ATP inhibition of Na/H exchange.
In these studies diffusive Na uptake, and Na-dependent glucose uptake were not affected.
They reported that the inhibitory effects of Ca-CAM and ATP on Na/H exchange occur
under conditions which are similar to Ca-dependent phosphorylation of membrane proteins
in the same vesicles. For example, Ca-CAM phosphorylation of five apical membrane occurs
with a 50% cffect at a mean cytosolic free Ca concentration of 105 nM and maximal effects

at 300-800 nM (with decreased phosphorylation above this maximum). Similarly, 50% of
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maximum inhibitio.: of the Na/H exchanger by Ca-CAM and ATP occurs with cytosolic Ca
concentrations of 120 nM and maximal inhibition at 300-850 nM. Furthermore, these
reported Km’s are close to the estimated cytosolic Ca concentration (determined using a
Ca-sensitive dye Fura-2) of 130-140 nM in resting ileal cclls suggesting that small alterations
in cellular Ca concentration could regulate Na/H cxchange in the basal physiological statc.

However, the imposed proton gradients in these vesicle studies may not represent the

in_vivo conditions. Furthermore, isolated membrane does not nccessarily represent the
situation in whole tissue. In onec study, intact segments of ilcum were exposed to conditions
associat.d with increased Ca entry (Ca ionophorc A23187). Subscquently, phosphorylation
of peptides was determined on whole ccll homogenates and BBM from these tissucs. No
significant changes in protein phosphorylation were detected (Poweil and Fan, 1984).

However, the majority of current research does support a role for phosphorylation
in the regulation of electrolyte transport, at lcast in rabbit ileal BBM. Ca-CAM dcpendent
protein kinases have been identified in chick small intestinal brush border vesicles (Caraboni
et al, 1987). Improved purification of cell fractions containing the appropriatc substrates and
refincd peptide techniques are likely important in detecting the small changes in
phosphorylation occurring in intact tissues.

Studies have also been done to determine if the mechanisms of regulation under
basal conditions differ from regulation of stimulated transport processes. Rccent rescarch
suggests that basal absorptive processes may be under the continuous inhibitory control of
Ca-CAM while transport responses to clevated intracellular levels of Ca are likely mediated
through an increase in protein kinase C.

Donowitz et al (1989) used an assay of cytosolic protein kinase C (PKC) to dctermine

effective conditions under which a PKC inhibiting drug, H-7 (isoquinolencsulfonamidce),
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would decrease ileal villus PKC with no affect on Ca-CAM dependent kinases. Extrapolating
these conditions to intact tissue in Ussing chambers, these authors found that 60 ,m H-7 did
not alter Isc or Na and Cl fluxes under basal conditions or after addition of 10 mM glucose
to the mucosal chamber. However H-7 did affect the electrolyte transport that was
stimulated by Ca-elevating agents including carbachol, serotonin and Ca ionophorc A23187.
Specifically, H-7 partially inhibited the usual increase in Ix: - ¢ decrcased Na and Cl fluxes
normally caused by these agents.

Conversely, 4% ,m W13, the inhibitor of Ca-CAM, as previously shown, causcd
significant decreases in Isc and increased mucosal to serosal fluxcs of Na and Cl under basal
conditions. However, under carbachol and Ca ionophore-stimulated conditions, this agent
did not affect Cl transport. Combinations of the two inhibitors did not demonstratc additivity
or synergism in any of their effects.

Thus, these authors concluded that the regulatory effects of raiscd cytosolic Ca
concentrations are mediated by PKC while basal clectrolyte transpert is mcdiated by
Ca-CAM, possibly via protein kinases dependent on this complex. The proposal of
sequential regulation in this case is not unlike the two branch model of Ca rcgulation (ic
CAM branch and PKC branch) proposed by Rasmusscn (1984, 1986) (scc "Calcium
Messenger System").

In conclusion, the mechanism of how changes in intracellular Ca concentrations might
alter apical membrane ion permeability are not completely understood. But clearly,
continuing research is providing significant clues to regulatory mechanisms involving this ion.
It must be recognized however, that most studies have investigated the regulation of ion
transport in rabbit ileal tissue. Whether these findings are generally applicable to regulation

in the jejunum and other tissue of the small intestine and in other species is uzknown.
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Secondly, many of these studics have focused on the short term effects (usually a few
hours or less) of manipulating Ca in the tissue environment as well as intracellular Ca levels.
The effects of chronic alterations, for example the long term administration of CCBs on
regulation of transport in the small intestisie have not been reported. It is unknown how
CCBs might influence intestinal membrane composition, morphology and nutrient transport
function (sce section on "Intestinal Adaptation”). Although Na-dependent glucose uptake

is not affected by altering Ca levels in these skort term studies, direct in vitro measurement

of the substrate uptake itself has not been determined. Furthermore, direct eifects of the
CCB:s on the intestinal uptake of lipids and sterols have not been determined.

In addition to stimulating ileal electrolyte absorption, CCBs have a similar affect on
water absorption in the ileum and colon (Donowitz et al, 1985). The dose of verapamil that
causcs maximal stimulation of water absorption is similar to a standard cardiac therapeutic
dosc of 240 mg for a 70 kg adult. Thus, the effects of CCBs on water and electrolytc
absorption suggest a potential clinical use for this drug in the treatment of diarrheal diseases.
Cardiac and non-cardiac adverse effects of CCBs have been reported in hypertensive patients
treated with chronic administration of verapamil. The most commontly reported side-effect
is constipation; others less common effects include headache, dizziness, fatigue, flushiag and
nausca (McTavish and Sorkin, 1989). Cardiac adverse effects reported include bradycardia,
palpitations and orthostatic hypotension. Similar effects have been reported for other classes
of CCBs.

1.10.6) THE PARACELLULAR PATHWAY AND CALCIUM

A conductive pathway for ions and solutes in parallel with the transcellular pathway

has been demonstrated in the small intestine and other cpithelial tissues. Electron

microscopy and freeze fracture studies have shown that there are apparent fusion sites
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between adjacent epithelial cells characterized by lincar interconnccting strands or grooves
at the fusion points. Ions and water may move passive. ' rough these junctional spaces
between cells which are enllectively referred to as "tight junctions™; the entire conductive
pathway has been designated the extracellular or paracellular shunt pathway.

The ionic concuctance of this paracellular pathway accounts for approximately 90%
of the total tissue conductance in small intestine (Armstrong, 1987). Thus, alterations in the
properties of this highly conductive pathway may have important cffects on the propertics
and potential difference across the entire tissue as well as poteatially affecting transcellular
transfer of solutes.

The composition of the interconnected "strands” of the tight junctions is unknown
(Madara, 1989). Both lipid and more likely, protein compomreats have been postulated.
These structures have been proposcd to represent a resistive barrier within the tight junction
and thus potentially determine the functional characteristics of the junctions. Although
subject to criticism, it has been proposed that "le=ky epithclial systems" arc characterized by
fewer strands (and thus lower resistance and higher conductance) while "tight cpithelia® have
multistranded tight junctions (Madara and Marcial, 1984). However, in the small intestine,
tight junction structure appears to be variable between crypt and villus cells and within cach
cell type. Thus, this structure-function rclationship may be somewhat simplificd for
heterogenous tissucs.

Tight junctions exhibit rapid structural and functional changes in responsc to changes
in extracellular and intracellular environments. Under normai circumstances, the paracellular
pathway is cation selective and demonstrates a characteristic selectivity pattern for several
monovalent ions. In jejunal villus absorptive cells, exposure to mucosal osmotic loads

resulted in increased transepithelial resistance, reduced cation selectivity and a subpopulation
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of absorptive cells acquired additional tight junction strands (Madara and Marcizl, 1984).
Exposure to various buffers and cyclic AMP also affect structure and function; in the latter
case the effects were reversible.

In several cpithelia, including small intestine, depletion of extracellular Ca by Ca
chelators has altered tight junction structure and/or function (Donowitz and Madara, 1982;
Madara and Marcial, 1984). These effects appear to be specific to Ca and may be reversed
upon addition of this ion to the solution bathing the tissue.

A varicty of techniques have demonstrated mixing of apical and basolateral domains
following depletion of extraccllular Ca possibly due to disruption in junctional strands
(Madara and Marcial, 1984). Under normal circumstances these structures likely provide
barricrs to prevent lateral diffusion of proteins between apical and BLM. Lowered
extracellular Ca in the external environment aiso produces decreased transepithelial
resistance and in some tissues alterations in charge selectivity. In the studies of Na and i
regulation reported above, depleting extracellular Ca irreversibly increased the conductarice
of the tissues studied. However histologic and functional parameters appeared to be normal
(Donowitz and Asarkof, 1982). It is uncertain what effects CCBs have on the tight junctions
or if intestinal exposure to these agents would reduce Ca levels enough io alter
transcpithelial resistance.

The mechanisms responsible for the Ca-mediated and other reported effects on the
paracellular pathway in the small intestine are unclear. One proposal suggests that the
cytoskeleton of epithelial cells may interact with the tight junctions and that altered
propertics and functions of the junctional complexes are mediated via effects on the
cytoskelcton (Madara, 1989). However, more work is needed to clearly define the nature

of the relationship between tight junction structure/function and Ca concentration. The
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effects of chronic alierations in celtular Ca such as with the long term administration of CCBs

is unreported.

1.11) ATHEROSCIFROSIS

1.11.1) GENERAL

Early definitions of atherosclerosis generally refer to a degencrative process involving

progressive hardening of the blood vessel wall. Today it is recognized that atherosclerosis
is the final common result of several complex intcractions between cells of the arterial wall
and a number of blood components. Alterations in adhesion, migration, proliferation and
transformation of several cell types including platclets, monocyte-macrophages, endothelial
cells and smooth muscle cells are involved (Steinberg, 1987).

The interaction of the pathogenic pathways is complex and scveral theorics have been
developed to explain the sequence and manner in which atherosclerosis develops and
progresses at the cellular level. Although there is no universal agreement there arc two
theories of atherosclerotic development and particularly initiative cvents that are widely
quoted. The "response-to-inju.y theory" originally put forward by Ross and Glomsct (1976)
and recently modified by Ross (1986) implicates endothelial physical and functional injury
as a crucial event in the development of atherosclerosis. Scveral events may alter the state
of the endothelium including elevated LDL levels and hypcrtension. The "lipid theory” of
Brown and Goldstein (1984) proposes that excess deposition of lipid in the vesscl wall
initiates the atheroma. The apparent overlap and detail of these two thcorics becomes
evident in the following discussion.

Two major "forms” of atherosclerotic lesions have been described including the fatty

streak and the fibrous plaque. Based on recent morphological studics involving dict-induced
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hynercholesterolemic nunhuman primates (Faggiotto et al, 1984; Faggiotto and Ross, 1984)
it has been observed that there is an early sequence of cellular events leading to the
development of a fatty streak similar to that seen in lumans. These include in summary: 1)
adherence of circulating monocytes to the endothelium; 2) transendothelial migration of these
monocytes; and 3) accumulation of monocyte-derived lipid filled macrophages (i.e. foam
cells) in the subendothelium. Thus, the fatty streak is characterized by the accumulation of
thesec foam cells and a variable portion of smooth muscle cells (SMC), as well as
T-lymphocytes, and an extraceliular matrix of lipid, collagen, elastin and proteoglycans.

This fatty streak is non-obstructive and probably forms the precursor for the more
advanced fibrous lesion. With continued cholesterol feeding in nonhuman primates (5
months) there is continued subendothelial monocyte migration and foam cell accumulation
as well as the gradual movement and proliferation of SMC from media to intima.

The endothelial cells may retract (i.e. denudation) exposing the underlying connective
tissuc and macrophages. According to the "injury hypothesis” the interaction of the early
lesion with platclets that release platelet derived growth factor (PDGF) is the important
stimulating cvent to initiate SMC proliferation and migration. :ow~ver, macrophages,
cndothelial cclls and SMC themselves also produce PDGF as well as other growth factors
and chemoattractants. Thus, as proposed in a modified version of the initial theory,
denudation does not need to occur as growth factors from the above cells likely mediate
SMC changes in arcas where the endothelium remains intact (Ross, 1986).

Thus, the progression of atherosclerotic lesions involves the continued interaction of
the SMC (the major cell type in the fibrous plaque) and a number of factors produced by
the arterial wall. More study is required to determine the relative importance of the various

cells and growth factors in the in_vivo situation.
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The composition of the lesion may vary but is generally characterized by a necrotic
core of cellular debris, lipid, cholesterol, Ca deposits, with overlying SMC, macrophages and
T-lymphocytes, cz,;ped with a fibrous layer of SMC, leukocytes and connective tissue (Ross,
1986).

1.11.2) HYPERLIPIDEMIA AND ATHEROSCLEROSIS

The relationship between hyperlipidemia and atherosclerosis has been  well
established by a wealth of experimental, clinical, genetic, epidemiologic and intcrvention data.
The cholesterol that accumulates in the atherosclerotic lesions originates primarily from the
lipoproteins in the circulation. While it is generally agreed that the cholesterol in the LDL
and B-VLDL blood fractions are atherogenic, the exact mechanisms of their role arc not yet
conclusive (Steinberg, 1987).

Chronic exposure to elevated circuiating LDL may have a dircct injurious affect upon
the endothelium. Jackson and Gotto (1976) have suggested that alterations in the
cholesterol: PL ratio of plasma membranes in epithelial cells may increase membrane viscosity
thus altering the nature of the cell, resulting in denudation and possibly promoting monocyte
adhesion. Others have reported that excessive cholesterol feeding alters the normal
endothelial property of repulsing thrombocytes and monocytes (Ross, 1986). The LDL may
also play a role by interacting with other systems that favour lesion formation such as
ip~-~asing aggregation of platelets. In addition, excessive LDL may promote more rapid
release of growth factors from arterial cells (Yatsu and Fisher, 1989).

In accordance with the "lipid theory", elevations in cholesterol-carrying lipoprotcins
may result in increased uptake of cholesterol across the arterial wall.  As outlined in the

"lipoprotein metabolism" sectior, the LDL receptor is involved in the highly regulated entry
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of extraccllular cholesterol to both hepatic and extrahepatic cells as described by Brown and
Goldstein (1986).

In vitro incubation of monocyte-macrophages with high concentsations of LDL does

not promote excessive deposition of cholesterol in these cells. This led Brown and Goldstein
(1984) to postulate that alternate receptor mechanisms that bind modified forms of LDL are
operative in the formation of monocyte-derived foam cells. Their studies demonstrated that
chemical acetylation of LDL resulted in enhanced uptake into murine macrophages by a
saturable, specific, reeeptor mechanism. Unlike the native LDL receptor, the activity of this
"scavenger cell receptor” is nei downregulated by the intracellular content and thus continues
to accumulate the modified LDL. These CE-filled macrophages are reportedly similar to the

in vivo foam cells in many respects. Other chemically modified forms of in vitro LDL have

demonstrated similar activity through alternate pathways (Steinberg et al, 1989; Haberland
and Fogelman, 1987).

A modificd form of LDL in_vivo has not been directly demonstrated, however
convincing arguments for oxidized LDL as a potential candidate have been presented
(Stcinberg ct al, 1989). It has been proposed that peroxidation of the fatty acids in LDL
lipids may initiatc a scrics of events that directly modify the LDL apo-B (possibly critical
lysinc residues) to produce a form recognized by the scavenger cell receptor (Haberland and
Fogelman, 1987). Several properties of the oxidized LDL (chemoattractant for monocytes,
cytotoxic effects and inhibitor of macrophage motility) suggest a potential rolc in the
atherogenic process. Furthermore, it has been suggested that Probucol (a lipid lowering
agent and potent anti-oxidant) may inhibit atherosclerosis independently of its lipid lowering

clfccts (Carew ct al, 1987).
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Although severz! of these assertions may be challenged and further study is needed,
the potential role of lipoprotein alteration as an event associated with pathogenesis of
atherosclerosis is an intriguing possibility. Furthermore, the presence of alternate or
sonreceptor-mediated uptake mechanisms for cholesterol may be quantitatively significant
.n some tissues (Meddings et al, 1987; Dietschy, 1984). Thesc sites may a'“o represent a
potential target of regulation by Ca or CTBs.

1.11.3) CALCIUM AND ATHEROSCEEROSIS

It is well established that the Ca content is increased in atherosclerotic arterics.
Classically, it has been suggested that enhanced calcification might be a secondary cvent in
the atherosclerotic process. Recent cvidence however, has implicated Ca as a causal
component (Strickberger et al, 1988). Specifically, it has been speculated that intraccllular
Ca may act as a pathogenic second messenger in the atherosclerotic process (Phair, 1988).
This suggestion has been stimulated by the obscrvation that enhanced Ca cntry may occur
as an early event in the initiation of the athcrosclerotic lesion. The Ca accumulates intra and
extracellularly. However, the consequence of the intracellular Ca accumulation and how this
behaves as a second messenger is unknown.

These speculations and observations have led to extensive experimental work with
CCBs in an attempt to manipulate the cellular influx of Ca and determine the resulting
impact on the atherosclerotic development.

As described further in "Chapter 2" {Introduction), the administration of CCBs from
cach of the three major classes including phenylalkylamines, dihydropyridines and
benzodiazepines has been shown to be antiatherogentic in scveral animal modcls. It is
currently thought that these agents do attenuate the development of atherosclerotic lesions.

However, there have also been negative reports in the literature, which have created
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confusion and a lack of consensus regarding the effectiveness of these agenis and the cxact
role of Ca in atherosclerosis. Furthcrmore, there is little consistency in the literature in
terms of animal models, drug doses and administration routes; thus, cross-co avarison of the
reported results is difficult.

Nonctheless, several mechanisms for the putative antiatherosclerotic effects of CCBs
have been proposed. A list of the potential sites where Ca might be involved in the
pathogenesis of atherosclerosis and that may be altered by CCBs, is provided in Table 1-1.

AIMS OF RESEARCH

In vicw of the previously described background, a rescarch project was designed with
the following specific aims:
A) To test the hypothesis that there are multiple Ca channels in the jejunum.
B} To dctcrmine if Ca channcls play a role ‘n active or passive uptake of

lexoses and lipids in the jejunuin.
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TABLE 1-1:  Partial list of calcium-regulated processes at the artenal wall level that may

be altered by calcium antagonists.

This table has been removed due to the unavailability of

copyright permission.

(Weinstein and Heider, 1987)
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FIGURE 1-1: The calcium messenger system initial and sustained branch.

The shaded arca in each panel represents the plasma
membrane. During the initial phase (left), the main flow of
information is through the calmodulin (CaM) branch of the system.
Hormone-receptor  interaction leads to the hydrolysis  of
phosphatidylinositol-4,5-bisphosphate (PIP,), giving rise to
diacylglycerol (DG) and inositol 1,4,5-trisphosphate (IP;). The water-
soluble IP; stimulates the release of Ca** from the endoplasmic
reticulum, causing a transient rise in the concentration of Ca**
(Ca?*c). ‘This rise in the Ca** concentration is responsible for
activating CaM-dependent protein kinases. These enzymes catalyze
the phosphorylation of a subset of cellular proteins (Pr,P) that are
responsible for the initial phase of the cellular response. The
increase in the DG content of the plasma membrane, along with the
transient rise in the Ca** concentration, brings about the shift of
protein kinase C from its Ca**-insensitive form £X7 to its Ca**-
sensitive form @ Hormone-receptor interaction also leads to
stimulation of the rate of Ca** influx \U’ and, secondarily, to the
CaM-dependent activation of the plasma membrane Ca** pump’
This increase in Ca** cycling lcads to an increase in the amount of
Ca** within a submembrane cellular domainC&which regulates the
activity of the Ca**-sensitive form of protein kinase C. During the
sustained phase of the response (right), the Ca** concentration falls
back to its basal value, and the activity of CaM-dependent protein
kinases decreases so that this subset of cellular proteins (Pr,P) is no
longer phosphorylated. However, the increases in plasma membrane
Ca** cycling and in DG are sustained and are responsible for the
sustained activation of C-kinase. C-kinase, in tumn, catalyzes the
phosphorylation of a second subset of cellular proteins (PryP) that
are responsible for controlling the sustained phase of cellular
response.

Note: Model based on Angiotensin IT Action on Adrenal
Glomerulosa Cells (Rasmusscn 1986a).
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FIGURE 1-1

DIAGRAM OF CALCIUM MESSENGER INITIAL AND SUSTAINED BRANCH HAS

BEEN OMITTED FROM THE THESIS DUE TO COPYRIGHT PROTECTION

(Rasmusscn 1986a)
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FIGURE 1-2: Sodium transport processcs in ihe jejunur.
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*Experimental evidence suggests that these transport mechanisms may not exist in jejunal

tissue.
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CHAPTER 2

DIFFERENTIAL AND INTERACTIVE EFFECTS OF CALCIUM CHANNEL
BLOCKERS AND CHOLESTEROL CONTENT OF THE DIET ON JETUNAL UPTAKE
OF LIPIDS IN RABBITS!

2.1) INTRODUCTION

Pharmacologic agents that block calcium entry into cells may be chronically
administered for the treatment of several disorders including angina pectoris, hypertension,
supraventricular tachycardia and posthemorrhagic cerebral vasospasm (Vaghy et al, 1987).
In addition, numerous accounts of the potential antiatherogenic effects of these compounds,
collectively referred to as calcium channel blockers (CCBs), have been reported (Henry and
Bentley, 1981; Roulcau et al, 1983; Blumlein et al, 1984; Willis et al, 1985; Fronek, 1988;
Catapano et al, 1988; Sugano et al, 1986, Senaratne et al, 1991). Administering CCBs to
animals fed a high cholesterol diet (HCD) reduces the formation of atherosclerotic lesions
by a mcchanism that is still unclear (Henry, 1985; Hof et al, 1990). Studies in humans also
suggest a favourable influence of CCBs on atherosclerosis (Lichtlen et al, 1990). Several
anti-atherosclerotic actions related to the blockade of calcium entry have been proposed
including: inhibition of arterial smooth muscle cell proliferation and migration (Nakao et al,
1983; Betz, 1988; Jackson et al, 1989), hypotensive effects, and protection from arterial cell
necrosis due to reduced "calcium overload” (Henry, 1985, 1987). Cell culture experiments
have suggested that some CCBs alter metabolism of low-density lipoproteins (Ranganathan

ct al, 1982), enhance LDL receptor activity (Paoletti et al, 1988) or promote cholesterol ester

' To be submitted to LIPIDS 1991
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hydrolase activity in lipid-rich acrtic smooth muscle cclls (Etingin and Hajar, 1985). It is
possible that other ancillary properties of CCBs also excrt an antiatherosclerotic cffect
(Weinstein and Heider, 1987; Hof et al, 1990).

In contrast, some groups have reported that the administration of CCBs has failed
to significantly reduce atherosclerosis (Naito et al, 1984; Stendcr et al, 1984; Diccianni ¢t al,
1987; Kritchevsky, 1988). These negative results, in addition io the varicty of available CCBs,
the diversity of dietary cholesterol:drug ratios 21d experimental specics, as well as the various
drug administration routes, have made it difficult to conclusively define the mcchanism and
effects of CCBs on atherosclerosis.

Using a rabbit model of atherosclerosis, we have obscrved a 23-44% reduction in
serum total cholesterol levels in animals administered the CCB nisoldipine (N) (oral dosc 1
mg/kg) simultaneously with the initiation of a HCD (Senaratne ¢t al, 1991). In addition,
aortic cholesterol content is significantly diminished by feeding N. Recductions in scrum
cholesterol levels have been reported by others. For example, Sugano ct al (1986) reported
significantly lower total and LDL plasma cholesterol levels in Japanese white rabbits fed a
1% cholesterol diet plus daily intraperitoneal injections of diltiazem (50 mg/day). In
hypercholesterolemic rats, high doses of oral nicardipine (100 mg/g) reduced scrum VLDL
and LDL (Ohato et al, 1984). Furthermore, HDL levels were significantly incrcased in this
model when nicardipine was given. At lower nicardipine doscs (10 mg/kg) total cholesterol
levels (mg/dL) were lower, but the difference did not achicve statistical signilicance. In
Dutch-belted rabbits 2% dietary cholestcrol plus oral nicardipine 40 mg/kg given twice daily
resulted in a 42% reduction in the cholesterol content of the plasma VLDL/chylomicron
fraction. Interestingly, however, nifedipine at the same dose did not cxert this effect,
suggesting that not all CCBs have ‘he same effect on cholestcrol metabolism (Willis ¢t al,

1983). In a small group of human patients with angina pectoris, modest scrum lipid
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reductions and beneficial effects of verapamil (V) on LDL:HDL levels have been reported
(Walldius, 1983).

In view of the ubiquitous role of calcium in the regulation of cell function, it is
reasonable to speculate that long-term altered influx of calcium may have important effects
in tissues other than the blood vessels involved in the atherosclerotic process. Recenly,
radioligand binding and short circuit current studies have suggested the presence of
voltage-dependent calcium channels in rabbit ileum (Homaidan et al, 1989). The magnitude
of the effects in intestine may vary with different classes of CCBs.

The cffccts of chronic intestinal CCB exposure on lipid uptake processes in the small
intestine have not been reported. Thus, this study was undertaken to determine if the in
vitro jejunal lipid uptake was affected by the administration of two different classes of CCBs,
a 1,4-dihydropyridine N, nisoldipine and a phenylalkylamine V, verapamil. We wished to test
the hypothesis that N modifies plasma lipid levels by way of inhibiting the intestinal uptake
of long chain fatty acids and cholesterol. The results suggest that modification of the
intestinal uptake of lipids does not represent the mechanism by which N may reduce serum

and tissue levels of lipids in the rabbit.

2.2) METHODS

2.2.1) ANIMALS
The study was conducted using 60 male New Zealand White rabbits, 8-10 weeks old

and weighing 1.5-2.0 kg. All animals were maintained on Baby Rabbit Pellets® (United
Fceds, Edmonton, AB) for 1 week before being randomly assigned to control or to
cxperimental groups. The rabbits were housed individually under the same conditions, with
controlled lighting and ventilation conditions. Food intake and body weight were monitored,

and watcr was provided ad-libitum. Blood samples were collected from the middle ear vein
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for determination of serum cholesterol, triglyceride and glucose concentrations at the
initiation and completion of the treatment period.
2.2.2) STUDY DESIGN

The study was designed to determine if jejunal nutrient uptake in vitro was affected
by short-term (acute) intestinal exposure (6 and 36 minute) and long-tcrm (chronic) exposure
(3 week feeding) to the dihydropyridine dcrivative, nisoldipinc (N) and to the
phenylalkylamine, verapamil (V). Acute effects of N exposurec were determined for the
jejunal uptake of cholesterol and palmitic acid (16:0). Caronic effects of N or V were

determined for cholesterol, stearic acid (18:0), oleic acid (18:1) and linolcic acid (18:2). For

all studies, a previously-validated method for determining in vitro nutricnt uptakc in intact
intestinal tissue was used (Westergaard and Dietschy, 1974).
A) Acute Experiments

In the acute experiments one group of 12 animals was maintainced on chow (hereafter
"low cholesterc! diet" or "LLCD") and a second group of 12 rabbits was fed the same pellets
modified to contain 2.8% cholesterol (w/w), referred to as "high cholestcrol dict" or "THCD".
The cholesterol content of the LCD was not determined in this study. In a previous analysis
of a similar diet the cholesterol content was determined to be 0.06%. The HCD was
prepared by adding cholesterol (5-Cholesten-38-ol; Sigma Chemical Co., St. Louis, MO) to
the low cholesterol pellets. Briefly, 4 kg allotments were thoroughly mixed with 100 o of
cholesterol dissolved in 500 g of ethyl ether (rcagent grade; Fisher Scicntific Ltd., Fair Lawn,
NJ). The prepared food mixture was then spread out on trays and placed in a fume hood
to dry for 48 hours. To validate this method, the cholestcrol content of eight random
duplicate samples of the prepared dict was estimated using a modificd Folch’s lipid

extraction procedure (Bowyer and King, 1977; Morin, 1976) and a commercial enzymatic
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colorimetric test for cholesterol determination (Boehringer Mannheim, West Germany). The
cholesterol content was determined to be 2.8%+0.2 (mean+SEM).
B) Chronic Experiments

For the chronic drug experiments animals were divided into "no drug" groups
including LCD (n=6 and 6) and HCD (n=6 and 6) and "drug administered” groups including
LCD plus N (n=6), LCD plus V (n=6), HCD plus N (n=6) and HCD plus V (n=6).

2.2.3) DRUG DOSES AND ADMINISTRATION

All feeding treatments were for a 3 week duration. Solubilized N and V (as
described below) were provided orally by syringe-feeding at daily doses of 1 mg/kg body
weight and 4 mg/kg, respectively. The dose of N was selected to duplicate the model of
Scnaratne ct al (1991) and to avoid hemodynamic effects of the drug. A dose of 1 mg/kg N
cffectively reduces atherosclerosis and is also well below the dose of 20 mg/day which was
previously shown to decrease mean arterial pressure in cholesterol-fed New Zealand white
rabbits (Fronek, 1988). The V dose of 4 mg/kg was selected to approximate clinical doses
uscd in humans (240-360 mg/day on average for a 70 kg body weight adult) (McTavish and
Sorkin, 1989), rather than the higher doses used in most reported animal studies (Rouleau
ct al, 1983; Blumlcin et al, 1984). This dose is also not associated with hemodynamic effects
(Blumlein ¢t al, 1984).

Preliminary studies with the administration vehicle used in this study (i.e. introduction
of aqueous solution by a syringe into the mouth) were shown to be without influence upon
the effect of cholesterol feeding (unpublished observations, Kappagoda, 1989). Thus, a
control vehicle was not used in the present study.

2.2.4) CHEMICALS
Unlabelled cholesterol and fatty acids, were all >99% pure as supplied by Sigma

Chemical Co. (St. Louis, MO). Taurodeoxycholic acid (TDC) was obtained from Calbiochem
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Corp. (La Jolla, CA). The compound used to measure the intestinal adherent mucosal fluid
volume, [*H]inulin (molecular weight approximately 5000), was obtaincd from Amcrsham
Canada Ltd. (Oakville, ON). The suppliers of the ['*C]-labelled compounds include
cholesterol from Amersham Canada Ltd. (Oakville, ON), and palmitic acid (16:0), stearic
acid (18:0), oleic acid (18:1) linoleic acid (18:2) from New England Nuclear (Boston, MA).
All other compounds used were of reagent grade as supplied by Fisher Scicntific Ltd. (Fair
Lawn, NJ).

N in powdercd form was provided as a gift from Miles Pharmaceutical Ltd. (Ncw
Haven, CT). The drug was solubilized in 3.5 mL of 95% cthanol (<1.5% of the final
administration volume) and distilled deionized water for oral administration. V-HCl was
obtained from Sigma Chemical Co. (St. Louis, MO), and was solubilized in distilled deionized
water. The drugs were concentrated in the solution so that thc average quantity of [uid
provided daily to achieve the required dose was 0.35 mL. The mcan quantity of cthanol
being received each day in the N administcred rabbits was 5.4 uL. This is well below the
amount of chronic ethanol (approximately 26 mL/day for 6-7 wecks) associated with altered
uptake of lipids and glucose in rabbit jejunum (Thomson, 1984a).

2.2.5) PREPARATION OF INCUBATION SOLUTIONS

Test solutions containing cholesterol or fatty acids were prepared as described
previously (Westergaard and Dietschy, 1976). Briefly, the solutions were prepared by adding
appropriate amounts of both the [“C}-labelled and unlabelled test compound to an
incubation beaker and dissolving these in 2 mL of chloroform/mecthanol (2:1, v/v). The
chloroform/methanol phase was evaporated under nitrogen and 150 mL of taurodcoxycholic
acid (TDC) solution in Krebs-bicarbonate buffer (pH 7.4) was added. Solutions containing
cholesterol were sonicated for 15 minutes at 40-42°C in a Branson 1200 sonicator.

Appropriate amounts of {*HJinulin were added and all solutions were stirred at 37°C with
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a magnetic bar for 3 hours. All fatty acid . ~re o2trstions ir. -ne micellar solutions were 0.1
mM in 20 mM TDC. Cholestero} converir.-ions of .. . m34 in both 10 and 20 mM TDC
were used.

For the acute studies, tesi solutions were prepared i+ described above with the
addition of N in conccriraticns ranging from 10°M w 10%Ms.  All preparation and
cxperimentation with M eas conducted in a darkenei room to avoid possible
photodegradation of the drug.

2.2.6) TISSUE PREPARATION

The rabbits were anesthetized with pentobarbitone sodium (25 mg/kg), and the
jcjunal segment was quickly removed and rinsed with 150 mL of ice cold saline. The
scgments were opened along the mesenteric border, rinsed gently with 50 mL of saline and
were cut into several smaller sections of approximately 1.5 cm length. These sections were
then mounted as flat sheets in incubation chambers clamped between two plastic plates to
allow exposure of the mucosal surface to the incubation medium through an aperture exactly
1.4 cm in diameter.  The mounted chambers were placed in beakers containing 150 mL of
oxygenated Krebs-bicarbonate buffer at 37°C for a preincubation period of 30 minutes. All
solutions were mixed at identical rates with circular magnetic bars to reduce the resistance
of the intestinal unstirred water layer. This allowed for the better assessment of the
transport properties of the brush border membrane (Westergaard and Dietschy, 1974). The
stirring rate in this study was adjusted precisely to 600 revolutions per minute using a strobe
light. For acute exposure experiments half of the tissues were preincubated in
Krebs-bicarbonate containing N ranging from 10*M to 10“M for 30 minutes, while the other

half were preincubated in the drug free Krebs solution for the same time period.
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2.2.7) DETERMINATION OF RATES OF UPTAKE

After the 30 minute preincubation period, the transport chambers were transferred
to beakers containing the radiolabelled test solutions for a strictly timed incubation period
of 6 minutes. The experiment was then terminated by removing the chamber and quickly
rinsing the mounted tissue in cold saline. The tissue segments were cut out from the
transport chamber using a circular steel punch, were placed on glass slides and dricd
overnight at 55°C in a drying oven. After determining the dry intestinal weight, the tissuc
pieces were transferred to scintillation vials and were saponified in 0.4 N sodium hydroxide.
Scintillation fluid was added and radioactivity was determined by mcans of an cxtcrnal
standardization technique to correct for variable quenching of the two isotopes. The rate of
uptake was calculated after correcting the total tissue [*C]-radioactivity for thc mass of probe
molecule preseat in the adherent mucosal fluid.

The rate of lipid uptake was expressed as the nmol of probe molecule taken up into
the mucosa per 100 mg dry weight of mucosa (nmol/100 mg mucosa-min™). The wcight of
the mucosa as well as the ratio of mucosa:submucosa was determined by scraping the
mucosal layer from the underlying layer with a glass slide. Uptake rates were also calculated
as nmol of probe taken up per minute per unit serosal surface arca.

The values obtained for the different groups of animals are reported as the
mean+SEM of the results from 6-12 animals in each group.

2.2.8) SERUM CHOLESTEROL AND TRIGLYCERIDE DETERMINATION

The cholesterol, triglyceride, and glucose measurcments in the scrum were

determined by the use of an automated system (Multistat III, Instrumentation Laboratorics,

Lexington, KY) which incorporated the methods of Allain ¢t al (1974) and Pinter ¢t al

(1967).
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2.2.9) MORPHOLOGY

The morphology of the jejunal tissue was assessed as previously described {Ecknauer
ct al, 1982; Keelan et al, 1985a, 1985b). Morphological measurem znts were done on 1 cm
sections of tissue fixed in Bouin’s solution, dehydrated and embedded in paraffin. Sections
were cut at a thickness of 5,m for light microscopy, mounted on glass slides and stained with
hematoxylin and cosin using standard techniques. A Scopion projecting microscope was used
to project the tissue sections at 1000-fold magnification. Measurements of villus height, villus
width at 1/2 height, villus bottom width and crypt depth were obtained from vertical tissue
scctions. Measurement of villus thickness (a second dimension of villus width) was obtained
from transverse tissue sections.

The villus surface area (VSA, pm?villus) was calculated according to the fullowing
formula:

VSA = (2xMxH)+(2xM-A)xD +(2xDx(((A-M?)+ (H)?))"*x1000
where H = villus height; M = villus width at 1/2 height; A = villus bottom width; D =
villus thickness at 1/2 height. To estimate villus density, the number of villi per millimeter
were measured in longitudinal and horizontal cross-sections, and were then multiplied
together to obtain the number of villi per mm? serosa. At least 10 villi were assessed per
scction. The mucosal surface area (MSA, mm?%mm? serosa) was calculated from the formula:
MSA = number of villi/mm? serosa x VSA (mm?Nvillus)
2.2.10) STATISTICAL ANALYSIS

The statistical significance of the difference between means was determined using a

two-way analysis of variance procedure followed by the Student-Neumann Kuels multiple

range test and unpaired t-tests to determine differences between individual treatment means.



Page 120

2.3) RESULTS
2.3.1) ANIMAL CHARACTERISTICS

The oral administration of nisoldipine (N) and verapamil (V) was well tolerated, and
there were no deaths or significant adverse events during the 3 weck course of the study.
All rabbits consumed the same amount of food, with the exception of the higher food! irtake
in animals fed the low cholesterol diet (LCD) plus N as compared with LCD, yet body veeight
gain was equal among all groups (Tables 2-1 - 2-3).

As expected, serum cholesterol and triglyceride concentrations were higher in animals
fed high cholesterol diet (HCD) as compared with LCD. Adding V to LCD or HCE did not
significantly affec* these lipid levels. However, rabbits fed HCD plus N (Table 2-2) had
lower serum cholesterol levels (880.6+93.6 mg/dL in HCD versus 587.5+22.6 mg/dL in HCD
plus N). Although serum triglyceride levels were lower in HCD plus V versus HCD (Table
2-3), this difference was not statistically significant. Serum glucose levels were similar in LCD
or HCD with or without N or V (Tables 2-2 and 2-3).

2.3.2) INTESTINAL MORPHOLOGY

Adding N or V to HCD lowered the ry weight of the jejunum (HCD pilus N or HCD
plus V versus HCD), but adding calcium channel blockers (CCBs) to LY .. 'id not affcct the
weight of the jejunum (Table 2-4). Because of these differences in jejunal weight, and the
lower percentage of the intestinal wall comprised of mucosa in HCD plus V, rates of uptake
were expressed on the basis of the dry weight of thec mucosa rather than the dry weight of
the entire wall of the jejunum.

The villus height was significantly increased in the HCD plus N and HCD plus V
groups as compared to the HCD animals not given CCBs, but becausc of adjustments in the
dimensions of the width and thickness of the villus, the mucosal surface arca was not altercd

among any of the animal groups.
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2.3.3) LIPID UPTAKE

A) Acute Studics
The jejunal uptake of 0.1 mM cholesterol and 0.1 mM palmitic acid (16:0) in 20 mM

taurodcoxycholic acid (TDC) was unaffected by short-term exposure to increasing
concentrations of N (Tahles 2-5 and 2-6). The lack of effect was observed in rabbits fed
cither LCD or HCD.

B) Chronic Studics

The feeding of N for 3 weeks had differential effects upon the jejunal uptake of
cholesterol depending upon the ratio of TDC:cholesterol in the test solution (Table 2-7).
When 10 mM TDC was used to solubilize the 0.1 mM cholesterol, uptake was increased in
both L.CD plus N and HCD plus N, as compared to LCD or HCD. In contrast, when 20 mM
TDC concentration was used to solubilize cholesterol, cholesterol uptake was rcduced in
LCD plus N as compared with LCD. A different pattern of effects was noted when V was
added to LCD or HCD: V increased cholesterol uptake in LCD (LCD plus V versus LCD),
yet decreased cholesterol uptake in HCD (HCD plus V versus HCD) (Table 2-8). Thus,
adding N or V to LCD increased cholesterol uptake, V lowered cholesterol uptake in HCD
yet N enhanced uptake in HCD. Both N and V increased the jejunal uptake of stearic acid
(18:0) in LCD. N had no effect on fatty acid uptake in HCD, whereas V lowered the uptake

nf sicaric and linoleic acids yet increased the uptake of oleic acid (Tables 2-7 and 2-8).

2.4) DISCUSSION

Diabetes, abdominal irradiation, bowel resection and changes in dietary lipids alter
the functional characteristics of the intestine and therefore affect rates of nutrient absorption
(Thorson et al, 1990; Thomson et al, 1989). The results of this study indicate that lipid

uptake into the jejunum is differentially affected by two classes of calcium channel blockers
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(CCBs). In addition, the direction of these effects is influenced by the level of cholesterol
in the diet. This effect of nisoldipine (N) or verapamil (V) is likely due to an adaptive
process in the intestine occurring over the 3 weeks of fecding, since N did not affect
cholesterol or palmitic acid uptake when added directly to the incubation medium (Tablces
2-5 and 2-6).

Interestingly, the ratio of cholesterol:taurodeoxycholic acid (TDC) uscd in the
solubilization of cholesterol affected the direction of uptake responsc in animals administered
N but not V. Increasing the ratio of TDC:cholesterol has previously been shown to lower jn
vitro cholesterol uptake, possibly due to reduced partitioning from the micclle to the
monomeric phase adjacent to the brush border membrane (Westergaard and Dictschy, 1976;
Thomson et al, 1983). It is possible that the effects of N plus LCD in achicving a reduction
in cholesterol uptake when solubilized in 20 mM TDC, yet enhanced cholestcrol uptake with
10 mM TDC (Table 2-7), may have been due to an effect of N on partitioning of cholesterol
from the TDC micelle. This possibility is strengthened by the observation of a variable effect
of N on cholesterol uptake in HCD. The directionally similar effccts of V on cholesterol
uptake in LCD and HCD with 10 and 20 mM TDC may be due to greater intestinal binding
of V (Homaidan et al, 1989) or to variable degrees of tissuc specificity among thc CCBs
(Katz, 1986; Hof et al, 1990).

A similar pattern was identified for the uptake of stearic acid; enhanced uptake of
this fatty acid in animnals fed N or V while on a LCD, but reduced uptake in animals given
W while on a HCD. However, not all of the fatty acids studied were influcnced in the same
manner (Tables 2-7 and 2-8). Heterogeneity of the uptake of lipids has been suggested from
a theoretical perspective (Winne, 1978), and thc variable effect of N or V on the mono- or
polyunsaturated zs compared with the saturated fatty acids would support this vicw. In

addition, however, there were qualitative differences in the effect of N and V on the uptake



Page 123

of fatty acids. Thus, although the mechanisms of the effect of CCBs on lipid uptake have
not been established in this study, the mechanisms appear to vary between these two
different classes of CCBs.

The diffcrential effects of N and V on the intestine were particularly apparent in the
animals fed HCD, and this differential effect has been noted in other tissues. In
cholesterol-enriched but not in control perfused rabbit aorta, V and iltiazem have been
shown to antagonize the effect of norepinephrine-stimulated calcium influx (Bialecki and
Tulenko, 1989). These authors suggested that cholesterol enrichment of the plasma
membrane may have cxposed sites that were otherwise unavailable for binding to these
CCBs. Since different CCBs appear to bind to different sites on calcium channel proteins
(Glossman ¢t al, 1985), it may be speculated that in our cholesterol-fed model alterations in
cnterocyte membrane lipid composition achieved by feeding cholesterol (HCD versus LCD)
(Brasitus, 1987) may affect the binding site for V differently from that of N.

Several possible mechanisms of intestinal adaptation to various stimuli have been
suggested (Thomson et al, 1989, 1990), including changes in the effective resistance of the
unstirred water layer (UWL) or the lipid composition of the brush border membrane
(Keclan, 1985a, 1985b, 1985c; Brasitus and Schacter, 1985; Stenson et al, 1988; Thomson et
al, 1984b, 1990). It has been repoited that the effective resistance of the UWL was
decreased in the cholesterol fed animals, and this would be expected to be associated with
a higher uptake of lipids (Th >mson, 1982a; Thomson et al, 1987). In this study we did not
asscss the effcctive resistance of the UWL. However, we did observe a reduced uptake of
most lipids in HCD plus *" and no reductions in HCD plus N (Tables 2-7 and 2-8). Thus,
it is unlikely that the effect of N or V on cholesterol or fatty acid uptake was due to an affect
on UWL resistance The movement of lipids through the intestinal brush border membrane

is believed to be ‘nainly a passive process, although a carrier-mediated component has been
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suggested for fatty acids and possibly cholesterol (Stremmel, 1985, 1988). In vitro CCBs have

been associated with the de novo synthesis of LDL receptors, suggesting their potential for

synthetic activity of membrane-bound proteins (Paolctti ¢t al, 1988). We have not assessed
the effect of N or V on brush border membrane lipid composition or membranc fatty acid
binding protein.

In spite of a significant increase in villus height in both the HCD plus N and HCD
plus V animals, there were no variations in mucosal surface area between drug administered
versus control groups (Table 2-4). Two dimensional measurements (villus height and width)
of mucosal surface area do not necessarily provide reliable assessments of surface arca. For
example, in this study the villus density (number of villi/mm? serosa) decreased in HCD plus
N and HCD plus V, countering the increase in villus height, so that the mucosal surface arca
was unchanged. Thus, the results of this study cannot be explained on the basis of variations
in the intestinal mucosal surface area, nor can the results be explained on the basis of any
differences in the animals’ body weight gain or food intake (Tables 2-1 - 2-4).

A lack of correlation between mucosal surface arca and nutricnt transport function
has been reported in other studies (Keelan et al, 1985a, 1985c). The functional surface arca
for uptake across the villus may not be the same for all nutricnts (Chang ct al, 1987,
Cheeseman, 1986; Maenz and Cheeseman, 1986; Winne, 1978), so that changes in total villus
a mucosal surface areas may not necessarily be associated with changes in the functional
surface area used for nutrient uptake. Furthermore, the lack of a change in villus surfacc
area in an experimental setting does not necessarily signify the lack of change of the
functional villus surface area.

Polyamines (putrescine, spermidine and spermine) and their rate-regulating enzyme
ornithine decarboxylase (ODC) may be important in cell growth replication and

differentiation (Pegg and McCann, 1982). In an osteogenic sarcoma cc ¢ (UMR 106-01)
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V dose-dependently reduced basal and stimulated ODC activity (Langdon, 1984). The results
of this study suggest a role for calcium in basal ODC regulation, and a calcium, cAMP-
dependent mediation of stimulated ODC activity. It is unknown what the effects of chronic
CCB feeding on intestinal ODC activity might be. It has been observed that ODC levels are
higher in villous than crypt cells, implying polyamine involvement in mature or differentiating
intestinal cells (Baylin et al, 1978; Sepulveda et al, 1982). Thus, it might be speculated that
altered ODC levels wouid affect the functional portion of the villus with resulting effects on
nutricnt uptake. If cell migration or turnover is affected by polyamines, then reduced ODC
levels possibly achieved by feeding V or N might allow the enterocytes remaining on the
villus to maturc and to acquire greater transport potential. Static measurements of mucosal
surface arca do not indicate which portion of the villus and which particular functional
component may be affected by feeding cholesterol or CCBs, nor do they provide information
rcgarding cell proliferation, differentiation or migration rates. Thus, it is possible that the
CCBs resulted in a change in the dynamic morphology of the intestine and thereby influcnced
lipid uptake. This speculation awaits direct testing.

Effects of CCBs on intracellular lipid metabolizing enzymes (such as : atty acid
desaturase, acylation and deacylation enzymes, or the cholesterol and phospholipid
metabolizing enzymes) could alter brush border membrane lipid composition, thereby
resulting in altered permeability properties of the membrane (Garg et al, 1983; Brasitus and
Schacter, 1982). The enterocyte microsomes responsible for the desaturation and elongation
of fatty acids may be affected by dietary lipids (unpublished observations; Garg et al, 1989),
but it is unknown if calcium or CCBs play a role in their activity. Changes in the activity of
cholesterol esterifying or synthesizing enzymes could also potentially affect the uptake of
these lipids. A calcium, calmodulin dependent kinase has been suggested to play a role in

the short-term regulation (via phosphorylation and concomitant inactivation) of HMG-CoA
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reductase, the rate-limiting enzyme for cholesterol synthesis (Beg ¢t al 1987a, 1987b).
Reduced calcium flux might upregulate the expressed activity of HMG-CoA reductasc by
promoting the dephosphorylation of the enzyme. However, if a calcium-dependent step was
affected by the presence of CCBs in the enterocyte, it would be anticipated that both classes
of drug would affect intracellular synthesis of cholesterol and thereby would have
directionally similar effects on the brush border membranc composition of cholesterol
(Brasitus and Schacter, 1982). Caicium may play a direct role in modulating membranc lipids
by binding to anionic sites of thc membrane bilayer. However, in rat brush border
membrane vesicles intraluminal calcium decreased the fluidity by alterations in membranc
sphingomyelin content by unknown, presumably indirect mechanisms (Dudcja ¢t al, 1987).
Calcium-mediated alterations in lipid composition have also been observed in hepatocytes
(Livingstone and Schacter, 1980).

In cultured macrophages CCBs inhibit cholesterol esterification (Daugherty, 1987).
The mechanism for this action has not been defined, but it is apparently independent of the
calcium-blockade effect, and could involve a direct effect on the ACAT reaction in this tissuc.
Furthermore, not all classes of CCB drugs exhibizzd this inhibitory cffect. It is unknown
whether a similar effect might apply to the intestine, but clearly alterations in the activity of
ACAT also influence the intestinzi aptake of cholesterol (Tso, 1985). It is intcresting to
speculate that the upregulated state of ACAT following cholesterol feeding as well as
possible differential effects of CCBs on this enzyme could account for some of the variable
effects noted between CCBs and diet effects.

CCBs affect short circuit current (Isc) measured across the ileal tissuc, with V having
a quantitatively greater effect than other classes of CCBs (Homaidan ¢t al, 1989). This
change in Isc represents the net effect of calcium channel blockade on the flux of anions and

cations from the mucosa to the serosa, and from the serosa to the mucosa. In the presence
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of CCBs, equally cnhanced mucosal-to-serosal movement of sodium and chloride exceed
serosal-to-mucosal movement of these ions. Residual fluxes (likely bicarbonate ions) and Isc
are decreased (Donowitz and Asarkof, 1982). Removal of sodium from the bulk phase
reduces the uptake of fatty acids (Thomson, 1982b; Stremmel, 1988), but it is unknown what
cffect an enhanced mucosal-to-serosal flux of sodium might have on lipid uptake. In cardiac
myccytes and peritoneal mast cells, reductions in extracellular calcium increase sodium influx
and permeability; these effects are associated with an enhancement of sodium pump
(Na*/K*-ATPase) activity (Hagane et al, 1989; Knudsen and Johansen, 1989). It is unknown
whether calcium plays a role in the physiological control of the intestinal basolateral
membrane sodium pump, or whether CCBs exert an important influence. There appear to
be at Icast two isoforms of this ATPase in the intestine (Fedorak, 1990) which could also be
differentially affected by cholesterol feeding or by different classes of CCBs. CCBs in the
scrosal medium bathing jejunal tissue reduces the magnitude of glucose stimulated Isc in
LCD but not HCD animals (unpublished observations, Hyson et al, 1991). However, the
variable effect of V on the uptake of the three fatty acids examined in this study suggest that
the mechanism is not likely explained solely on the basis of altered effects on sodium
gradients across the enterocyte.

Studies in rabbit ileal brush border (Emmer et al, 1989 Rood et al, 1988) and
chicken cnterocytes (Semrad and Chang, 1987), have suggested a role for calcium in
regulating the activity of the intestine Na/H* antiporter. Protein kinase C and cAMP
mediated inhibition of the activity of the Na/H* antiporter was associated with increased cell
surface pH in rat jejunal villus cells (Shimada and Hoshi, 1988). Although calcium
ionophores did not cause a similar inhibition, it is unknown if altered intracellular calcium
levels were achieved; thus a role for calcium was not ruled out. It is unknown if CCBs would

cnhance Na/H* exchange. However, it would be expected that increased activity of the
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antiporter would increase the pH of the acidic microclimate adjacent to the mucosal
membrane (Lucas et al, 1975). Since fatty acids would be protonated at a low pH, their
solubility in micelles would be reduced and partitioning into the lipid membranc would be
enhanced (Shiau, 1987). In this study both N and V enhanced stearic acid uptake in LCD,
and V increased the uptake of oleic acid.

Our initial interest of the possible cffect of CCBs on intestinal lipid uptake was
stimulated by the observation of the cholesterol-lowering effects (both serum and aortic) in
animals fed N simultaneously with a HCD (Senaratne et al, 1991). This cholesterol-lowering
effect of N was clearly not due to a decline in the intestinal uptake of lipids (Table 2-7).
While V reduced the uptake of lipids in HCD (Table 2-8), it did not reduce levels of
cholesterol in scrum (Table 2-3). Thus, it is likely that the cffect of N on cholesterol

concentration lies beyond the intestine.
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TABLE 2-1: Characteristics of animals used in the study of acute drug exposure.

LCD HCD
WEIGHT GAIN
(kg/3 weeks) 0.60x0.05 0.54+0.04
TOTAL FOOD
CONSUMED (g/3 wecks) 2313172 2364+154
CHOLESTEROL
INTAKE (g/3 weeks) n/a 59.10+3.84
SERUM PARAMETERS
(mg/dL)
Cholesterol (0) 85.4%5.0 79.7£5.6
Cholesterol (3) 77.9+10.7 841.5+132.5
Triglyceride (0) 80.0+7.5 109.3+16.4
Triglyceride (3) 81.2%13.5 132.6+16.9
Gliose (0) 161.0+21.6 1751314
Glucose (3) 112.7+16.2 135.6+7.0

Valucs are mean+SE; LCD = low cholestero! diet; HCD = high cholesterol diet;

(0) = value at initiation of study; (3) = value after 3 week feeding; n/a = not applicable

* p<0.05 LCD versus HCD
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TABLE 2-2: Characteristics of nisoldipine (N)-administered and control animals.

LCD LCD+N HCD HCD+N
WEIGHT GAIN
(kg/3 weeks) 0.64x0.03 0.63+0.05 0.64x0.05 0.57+0.05
TOTAL FOOD
CONSUMED
(g/3 weeks) 161454 1917119 1977x104 1805106
CHOLESTEROL
INTAKE
(g/3 weeks) n/a n/a 49.41+2.58  45.09+2.65
SERUM PARAMETERS
(mg/dL)
Cholesterol (0) 103.4+9.5 107.3+6.0 108.9+9.6 105.3+5.8
Cholesterol (3) 73.1+4.1 63.9+33 880.6+93.6*  587.5+22.6°¢
Triglyceride (0) 169.9+53.7 123.0+24.8 156.4+24.9 137.0£21.5
Triglyceride (3) 91.4%14.1 87.1+94 126.7£158  139.8+31.9
Glucose (0) 154.7+9.4 165.4x7.6 146.8+5.1 153.4+49
Glucose (3) 161.6+12.5 147.1+14.1 144.7+6.1 139.68.1

Values are mean+SE; LCD = low cholesterol diet; LCD+N = low cholcsterol dict plus
nisoldipine; HCD = high cholesterol dict; HCD+N = high cholestcrol diet plus
nisoldipine; (0) = value at initiation of study; (3) = value aftcr 3 week feeding; n/a = not
applicable

* p<0.05 LCD versus LCD+N

b p<0.05 HCD, HCD+N versus LCD, LCD+N
¢ p<0.05 HCD versus HCD+N
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TABLE 2-3: Characteristics of verapamil (V)-administered and control animals.
LCD LCD+V HCD HCD+V

WEIGHT GAIN

(kg/3 weeks) 0.72+0.04 0.64x0.06 0.65+0.09 0.60+0.08

TOTAL FOOD

CONSUMED

(g/3 weeks) 2421*153 194677 228771 2427+254

CHOLESTEROL

INTAKE

(g/3 weeks) n/a n/a 57.15+£1.76  59.82+7.04

SERUM PARAMETERS

(mg/dL)
Cholesterol (0) 62.4x3.9 100.4+9.3 103.1£5.9 71.5+8.1
Cholcesterol (3) 57359 70.4%6.2 1010.6+295.2* 992.1+217.8*
Triglyceride (0) 91.9+18.1 1212278  132.1%273  95.1%15.1
Triglyceride (3) 73.4+16.1 56.2+15.5 156.6+44.9*  108.6+27.2
Glucose (0) 147.0+11.2 139.5%5.4 2133%378  191.8%+29.1
Glucose (3) 154.3+8.9 145.8+10.3 156.2+5.4 155.8+16.7

Values arc mean+SE; LCD = low cholesterol diet; LCD+V = low cholesterol diet plus

verapamil; HCD = high cholesterol diet; HCD+V = high cholesterol diet plus verapamil;

(0) = value at initiation of study; (3) = value after 3 week feeding; n/a = not applicable

* p<0.05 HCD, HCD+V versus LCD, LCD+V
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TABLE 24: Jecjunal characteristics and morphology of study animals.

LCD HCD LCD+N HCD+N LCD+V HCD+V

Dry weight mg/unit
serosal surface area 35.7%+23 392+1.5 31.6%1.2 31.7+1.8" 34.1x1.3 32.5x1.6°

% of intestinal wall
comprised of mucosa 84.1x1.8 83.6x1.1 784+30 829%1.9 789*21 72212

Crypt depth (um) 50+29  43%25 5126 69x3.0" 44%27 44x2.1
Villus height (um) 603+£29 599+24  573+25 T17+33> 680+42 752+5(¢

Villus width at
half height (um) 94+4 126+6 984 1588 114+6  124+6

Villus bottom
width (um) 1147 135+5 122+5 166+6 1278 1347

Villus thickness
(um) 431+28 210+12 32730 390x50 34025 267x11

Villus surface
area (um?villus) 666+32 428+18 511+23 B46x45 65137 622x47

No. of villi/mm?
serosa 213+1.4 356%1.2 253+1.0* 15.7+0.6> 24.2+1.7 288+1.5°

Mucosal surface
area
(mm¥mm? serosa)  14.0£1.0 152+09 13.0+09 13.2+0.8 158115 17.8%1.5

Values are mean+SE; LCD = low cholesterol diet; LCD+N = low cholesterol dict plus
nisoldipine; LCD+V = fow cholesterol dict plus verapamii; HCD = high cholesterol dict;
HCD+N = high cholesterol diet plus nisoldipinc; HCD+V = high cholesterol dict plus

verapamil

* (p<0.05) LCD versus LCD+N
b (p<0.05) HCD versus HCD+N
¢ (p<0.05) HCD versus HCD+V
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TABLE 2-5: Effect of acute tissue exposure to nisoldipine (N) on jejunal

cholesterol uptake.

6 Minute Exposure to N 36 Minute Exposure to N
Incubation
Concentration (M)
of Nisoldipine LCD HCD LCD HCD
No Drug 0.09+0.01 0.14x0.02 0.07+0.01 0.05+0.01
10* 0.08+0.01 0.10+0.01 0.12+0.02 0.09+0.02
107 0.11+0.01 0.14+0.02 0.11+0.02 0.08+9.01
104 0.09+0.01 0.08+0.02 0.14+0.02 0.07+0.01
10 0.07%0.01 0.09+0.02 0.08+0.01 0.09+0.01
104 0.09+0.01 0.10x0.01 0.09+0.01 0.08+0.01

Values are mean+SE; LCD = low cholesterol diet; HCD = high cholesterol diet
The concentration of cholesterol was 0.1 mM in 20 mM taurodeoxycholic acid. The rate of

uptake was expressed as nmol/100 mg mucosa-min™.
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TABLE 2-6: Effect of acute tissue exposure to nisoldipine (N) on jcjunal palmitic
acid uptake.

6 Minute Exposure to N 36 Minute Exposurc to N
Incubation
Concentration (M)
of Nisoldipine LCD HCD LCD HCD
10 0.810.16 0.46+0.05 0.27+0.05 0.320.12
107 0.77+0.23 0.41+0.13 0.49+0.08 0.34+0.06
106 0.26+0.08 0.21+0.05 0.24x0.05 0.5 ol
10°% 0.39+0.09 0.42+0.09 0.22+0.03 0.31 2,06
104 0.32+0.07 0.24x0.06 0.33+0.05 0.27+0.05

Values are mean=SE; LCD = low cholesterol diet; HCD = high cholestcrol dict

The concentration of palmitic acid was 0.1 mM in 20 mM taurodcoxycholic acid. The rate

of 1ptake was expressed as nmol/100 mg mucosa-min™.
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TABLE 2-7: Effect of chronic oral nisoldipine (N) intake (1 mg/kg-day?) on

jejunal uptake of cholesterol anu fatty acid.

SUBSTRATE LCD ILCD+N HCD HCD+N
Cholesterol! 0.16+£0.03  0.08+0.02* 0.12+1.02 0.10+0.01
Cholesterol? 0.30+0.06 1.01x0.10* 0.13+0.02 1.31+0.13°
Stearic Acid (18:0) 0.30+£0.04 0.56x0.11* 0.30+0.04 0.46+0.04
Oleic Acid (18:1) 0.30+0.04 0.21+0.05 0.24+0.05 0.29+0.05
Linolcic Acid (182) 0.31%0.03 0.32+0.06 0.42+0.10 0.59+0.08

Values arc mean+SE; LCD = low cholesterol diet; LCD+N = low cholesterol diet plus
nisoldipin; HCD = high cholesterol dict; HCD+N = high cholesterol diet lus
nisoldipinc. The concentration of cholesterol was either (0.1 mM) in 20 mM
taurodeoxycholic acid (cholesterol!) or 0.1 mM in 10 mM taurodeoxycholic acid
(cholesterol?). The concentration of the fatty acids was 0.1 mM in 20 mM taurodeoxycholic
acid. The rate of uptake was expressed as nmol/100 mg mucosa-min.

* p<0.05 LCD versus LCD+N
b p<0.05 HCD versus HCD+N
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TABLE 2-8: Effect of chronic oral verapamil intake (4 mg/kg-day*) on jejunal uptake of

cholesterol and fatty acid.

SUBSTRATE LCD LCD+V HCD HCD+V

Cholesterol! 035003  0.94=0.11* 0.97+0.12 0.36x0.04°
Cholesterol? 0.53+0.05 1.08+0.15 0.95+0.07 0.41 £0.04
Stearic Acid (18:0) 0.89+0.07 1.29x0.11° 1.60+0.11 0.99£0.05"
Oleic Acid (18:1) 1.41+0.17 1.01£0.09 1.65+0.11 2.43+0.29°
Linoleic Acid (18:2) 1.21+0.12 1.12+0.10 1.95+0.21 1.45+0.12°

Values are mean+SE; LCD = low cholesterol dict; LCD+V = low cholesterol dict plus
verapamil; HCD = high cholesterol diet; HCD+V = high cholesterol diet pius verapamil
The concentration of cholesterol was either 0.1 mM in 20 mM tzurodcoxycholic acid
(cholesterol') or 0.1 mM in 10 mM taurodeoxycholic acid (cholesterol?). The concentration
of the fatty acids was 0.1 mM in 20 mM taurodeoxycholic acid. The rate of uptake was
expressed as nmol/100 mg mucosa-min*.

+ p<0.05 LCD versus LCD+V
® p<0.05 HCD versus HCD+V
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3

DIFFERENTIAL AND INTERACTIVE EFFECTS OF CALCIUM CHANNEL
BLOCKERS ON JEJUNAL UPTAKE OF HEXOSES AND SHORT CIRCUIT CURRENT
IN RABBITS!

3.1) INTRODUCTION

A role for free cytosolic calcium in active intestinal electrolyte secretion (Bolton
and Field 1977; Frizzell, 1977) and absorption (Donowitz and Asarkof, 1982; Donowitz et
al, 1985) has been demonstrated. In general, experimental manoeuvres aimed at increasing
intracellular calcium levels (e.g. increased ex:racellular calcium concentration and the use of
calcium ionophores) inhibit active sodium and chloride absorption and/or stimulate active
chloride sccretion (Bolton and Field, 1977; Frizzell, 1977 Donowitz and Asarkof, 1982;
Donowitz, 1983). Altcrnatively, in rabbit ileum, rat jejunum and rat colon, measures to lower
cytosolic calcium have been shown to stimulate electrolyte and water absorption. These
cffects have been demonstrated by reducing calcium in tissue bathing media or by adding
EGTA or calcium channel blocking drugs (CCBs) to solutions bathing the tissues (Hubel and
Callanan, 1980; Donowitz and Asarkof, 1982; Donowitz et al, 1985).

The response of a tissue to CCBs has commonly been used to i, the existence
of voltage-dependent calcium channels. Thus, several studies have suggested the existenrs
of gated calcium entry mechanisms in intestinal tissue (Donowitz, 1983; Donowitz & |,
1985). This argument has recently been strengthened by short circuit studies (Isc) of rabbit
ilcum (Homaidan ¢t al, 1989). In these studies, derivatives of the three major classes of

CCBs (phenylalkylamincs, dihydropyridines and benzodiazepines) influenced Isc and

' I'o be submitted to AMERICAN JOURNAL OF PHYSIOLOGY 1991
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therefore intestinal ion fluxes. Differing magnitudes of effects between classes of CCBs, as
well as radioligand binding studies, suggested the possibility of at Icast two different calcium
channels or binding sites in rabbit ileum. The putative channcls appeared to be localized on
the serosal side of the ileum, although this is not necessariiy the case for the rat jejunum
(Markowitz et al, 1985) or colon (Donowitz et al, 1985).

There is only limited information of ti.. :ole of calcium and calcium channcls on
nutrient uptake into the intestine. Fondacaro and Madden (1984) uscd rat jejunal brush
border membrane vesicles to study the acute effect of incrcased intravesicular calcium
concentration on [“C]-glucose uptake: glucose as well as valine uptake was significantly
inhibited in calcium-loaded vesicles and the authors suggested that intravesicular calcium may
suppress sodium-depcndent solute transport in the intestine. In view of the importance of
sodium electrochemical gradients in the transport of many nutricnts, it might be anticipated
that these sodium-dependent transport processes would be influenced by the CCB cffects on
sodium permeability. Nonetheless, in acute rabbit ilcal Isc studies, glucosc-stimulated sodium
fluxes do not appear to be affected by the presence of various CCBs in the bathing medium
(Hubel and Callanan, 1980; Donowitz and Asarkof, 1982). The acute cffect of CCBs on
jejunal uptake of actively transported nutrients is unknown, nor is it known whether chronic
administration of CCBs alter intestinal nutrient uptake.

We have recently observed that the chronic administration of nisoldipinc (N) and
verapamil (V) influences the uptake of cholesterol and long chain fatty acids in rabbit
jejunum (unpublished observations, Hyson ct al, 1991). N and V exert differential effects,
and the direction of these effccts is influenced by the cholesterol content of the animals’ dict.
Accordingly, we studied the acute and chronic effects of N and V on the active and passive

jejunal in_vitro uptake of glucose and galactosc in rabbits fcd a low or high (2.8%)

cholesterol diet.
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3.2) METHODS
3.2.1) ANIMALS

The siudy w. .. .- ust=d using 77 male New Zealand White rabbits, 8-10 weeks
ol and weighing 1.5-2.0 kg. Ajl animals were *’niained on Baby “..bbit Pellets® (United
Fceds, Edmonton, AB) for 1 week before wzing randomly assigned to control or to
cxperimental groups. The rabbits were housed individually under the same conditions, with
controlled lighting an4 ventilation conditions. Food intake and body weight were monitored
and water was provided ad-libitum. Blood samples were collected from the middle ear vein
for determination of scrum cholesterol, triglyceride, and glucose concentrations at the

initiation and completion of the treatment period.

3.2.2) STUDY DESIGN

The study was designed to determine if jejunal nutrient uptake in vitro was

affected by short-term (acute) intestinal exposure (6 and 36 minute) and long-term (chronic)
exposure (3 week feeding) to the dihydropyridine derivative, nisoldipine (N), and to the
phenylaikylamine, verapamil (V). Acute studies were conducted to determine the effect of
N and V on the jcjunal uptake of D-glucose. Chronic studies were used to determine the
cffect of these drugs on uptake of D-glucose, galactose and L-glucose. For all studies, a

previously-validated method for determining in vitro nutrient uptake in intact intestinal tissue

was uscd (Westergaard and Dietschy, 1974). The effects of short-term exposure to varying
concentrations of both calcium channel blockers (CCBs) on short circuit current (Isc) were
also determined.
A) Acute Expcriments

In the acute experiments, two groups of 6 animals were maintained on chow
(hereafter "low cholesterol diet” or "LCD") and two groups were fed the same pellets

modified to contain 2.8% cholesterol (w/w) referred to as the "high cholesterol diet” or
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"HCD". The HCD was prepared by adding cholesterol (5-Cholesten-38-ol; Sigma Chemical
Co., St. Louis, MO) to the low cholesterol pellets. Briefly, 4 kg allotments were thoroughly
mixed with 100 g of cholesterol dissolved in 500 g of cthyl ether (rcagent grade; Fisher
Scientific L.td., Fair Lawn, NJ). The prepared food mixture was then spread out on trays and
placed in a fume hood to dry for 48 hours. To validate this method the cholestcrol content
of the prepared pellets was detcrmined using a modified Folch’s lipid cxtraction procedure
(Bowyer and King, 1977; Morin, 1976) and a commercial enzymatic colorimetric test for
cholesterol determination (Boehringer Mannheim, West Germany). The cholesterol content
was determined to be 2.8%+0.2 (mean*SEM).

Animals used in the Isc experiments wzre prepared in a similar manncr with ninc
rabbits in tixz LCD group and eight in the HCD group.
B) Chronic Experiments

For tbe chronic drug experiments animals were divided into "no drug" groups
including LCD (n=6 in 2 groups) and HCD (n=6 in 2 groups) and "drug administcered”
groups including LCD plus N (n=6), LCD plus V (n=6), HCD plus N (n=6) and HCD plus
V (n=6).

3.2.3) DRUG DOSES AND ADMINISTRATION

All feeding treatments were for a 3 week duration. Solubilized N and 'V (as
described below) were provided orally by syringe at daily doses of 1 mg/kg body w.ight and
4 mg/kg, respectively. The dose of N was sclected to duplicate the model of Scnaratne ¢t
al (1991) and to avoid hemodynamic effects of the drug. A dose of 1 mg/kg N cffectively
reduces atherosclerosis and is well below the dose of 20 mg/kg day which wa. »reviously
shown to decrease mean arterial pressure in cholesterol-fed New Zcaland White rabbits
(Fronek, 1988). The V dose of 4 mg/kg was selected to approximate clinical doses used in

humans (240-360 mg/day on average for a 70 kg body weight adult) (McTavish and Sorkin,
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1989) rather than the higher doses used in most reported studies (Rouleau et al, i 33;
Blumlein et at, 1984). Furthermore, this dose of V is also not associated with hemodynamic
cffects (Blumlein et al, 1984).

Preliminary studies with the administration vehicle used in this study (ie.
introduction of aqueous solution dy a syringe into the mouth) were shown to be without
influence upon the effect of cholesterol feeding (unpublished observations, Kappaguda,
1989). Thus, a control vehicle was not used in: the present study.

3.2.4) SERUM CHOLESTEROL AND TRIGLYCERIDE DETERMINATION

The serum cholesterol, triglyceride and glucose levels for all animals in the study
were determined. Measurements were determined by the use of an automated system
(Multistat 11, Instrumentation Laboratories, Lexington, KY) which incorporated the methods

of Allain et al (1974) and Pinter et al (1967).

3.3) IN VITRO UPTAKE TECHNIQUE
3.3.1) CHEMICAILS

Unlabelied D-glucose, and L-glucose were greater than 99% pure as supplied by
Sigma Chemical Co. (St. Louis, MO). D-galactose was obtained from Fisher Scientific Ltd.
(Fair Lawn, NJ). The compound used to measure the adherent mucosal fluid volume,
[*H]inulin (molccular weight approximately 5000) was obtained from Amersham Canada Ltd.
(Oakville, ON). The suppliers of the [“C]-labelled compourds include D-glucose and
galactose from Amersham Canada Ltd. (Oakville, ON) and L-glucose from ICN Biomedical
Inc. (Montreal, PQ). All other compounds used were of reagent grade as supplied by Fisher
Scientific Ltd. (Fair Lawn, NJ).

Nisoldipine (N), in powdered form, was provided as a gift from Miles

Pharmaccutical Ltd. (New Haven, CT). The drug was solubilized in 3.5 mL of 95% ethanol
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(<1.5% of final administration volume) and distilled deicnized water for oral administration.
Verapamil-HCl (V) was obtained from Sigma Chemical Co. (St. Louis, MO) and was
solubilized iu distilled deionized water. The drugs were concentrated in the solution so that
the average « uantity of fluid provided daily to achieve the required dose was 0.35 mL. The
mean quantity of ethanol being received each day in the N administcred rabbits was 5.4 xL.
This is well below the amount of chronic ethanol intake (approximatcly 26 mL/day for 6-7
weeks) associated with altered uptake of lipids and glucose in rabbit jejunum (Thomson,
1984).
3.3.2) PREPARATION OF INCUBATION SOLUTIONS

Test solutions containing either D-glucose, galactosc or L-glucose were prepared
as described previously (Thomson and Dietschy, 1980). Bricfly, the solutions were prepared
by adding appropriate amounts of both unlabelled and [*C]-labelled substrates 10 150 mL
of Krebs bicarbonate buffer. Appropriatc amounts of [*H]inulin were added and all solutions
were stirred with a magnetic bar for 3 hours. The test solutions for D-glucose and galactosc
included concentrations of 2, 4, 8, 16, 32 and 64 mM. L-glucosc concentrations included 4,
8 and 16 mM. For the acute studies test solutions were prepared as described above with
the addition of N or V in concen:rations ranging from 10%M to 10*M.

Ail preparation and experimentation with N was conducted in a darkcned room
to prevent photodegradation of the drug.
3.3.3) TISSUE PREPARATION

The rabbits were anesthetized with pentobarbitonc sodium (25 mg/kg) and the
jejunal segment was quickly removed and rinsed with 150 mL of ice cold salinc. The scgment
was opened along the mesenteric border, rinsed gently with 50 mL salinc and was cut into

several smaller sections of approximately 1.5 cm length. These sections were then mounted
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as flat sheets in incubation chambers clamped between two plastic plates to allow exposure
of the mucosal surface through an aperture of exactly 1.4 cm in diameter.

The mounted chambers were placed in beakers containing 150 mL of oxygenated
Krebs-bicarbonate buffer at 37°C for a preincubation period of 30 minutes. All solutions
were mixed at identical rates with circular magnetic bars to reduce the resistance of the
intestinal unstirred water layer. This allowed for the beiter assessment of the transport
propertics of the brush border membrans (Westergaard and Dietschy, 1974). The stirring
rate in this study was adjusted precisely to 600 revolutions per minute using a strobe light.

For acute exposurc expcriments half of the tissues were preincubated in
Krebs-bicarbonate containing N or V ranging from 10*M to 10“M for 30 minutes, while the
other half were preincubated in the drug free solution for the same time period.

3.3.4) DETERMINATION OF RATES OF UPTAKE

Aficr the 30 minute preincubation period the transport chambers were transferred
to beakers containing the radiolabelled test solutions for a strictly timed incubation period
of 6 minutes. The experiment was then terminated by removing the chamber and quickly
rinsing the mountcd tissue in ice cold saline. The tissue segments were cut out from the
transport chamber using a circular steel punch, placed on glass slides and dried overnight at
S5'C in & drying oven. After determining the dry intestinal weight the tissue pieces were
transferred to scintillation vials and saponified in 0.4 N sodium hydroxide. Scintillation fluid
was added and radioactivity was determined by means of an external standardization
technique to correct for variable quenching of the two isotopes. The rate of uptake was
calculated aficr correcting the total tissue [**C]-radioactivity for the mass of probe molecule
present in the adherent mucosal fluid.

The rate of iipid uptake was expressed as the nmol of probe molecule taken up

into the mucosa per 100 mg dry weight of mucosa (nmol/100 mg mucosa'min). The weight
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of the mucosa as well as ihe ratio of mucosa:submucosa was determined by scraping the
mucosal layer from the underlying layer with a glass slide. Uptake rates were also calculated
as nmol of probe taken up per minute per unit serosal surfacc arca.

Rates of uptake were plotted as a function of substrate concentration for
D-glucose and galactose. Active transport was determined by subtracting thc passive
contribution (L-glucose uptake) at each concentration. The rclationship between hexose
concentration and uptake was curvilinear and a plateau was achicved after removing the
passive component. Maximal transport capacity and apparent affinity constants {for D-glucosc
and galactosec were estimated using the statistical softwarec Systat (Evanston, IL) and weighted
nonlinear regression techriiques as previously described (Meddings ct al, 1989).

The values obtained for the different groups of animals are rcported as the

mean+SEM of the resuits from 6-12 animals in each group.

3.4) SHORT CIRCUIT CURRENT STUDIES
3.4.1) CHEMICAIS

Theophylline vas purchascd from Eastman Kodak Co. (Rochester, New York,
NY). D-glucose, {ructose and all other agents were obtained from Fisher Scientific Ltd. (Fair
Lawn, NJ). The Ringers-HCO3 buffer used in the study included NaCl 114 mM, KCl 5 mM,
Na2HPO4 1.65 mM, NaH2P04 0.3 mM, MgCi2 1.1 mM, CaCI2 1.25 mM, NaHCO3 25 mM.
3.4.2) STUDY DESIGN

Using a protocol similar to that of Homaidan et al (1989) proximal jcjunum was
used to study concentration-dependent effects of calcium channcl blockers (CCBs) on basal
and stimulated short circuit current (Isc). Animals were ancsthetized {as per the in vitro
uptake method) and a 10 cm segment of proximal jejunum was quickly removed, rinsced with

Ringers-HCO3 solution and stripped of serosa and muscularis propria. Four scgments of the
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prepared tissue from the same animal were immediately mounted in modified lucite Ussing
chambeis having an aperture of 0.786 cm2 Oxygenated, 37°C Ringers-HCO3 solution with
20 mM fructose bathed mucosal and serosal surfaces and all tissues were stabilized for 15
minutes before the initiation of treatments.

All CCB agents were added to the serosal bathing fluids. In two of the chambers
increasing concentrations (107 to 10 x 3.16 M) of either nisoldipine (N) or verapamil (V)
were added. In a third chamber the same concentrations of N were added followed by
scquential addition of the same concentrations of V. In the fourth chamber the tissue served
as a control.

To test effects of CCBs on stimulated Isc, 20 mM glucose was added to both sides
of cach chamber followed by addition of 1 mM theophylline on each side.

A dual voltage clamp instrument (DVC-1000) (World Precision Instruments Inc.,
New Haven, CT) was uscd to measure transmural potential difference (PD) as well as Isc.
An automatic voltage clamp provided continuous current (i.e. Isc) to nullify the spontaneous
PD except for the 10 second timed intervals when the PD was recorded. Isc and PD were
determined cvery 2 minutes. Fluid resistance compensation (to correct for fluid-mediated
voltage decreases between voltage electrodes and the membrane) was adjusted as per the
instructions for the DVC-1000.

3.4.3) MORPHOLOGY

The morphology of the jejunal tissue was assessed as previously described
(Ecknaucr, 1982; Keelan et al, 1985a, 1985b). Morphological measurements were done on
| ¢m scctions of tissuc fixed in Bouin’s solution, dehydrated and embedded in paraffin.
Scctions were cut at a thickness of 5 um for light microscopy, mounted on glass slides and
stained with hematoxylin and eosin using standard techniques. A Scopion projecting

microscope was used to project the tissue sections at 1000-fold magnification. Measurements
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of villus height, villus width at 1/2 height, villus bottom width and crypt depth were oblained
from vertical tissue scctions. Measurement of villus :ickness i sccond dimension of villus
width) was obtained from transverse tissuc scctions.

The villus surface area (VSA, pm?villus) was calculated according to the following
formula:

VSA = (2xMxH)+(2xM-A)xD + (2xDx(((A-M?)+(H)?))**x 10(0)
where H = villus height, M = villus width at 1/2 height, A = villus bottom width , D= villus
thickness at 1/2 height. To estimate villus density, the number of villi per mm were measured
in longitudinal and horizontal cross-sections, and were then multiplicd together to obtain the
number of villi per mm? serosa. At lcast 10 villi were assessed per section. 1c muzosal
surface area (MSA, mm?%mm? serosa) was calculated from the formula:

MSA = number of villimm? serosa x VSA (mm?villus).

3.4.4) STATISTICAL ANALYSIS

The statistical significance of the difference between means was determined using,
a two-way analysis of variance procedure followed by the Student-Ncumann Kucls multipic
range test and unpaired t-tests to determine differences between individual treatment means.
To determine if the hexose transport curves complicd with either a onc or two transport
system model the statistical software Systat (Evanston, IL) and a weighted nonlincar

regression technique was employed as described previously (Mcddings ct al, 1989).

3.5) RESULTS
3.5.1) ANIMAL CHARACTERISTICS

The oral administration of nisoldipine (N) and verapamil (V) was well tolerated,
and ihere were no deaths or significant adverse events during the 3 week course of the study.

All rabbits consumed the same amount of food, with the exception of the higher food intake
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1 animals fed the low choleste r: -+ {LCD) plus N as compared with LCD, yet body weight
gain was cqual among all groups iables 3-1 - 3-3).

As expected, serum cholesterol and triglyceride concentrations were higher in high
cholesterol diet (HCD) as compared with LCD. Adding V to LCD or HCD did not
significantly affect these lipid levels. However, rabbits fed HCD plus N (Table 3-2) had
jower serum cholesterol levels (880.6+93.6 mg/dL in HCD versus 587.5+22.6 mg/dL in HCD
plus N). Although scrum triglyceride levels were lower in HCD plus V versus HCD (Table
3-3), this difference was not statistically significant. Serum glucose levels were similar in LCD
or HCD with or without N or V (Tables 3-2 and 3-3).

3.5.2) INTESTINAL MORPHOLOGY

Adding N or V to HCD lowered the dry weight of the jejunum (HCD plus N or
HCD plus V versus HCD), but adding calcium channel blockers (CCBs) to LCD did not
affeet the weight of the jejunum (Table 3-4). Because of these differences in jejunal weight,
and the lower percentage of the intestinal wall comprised of mucosa in HCD plus V rates
of uptake were expressed on the basis of the dry weight of the mucosa rather than the dry
weight of the entire wall of the jejunum.

The villus height was significantly increased in the HCD plus N and HCD plus V
groups as comparced to the HCD animals not given CCBs, but because of adjustments in the
dimensions of the width and thickness of the villus, the mucosal surface area was not altered
among any of thc animal groups.

3.5.3) HEXOSE UPTAKE

A) Acute Studics

The jejunal uptake of 20 mM glucose was unaffected by 6 or 36 minute exposure

to increasing concentrations of N or V (Tables 3-5 and 3-6). The animals fed HCD exhibited
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consistently reduced glucose uptakes compared to LCD. This effect was obscerved regardless
of the concentration of drug present in the test solution.
B) Chronic Studies

The maximal transport capacitics (Jmax) of both glucose and galactose were
increased when N was fed with LCD and HCD (Table 3-7). The valuc of the apparent
affinity constant (Km") for glucose was unchanged between groups, but the Km® for galactose
was higher in LCD plus N than in LCD, and was higher in HCD plus N than in HCD.

The feeding of V had cffects that differed from N fecding, and the cffects of V
were also variable between LCD and HCD (Table 3-8). For example, the Jmax for glucose
was lower in LCD plus V than in LCD, yet was higher in HCD plus V than in HCD. The
effects of V on galactose Jmax were the opposite, with Jmax higher for LCD plus V than
LCD, and lower in HCD plus V than in HCD. The Km® for both glucose and galactosc were
similarly affected by V, but the cholestero! conient influctced the dircction of these changes:
the Km" for both hexoses decreased in LCD plus V animals compared to LCD, but increasced
in HCD plus V animals compared tc HCD.

The apparent passive permeability of glucose and presumably of galactose was
assessed from the uptake of L-glucosc (Tables 3-7 and 3-8). 1-glucose uptake was lower in
LCD plus N but higher in LCD plus V than in their respective control LCD groups.

3.5.4) SHORT CIRCUIT C JRRENT STUDIES

increasing concentrations of CCBs added to the scrosal bathing solution did not
affect jejunal basal short circuit current (Isc) in either LCD or HCD fed animals (Figures 1
and 2). However, CCBs reduced D-glucose- and theophylline-stimulated Isc in the LCD
group. Stimulated Isc was determined by addition of 20 mM D-glucosc follwed by 1 mM
theophylline to both the mucosal and scrosal solutions (the latter containing the previously

added CCBs). The change in Isc (Alsc) under cach condition was dctermined by comparing
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the maximally stimulated Isc value to the baseline Isc just prior to addition of the stimulant
(" igures 1 and 2). The addition of 20 mM D-glucose increased Isc in all LCD tissues,
although the magnitude of the stimulation was significantly less in the tissues exposed to
CCBs. In contrast, in the HCD group D-glucose stimulated Alsc was significantly less in
cotrol tissues (i.c. not exposed to CCBs) than the LCD group. Exposure of jejunal tissue
som HCD arimals to CCBs did not further reduce D-glucose stimulated changes in Isc
(Figure 2). Alsc was similar in each group and did not change in the presence of CCBs.

Following stabilization of the D-glucose-stimulated Isc, 1 mM theophylline was
added to both mucosal and scrosal bathing solutis @i, A statistically significant increase in
Isc was obscrved for all tissucs, regardless of whether the CCBs were present or whether the
animals were fed LCD or HCD. However, as in the case of glucose, Alsc was significantly
lower in LCD, but not HCD tissucs, exposcd to CCBs.

Addition of the CCBs, glucosc or theophylline had no significant effect on jejunal
ronductance (data not shown). Unexpectedly, however, the conductance of the LCD control
lisssc increased significantly (34%) during the first 30-40 minutes of the experiment and
gencerally stabilized at a higher valuc than the other tissues. During the time of the rising
conductance, the control LCD tissuc was not exposed to any trcatments, only the circulating

oxygenated Ringers bicarbonate solution at 37°C.

3.6) DISCUSSION

The presence of two or more carricrs for hexose transport has been suggested in

previous studics (Thomson et_al, 1987; Malo, 1990). Chronic oral administration of

verapamil (V) had differential effects on glucose and galactose uptake, thus supporting the
possibility of multiple intestinal hexose carriers. The results of this study also suggest the

possibility of multiple calcium channcls in the jejunum. For example, the effects of V on
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both active and passive components of hcxose uptake were qualitatively different from
nisoldipine (N), a different class of calcium channel blocker. Furthermore, the effect of V
on active hexose transport is significantly altered by the presence of high cholesterol levels
in the dict whereas N eifccts are not different between the low and high cholesterol dict
(LCD and HCD).

It is unlikely that the altered transport rates are due to dircct cffects of N or V
in the intestinal lumen, as acute exposure of intact tissuc to these drugs did not affect in vitro
uptake of glucose (Tables 3-5 and 3-6). Thus, it is likely that the altered transport
paramcters arc duc to an adaptive response to the chronic administration of these drugs.
It is possible that these adaptive phenomena arc stimulated by chronically altered cellular
influx of calcium.

The magnitude of calcium entry blockade, and thercfore the cffectiveness of
various classes of calcium channel blockers (CCBs), may bc variable in different tissues
(Katz, 1986; Homaidan ct al, 1989; Hof et al, 1990). It has been suggested that V-like drugs
may exert quantitatively greater effects on short circuit current (Isc) and therclore on
clectrolyte fluxes in rabbit ileal tissuc. The cffects of V on the maximal transport rate
(Imax), apparent affinity constant (Km") and apparent passive permeability coclficient (Pd”)
differed from those of N (Tables 3-7 and 3-8). Whether this is a qualitative diffcrence
between different classes of CCBs, or is attributable to different magnitudes of calcium
blockade, is uncertain. Alternatively, in nonintestinal tissues CCBs may have siles of action
apart from the voltage-sensitive channels (Weinstein and Heider, 1987) including blockade
of sodium channcls (Yatani and Brown, 1985) and stimulation of the sodium ion pump (Pan
and Janis, 1984).

N effects on the kinctic parameters of both glucose and galact ¢ transport

appeared to be independent of the dictary content of cholesterol.  However, there was a
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clear effect of cholesterol feeding on V-induced alterations in hexose uptake. A similar trend
was noted in a study of lipid uptake in which the combination of HCD and V had opposite
effects on cholesterol and fatty acid uptake as compared to the LCD groups (unpublished
obscrvations, Hyson ¢t al, 1991). It is possible that cholesterol feeding alters the lipid
cnvironment of the calcium channel(s) to expose biading sitcs that would otherwise be
unavailable for interaction with the CCBs. This phenomenon has been suggesicd in rabbit
aorta, where it was observed that V and diltiazcm were able to antagonize the effect of
norcpinephrine-stimulated calcium transport in cholesterol-enriched but not in control
samples (Bialecki and Tulenko, 1989). Since different classes of CCBs appear to bind to
different sites on calcium channel proteins (Glossman et al, 1985), it may be speculated that
cholesterol fecding alters the lipid composition and fluidity of the brush border membrane
and thereby affects the binding site for V differently from that of N (Brasitus, 1987).

The passive component of intestinal glucose uptake was also differentially affected
by N and V, but only in animals fed LCD. In this case, the high cholesterol content of the
dict appears to have exerted a "protective” effect against the CCB-induced changes, as there
were no alterations in Pd” in either HCD plus N or HCD plus V compared to their
respective HCD controls. It is well documented that calcium is an important factor
contributing to the integrity of tight junctional complexes or strands (Donowitz and Madara,
1982; Madara and Marcial, 1984). Recently, it has been suggested that intracellular cAMP
or calcium activation signals may influence the tight junctions in some epithelial tissucs,
possibly via direct manipulations through cytoskeletal interactions. The latter may bc
mediated by specific proteins associated with the tight junctions (Madara, 1989). It is
therefore rcasonable to speculate that the chronic administration of CCBs might alter the
tight junctions of the intcstine and that cholesterol-feeding might prevent these CCB-

associated altcrations.
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Alterations to both the passive and active transport componcnts contribute to the
net effcct of CCBs on hexose uptake. Passive glucose uptake may exceed rates of active
transport at luminal concentrations in the physiological range after a meal (Pappenheimer,
1990). In the present study, feeding LCD plus V reduced Jmax by 17.6% but increased Pd’
by 29.4% versus LCD. If passive flux is 50% of the total glucose uptake after a meal
(Pappenheimer and Reisse, 1987), it may be speculated that V feeding results in a slight
(6%) increase in net glucose uptake. N feeding enhanced Jmax by 29.5% and reduced Pd’
by 12.2%; bascd on the above assumption, the nct effect might be an 8.8% increase in
glucose uptake. In HCD, Pd” was not affected but Jmax incrcased with N or V feeding,
Thus, it is possible that CCBs differentially affect individual kinetic paramcters, but their
cffects on net glucose uptake may be dircctionally similar.

Several intestinal adaptive mechanisms to various stimuli have been desceribed
(Thomson et _al, 1989, 1990). For cxample, effects on the unstirred water layer (UWL)
adjacent to the cells may account for altered nutricnt transport in responsc to aging, diabetes
and dietary manipulation (Thomson, 1984). UWL resistance was not measurcd in this study,
but a change in UWL with N or V would be expected to affect the value of Km®™ and Pd” in
a similar direction, and this did not occur (Tables 3-7 and 3-8). Furthermore, changes in
UWL would not influence the value of Jmax, which was obscrved in this study. Thus, it is
unlikely that alterations in UWL resistance played a major role in the mechanism of the
cffects of N or V on hexose uptake in LCD or HCD.

)
he results of this study cannot be explained on the basis of variations in the
animals’ body weight gain or food intake (Tables 3-1 - 3-3). The villus height in both the
HCD plus N and the HCD plus V animals was significantly incrcased, but there was no
differcnce in the total mucosal surface arca (Table 3-4). This was likcly duc to the reduced

density of the villi (number of villi/mm? scrosa) in the HCD plus N and HCD plus V groups.
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It is clear that the inclusion of three dimensional measurements such as villus thickness and
density provide a more reliable estimate of the altcrations in mucosal surface area in this
study. As there were no differences in the mean mucosal surface areas among the animal
groups (Table 3-4), the effects of N and V on glucose uptake in LCD or HCD could not be
cxplained by changes in the static morphology of the intestine.

It should be noted however that a lack of correlation between mucosal surface
arca and nutricnt transport function has been reported in other studies (Keelan et al, 1985a,
1985¢c). Recent studies have suggested that a specialized portion of the villus, notably the
upper onc-third, is used for the uptake of glucose and amino acids (Chang et al, 1987; Maenz
and Cheeseman, 1986; Cheeseman, 1986). Changes in total villus surface area may not
necessarily be associated with changes in the functional surface area used for nutrient uptake.
Thus, the lack of a change in villus surface area in an experimental setting does not
necessarily signify the lack of change in functional villus surface area.

Static mcasurements of mucosal surface area do not indicaie which portion of the
villus and which functional component may be affected, nor do they provide information
regarding the dynamic aspects affecting morphology and transport function including, rates
of ccll proliferatior, differentiation, migration and turnover. Alterations in any of these
parameters could potentially affect the functional surface area involved in nutrient uptake.
There is increasing evidence for the role of polyamines (putrescine, spermine and
spermidine) in the intestinal adaptive process. It is recognized the increased polyamine
synthesis is an carly event in cell growth, replication and differentiation (Pegg and McCann,
1982). In the intestine ornithine decarboxylase (ODC) levels appear to be higher in villus
than crypt cells, implying a possible polyamine involvement in mature, as well as
differentiating cells (Baylin et al, 1978; Sepulveda et al, 1982). It has been demonstrated in

vitro that calcium may play a role in inducing ODC, the rate-regulating synthetic enzyme for
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polyamines (Langdon, 1984; van Leeuwen, 1988). Furthermore, V dose-dependently reduced
hasal and stimulated ODC levels in cultured osteogenic sarcoma cells (UMR 106-01) (van
i.ccuwen, 1988). These authors suggested a role for calcium in basal ODC rcgulation, and
a calcium, cAMP dependent mediation of stimulated ODC activity. It is unknown what the
cffects of chronic CCB feeding on intestinal ODC activity might be. It is intcresting to
speculate that feeding chronic CCBs might reduce intestinal ODC levels and influence
enterocyte proliferation, migration, differentiation and/or turnover rates. For example,
reduced enterocyte turnover and migration rates might allow the enterocytes remaining on
the villus to mature and acquire greater transport potential. A more mature population of
cells or altered distribution of transporting cnterocytes would be expected to be associated
with an enhanced Jmax. Altcrations in the distribution of transporting cells and "recruitment”
of carriers to the lower portion of the villus have been suggested as possible adaptive
mechanisms to experimental stimuli such as diabetes or radiation (Chang ct_al, 1987;

Thomson et al, 1989). However, due to the variable nature of the obscrved hexose uptake

responses the effects of CCB’s on functional surface area are likely more complex.  For
example, while villus height is significantly increased in HCD plus N or HCD plus V groups,
Jmax increases for both hexoses in HCD plus N group but only glucose Jmax increasces in
HCD plus V animals; the Jmax for galactosc is in fact, lowercd in HCD plus V.
Furthermore, in the case of unaltered villus height (i.e. LCD plus N and LCD plus V groups)
glucose and galactose Jmax are increased in the LCD plus N group but only galactose Jmax
is increased in LCD plus V animals; the Jmax for glucose is lower in LCD plus V compared
to LCD controls. Thus, it is difficult to propose a simple model to cxplain these findings.

In vitro CCBs have been associated with the de novo synthesis of LDL receptors,

suggesting their potential for synthetic activity of membrane-bound proteins (Paoletti ¢t al,

1988). Whether CCBs could act in a similar way to promotc the synthesis of onc or morc



Page 161

membrane-bound hexose transporters is an intriguing possibility. The induction of intestinal
giucose transporters has been proposed as 2 mechanism for the enhanced Jmax observed in
response to high carbohydrate diets fed to  ice (Diamond and Karasov, 1984). If CCBs
stimulate synthesis of glucosc .arriers this t account for the lack of effect of the CCBs
on glucose uptake in the acute studies where ssue exposure to the agents was limited to 6
and 36 minutes. However, once again, the reasons for the decreased Jmax for glucose and
galactosc in the LCD plus V and HCD plus V group, respectively, are uncjear.

In addition to Jmax, the Km" of the carrier for the hexoses was affected by the
chronic feeding of CCBs. Thus, it is apparent that the CCBs mediate an alteration in the
property of the existing carricr(s), as well as a possible change in their number. It is well
known that lipid composition determines the physicochemical propertics of thz miemorane
and may have significant effects on the function of membrane-bound proteins (Y eagle 1989;
Clandinin et al, 1985). It has been reported that membrane lipid composition and fluidity
have significant effects upon the kinctic parameters of glucose transport in rabbit and rat
intestinal brush border membrane vesicles (Brasitus and Schacter, 1982; Meddings et _al,
1990). It is not known if CCBs influence the composition of the intestinal membrane or the
lipid-metabolizing enzymces in the enterocyte. A calcium, calmodulin-dependent kinase has
been suggested to play a rolc in the short-term regulation of HMG-CoA reductase, the rate
limiting enzyme for cholesterol synthesis (Beg et al, 1987a, 1987b). Calcium may play a
direct role in modulating membrane lipids by binding to anionic sites of the membrane
bilayer. However, in rat brush border membrane vesicles intravesicular calcium decreased
the fluidity by alterations in membrane sphingomyelin content by unknown, presumably
indirect mechanisms (Dudeja et al, 1987). Calcium-mediated alterations in lipid composition
have also been observed in hepatocytes (Livingstone and Schacter, 1980). Possible calcium

involvement in acylation and dcacylation enzymes in the enterocyte (Garg et al, 1988) has
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not been studied. However, it might be anticipated that any calcium mediated-step would
be qualitatively affected in a similar manner by both classes of CCBs. Thus, it would be
expected that s.milar changes in the Km™'s would be observed for both V and N; this was not
the case in the present siudy.

Alterations in the sodium electrochemical gradients across the ccll would be
expected to affect the movement of sodium-dependent substrates such as glucose and
galactose. CCBs have been shown to alter sodium permeability in Isc studies of ileal tissue:
V has a quantitatively greater effect than the other classes of CCBs in dosc-dependent
reduction of basal Isc (Homaidan et al, 1989). The Isc changes are suggested to reflect the
cffect of calcium channel blockade on the flux of anions and cations from mucosa to scrosa
and vice versa. In the presence of CCBs equally enhanced mucosal to scrosal movement of
sodium and chloride excecds serosal to mucosal movement of these ions. Residual fluxes
(likely bicarbonate ions) and Isc are decrcased. However, glucose-dependent sodium fluxcs
are unaffected after short-term exposure to CCBs in rabbit ilcal tissue, implying no effect of
CCBs on sodium-dependent glucose transport (Hubel and Callanan, 1980; Donowitz and
Asarkof, 1982). The results of our acutc uptake studics support this obscrvation (Tables 3-5
and 6). However, in our chronically fed animals it is apparent that glucose transport is
significantly altered by the CCBs (Tables 3-7 and 3-8). Thus, the cffcets of short-lerm
exposure to CCBs differ from those of chronic feeding of the drugs, and the chronic cffects
are not explained by the presence of the drug in the bulk phasce or in the enterocyte.

In nonintestinal cells, reductions in intracellular calcium induce alterations in
sodium permecability; these effects are associated with enhanced activity of the sodium pump
(Na*/K*-ATPase) (Hagane ct al, 1989; Knudscn and Johanscn, 1989). Whether calcium is
involved in the physiological regulation of the sodium pump and whether chronically fed

CCBs exert an influence on Nat*/K*-ATPase in the intestinal basolateral membrance is
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unknown. There appear to be at least two isoforms of this ATPase in the intestine (Fedorak,
1990) which could be differentially affected by cholesterol feeding and could be influenced
differently by various classes of CCBs. However, the variable effect of V on the uptake of
glucose and galactose suggests that a general effect on sodium gradients is unlikely the sole
mecchanism mediating the changes in nutrient transport.

Acute and chronic effects of CCBs may differ in jejunal tissue compared to ileum.
We were unable to demonstrate in the jejunum the reported (Homaidan et al, 1989)
dose-dependent reduction in basal Isc by CCB exposure to rabbit ileum. This lack of cffect
could be related to differing electrolyte transport mechanisms between jejunum and ileum.
Specifically, in rabbit jejunum there docs not appear to be either a Na*/Cl- symport or a
CI/0H- antiport (Gunther and Wright, 1983). Since ion flux studies were not done in our
study, it is not possible to comment on the direction or specific ions contributing to the Isc.

Glucose-stimulated Isc responses were suppressed by the presence of V, N and
N plus V in the scros:! bathing solution. This result was observed in LCD but not in HCD.
However, the control HCD Isc response to glucose was lower than the LCD control values.
Thus, since the glucosc response was already suppressed in the HCD versus LCD, this may
have accounted for the lack of further depression by CCBs. As discussed earlier, the feeding
of cholesterol might alter the tissue properties in a manner that influences the interaction
between CCBs and the calcium channels. Furthermore, as discussed earlier, the fluidity and
physicochemical properties of the membrane may be altered by HCD, resulting in altered
transport function. It is also possible that cholesterol alters the properties of the tight
junctions and thus the gencral permeability of the tissue. For example, the ionic conductance
in the LCD control tissuc was greater than the conductance in the HCD group. It is unlikely
that thesc results were due to toxic effects or tissue death as theophylline significantly

increased Isc in all tissues.
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The reduced Isc response to glucose in the CCB exposed LCD tissucs, presumably
reflects diminished sodium-dependent mucosal to serosal movement of the hexose  These
results were unexpected. Bascd on the enhanced mucosal to scrosal flux of sodium in the
presence of these drugs (Hubel and Callanan, 1980; Donowitz and Asarkof, 1982), it might
be anticipated that increased glucose movement in the samc dircction would occur.
Furthermore, the results of our acute exposure study did not show any effect of increasing

doses of mucosal N and V on in vitro glucose uptake. Based on these results in the acute

study, it is unlikely that a mucosal effect (i.e. modification of the glucose carrier(s) in the
brush border membrane) is occurring after short-term exposure to CCBs. Howevet, it might
be s . -m's . Lat CCBs reduced the activity of calcium-dependent potassium channels
(CDF{ s) mion . L to exist in enterocytes (Brown and Scpulveda, 1985; Montero et al, 1990).
Incre=.. |  ssium permeability at the basolateral membrane may be coordinated with
enhanced sodium entry across the apical membrane and it has been suggested that CDPCs
may mediate this linkage. If potassium permeability plays a rolc in providing the driving
force for sodium-coupled transport across the cell it is possible that CCBs could influence
the movement of glucose by affecting the activity of the CDPCs.

The implied CCB suppression of glucosc transport in the Isc study differs from

the results of our acute and chronic exposure in vitro uptake studics. The time-course of
drug exposure may be a factor. In the acute exposure nutricnt uptake studics the tissucs
were exposed to CCBs for 6 and 36 minutes, whereas in the Isc studics, CCBs were present
in the medium for 72 minutes before the glucose-stimulated measurcments were determined.
Furthermore, as indicated above, the mucosal versus scrosal exposure to CCBs may have
significance. Additional Isc studies with mucosal addition of the CCBs nced to be conducted

to determine if the site of CCB exposure has an influcnce in the jejunum.
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It is not unexpected that the functional effects of the chronic study would differ
from the acute exposure studics. In acute experiments of drug exposure, the drug is directly
exposed to cither the mucosal or serosal surface of the tissue being stuGied. However, ina
chronic administration study of CCBs, several factors need to be considered. In this study,
the CCBs arc administered orally and thus present to the luminal side of the enterocyte.
Thu, the absorption of the agents may be variable and influenced by the luminal contents.
In view of the lipophilic naturc of these agents it is likely that their absorption will be
enhanced in the presence of a high lipid diet. We attempted to avoid a possible dilferential
¢ffect in drug absorption between HCD and LCD by providing the drug at noon, when food
intake by this specics is generally low. However, variable absorption between drugs and
between diets cannot be ruled out.

Another considcration with the luminal presentation of the drug is that calcium
ck:.enels are present predominantly in the basolateral membrane of the ileum (Donowitz,
1983). If this is the case in the jejunum, then the pharmacological agents must cross the
cnterocyte before exerting their blockade effect on the basolateral membrane. Although the
presence of luminal calcium channels has been implied in jejunum and colon (Markowitz et
al, 1985; Donowitz et al, 1985) this is uncertain. Thus, it is possible thai the observea elffects
are not exclusively due to the calcium channel blocking effects but also luminal and other
unidentificd processes occurring during transport across the intestine. This does not make
the results of this study less significant, as the majority of these drugs are taken orally. In
terms of hemodynamics, the administration of oral versus injected CCBs erert qualitatively
similar cffccts (McTavish and Sorkin, 1989). In order to further delineate possible
mechanisms of the results obtained in these chronic feeding studies, the use of intraperitoneal

injcctions of these agents would be of interest.
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It is unknown what effects CCBs have on mesenteric blood {low, and what

implications this might have on in vivo nutricnt uptake. In the present study drug doses were

selected to avoid hemodynamiic effects; thus it is unlikely that there would be a significant
alteration in blood flow (Hof and Hof, 1989).

The physiological significance of the findings in this study remain to be
determined. Oral V has been rcported to reduce glucose tolerance to a glucose load in
normal but not in diabetic voluntecrs (Ferlito et al, 1982). The mechanism may be related
to altered cell permeability to glucose. The effects on intestinal uptake were not determined.
Other studics have reported negative cftects of CCBs on glucose tolerance (McTavish and
Sorkin, 1989). In this study, the animals fed the CCBs had normal serum glucose levels in

spite of altered capacitics for intestinal glucose transport.
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TABLE 3-1: Characteristics of animals used in the study of acute drug exposure.

LCD HCD
WEIGHT GAIN
(kg/3 weeks) 0.71x0.06 0.72+0.07
TOTAL FOOD
CONSUMED (g/3 weeks) 2326 2468
CHOLESTEROL
INTAKE (g/3 weceks) n/a 61.71
SERUM PARAMETERS
(mg/dL)
Cholesterol (0) i01.5+89 96.6+6.1
Cholesterol (3) 87.9+58 1675.7+166.9*
Triglyceride (0) 131.8+12.1 107.4%x124
Triglyceride (3) 108.5+9.8 211.4+39.3*
Glucose (1) 166.9+178 135.4+5.8
Glucose (3) 133.3+4.7 120.4+2.3

Values are mean+SE; LCD = low cholesterol diet;,  HCD = high cholesterol diet;

(0) = value al initiation of study; (3) = value after 3 week feeding; n/a = not applicable

* p<0.05 LCD versus HCD
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TABLE 3-2: Characteristics of nisoldipine (N)-administered and control animals.
LCD LCD+N HCD HCD+N

WEIGHT GAIN

(kg/3 weeks) 0.64+0.03 0.63=0.05 (0.64+0.05 0.57x0.05

TOTAL FOOD

CONSUMED

(g/3 wecks) 161454 1917119 197714 1805106

CHOLESTEROL

INTAKE

(g/3 weceks) n/a n/a 49410258 45.09+2.65

SERUM PARAMETERS

(mg/dL)
Cholesterol (0)  103.4x9.5 107.3£6.0 108.9£9.6 1053+5.8
Cholesterol (3) 73.1x4.1 63933 880.6+£93.6"  587.5+22.64¢
Triglyceride () 169.9x33.7 123.0£24.8  156.4%24.9 137.0£21.5
Triglyccride (3)  91.4x14.1 871294 126.7+15.8 139.8+31.9
Glucose (0) 154.7+94 165.4+7.6 146.8+5.1 153.4+4.9
Glucose (3) 161.6+12.5 14712340 144.7%6.1 139.6£8.1

Values are mean+=SE; LCD = low cholesterol dict;  LCD+N = low cholesterol dict plus

nisoldipine; HCD = high cholesterol diet;  HCD+N = high cholesterol diet plus

nisoldipine; (0) = value at initiation of study; (3) = valuc after 3 week feeding; nfa = not
applicable
* p<0.05 LCD versus LCD+N

b p<0.05 HCD, HCD+N versus 1D, LCD+N
¢ p<0.05 HCD versus HCD+N
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TABLE 3-3: Characteristics of verapamil (V)-administered and control animals.

LCD 1CD+V HCD HCD+V
WEIGHT GAIN
(kg/3 weeks) 0.72+004 0642006 065009 0.60+0.08
TOTAL FOOD
CONSUMED
(2/3 weeks) 2421153 1946+77 208771 2427%254
CHOLESTEROL
INTAKE
(/3 weeks) n/a n/a 57.15%1.76  59.82+7.04

SERUM PARAMETERS
(mg/dL)

Cholesterol (0) 62.4+3.9 100.4%£9.3 103.1x£59 71.5+8.1
Cholesterol (3) 57.3+5.9 70.4+6.2  1010.6:£295.2* 992.1 +217.8*

Triglyceride (0)  91.92:18.1 12124278 1321273 951151

Triglyceride (3)  73.4x16.1 562%155 156.6+£44.9* 108.6+27.2
Glucose (0) 147.0x11.2 139.5%5.4 213.3%37.8 191.8+£29.1
Glucose (3) 154389 145.8+10.3 156.2+5.4 155.8%16.7

Values are mean=SE:  LCD = low cholesterol dict; LCD+V = low cholesterol dict plus
verapamil; HCD = high cholesterol dict; HCD+V = high cholesterol diet plus verapamil;

(0) = value at initiation of study; (3) = value after 3 week feeding; n/a = not applicable

' p<0.05 HCD, HCD+V versus LCD, LCD+V
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LCD HCD LCD+N HCD+N LCD+V HCD+V
Dry weight mg/unit
scrosal surface area  35.7+23 392+1.5 31.6%x1.2 31.7+1.8 341x13 325x1.0°
% of intestinal wali
comprised of mucosa 84.1x1.8 83.6x1.1 784+£3.0 82919 789%21 722X
Ciypt depth (um) 50+2.9 4325 5126  69+3.0° 44427 44421
Villus heighr (um) 0T R0 509+24 573425  717x33® 68042  7S5245(¢
Viflus width at
half height (um) e | 126+6 98+4 158 +8 11446 1240
Villus bottom
width (um) 114+7 135%5 122+5 166+6 127 +8 13447
Villus ¢ ickness
(em) 431428  210%12 32730 390x50 340025 20671
Villus surface
arca (um?villus) 666x32  428+18  511x23 846245 651237  (22%47
No. of villi/mni?
scrosa 213+1.4 35.6%1.2 253=x1.00 157060 24217 28E+iQ.5
Mucosal surface
arca
(mm?/mm? scrosa) 14.0+£1.0 152209 13.0£09 13.2x08 1581%1.5 178%15

Values are mean*=SE; LCD = low cholesterol diet;

LCD+N = low cholesterol dict plus

nisoldipine; LCD+V = low cholesicroi diet plus verapamil; HCD = high cholesterol dicy;

HCD+N = high cholesterol diet plus nisoldipine; HCD+V = high cholesterol dict plus

verapamil

* (p<0.05) LCD versus LCD+N
b (p<0.05) HCD versus HCD+N
¢ (p<0.05) HCD versus HCD+V
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Effect of acule tissue exposure to nisoldipine (N) on jejunal glucose uptake.

Incubation (M)
Concentration of

6 Minutec Exposure to N

36 Minute Exposure to N

Nisoldipinc LCD HCD LCD HCD

No Drug 161.26+16.77  59.69+8.93 161.26+16.77 59.69+8.93+
10* 53.49%15.64 39.92+14.15 149.46+22.34 57.05+21.60
107 97.35+12.40  112.71+£16.78  11596%15.56  152.92x27.50*
106 132.38+18.54  84.28+13.92 84.55+11.80 41.67+11.06*
108 134.28+£2296  78.01x19.79 125.18+20.21 55.99+6.83¢
104 90.01£14.36  85.92%15.13 137.76+33.07 37.34+£4.85

Values arc mean+SE; LCD = low cholesterol diet; HCD = high cholesterol diet.

‘The rate of uptake of 20 mM glucose had the units nmol/100 mg mucosa-min’’.

* Low cholesterol veisus high cholesterol dict (p<0.05)
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TABLE 3-6: Eftect of acute tissue exposure to verapamil (V) on jejunal glucose uptake.

Incubation (M)
Concentration of

6 Minute Exposurc to V

36 Minute Exposure to V

LCD

Verapamil HCD LCD HCD

No Drug 272.32+22.51 274.13x18.51 295.57x13.12 266801439
10%® 290.67+23.83 281.71x18.37 280.00+18.19 244,63 %1248
107 250.31+17.18 23837x17.78 350.10x22.56  241.92%17.34
10 338.36+22.50 289.28+19.53 21428%16.84  184.35+13.18

Values are mean+SE; LCD = low cholesterol dict; HCD = high cholesterol diet

The rate ¢ uptake of 20 mM glucose had the units nmol/1(0 mg mucosa-min™'.
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TABLE 3-7: The effect of nisoldipine (N) on the values of maximal transport rate, apparcnt

Michaclis constant and apparent passive permeability coefficient for glucose

uptake into the jejunum of rabbits fed a low or high cholesterol diet.

LCD LCD+N HCD HCD+N
GLUCOSE
Jmax (nmol/100 mg
mucosamin?) 261.1+60.1 338.0+97.6* 203.1+£36.6 276.8+26.7°
Km" (mM) 5.4%3.2 6.5+53 3.4+24 3.8+1.2
Pd’ (nmol/100 mg
mucosamin) 4.1x0.2 16x0.1* 3.7+0.2 3.5x0.2
GALACTOSE
Jmax (nmol/100 mg
mucosamin™) 511.4£60.2 810.7x170.7* 453.3+86.3 572.9+28.6°
Km" (mM) 15.2+13.2 27.5%9.2* 11.2+4.8 16.8x1.6°

Values are mean=SE; LCD = low cholesterol diet; LCD+N = low cholesterol diet plus

nisoldipine; HCD = high cholesterol diet; HCD+N = high cholesterol diet plus nisoldipinc;

Jmax = maximal transport capacity; Km" = apparent affinity constant; Pd” = apparent

passive permeatility coefficient. The valuc of the apparent passive pcrmeability coeflicient

for galactose is assumed to be the same as for glucose.

* p<0.05 LCD versus LCD+N

* p<0.05 HCD versus HCD+N
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TABLE 3-8: The cifcct of verapamil (V) on the values of maximal transport rate, apparent
Michaclis constant and apparcnt passive permeability ~efficient for glucose

uptake into the jejunum of rabbits fcd a low or high cholesterol diet.

LCD LCD+V HCD HCD+V
GLUCOSE
Jmax (nmol/100 mg
mucosamint) 4152219 34214222 443.6+28.3 552.8+35.6"
Km® (mM) 7.8%1.2 1.8+1.1* 3.4+0.7 6.9+1.3%
Pd” (nmol/100 mg
mucosa'min!) 3.4+0.2 4.4+0.2: 4.4+0.3 3.7+0.2
GALACTOSE
Jmax (nmol/100 mg
mucosamint) 568.2+152.8 843.1£88.2¢ 718.8+104.8  608.7x122.7"
Km™ (mM) 9.8+6.1 63+1.9 3.4x18 742450

Values are mean=SE; LCD = low cholesterol dict; LCD+V = low cholesterol dict plus
verapamil; HCD = high cholesterol dict; HCD+V = high cholesterol dict plus verapamil
Jmax = maximal transport capacity; Km® = apparent affinity constant; Pd™ = +paarent
passive permeability coefficicnt. The value of the apparent passive permeability cocisivd
for galactose is assumed to be the same as for glucose.

* p<0.05 LCD versus LCD+V
® p<0.05 HCD versus HCD+V
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FIGURE 3-1:  Effcct of catcium channel blockers on short circuit current i LCD wnimals.

NOTE: Points = mcan+SEM. All drugs added in concentrations ranging from 10"M to
10-°Mx3.16 ("] "="x3.16"). V = verapamil; N = nisoldipine; N+V = nisoldipine
followed by verapamil; Control = no added drug; G = addition of 20 mM D-
glucose; T = addition of 1 mM thcophyiline.

* p<0.05 control versus V, N and N+V
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FIGURE 3-2 Effect of calcium channel blockers on short circuit current in HCD animals.
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CHAPTER 4

SUMMARIZING DISCUSSION

Chronic oral administration of nisoldipine (N) or verapamil (V) alters the jn vitro
jejunal uptake of lipids (cholesterol, stearic acid, oleic acid, linolcic acid) and hexoses (D-
glucose, galactose and L-glucose). 1t is unlikely that these effects are due to direct activity
of calcium channel blockers (CCBs) in the lumen since neither N nor V affected nutricnt
uptake when added directly to the incubation medium (Tables 2-5, 2-6, 3-5, 3-6). Thus, the
effect of N or V is likely due to an adaptive process in the intestine occurring during the 3
weeks of feeding.

The magnitude of calcium (Ca) entry blockade and therefore the cffectiveness of
various classes of CCBs may be variable in different tissues (Katz, 1986; Homaidan ct al,
1989). Differential cffects between the two classes of CCBs on nutrient uptake were
observed in this study. For example, the effects of V on the maximal transport rate (Jmax),
apparent affinity constant (Km") and apparent passive permeability cocfficicnt (Pd") diffcred
from those of N (Tables 3-7 and 3-8). Qualitative diffcrences in the effect of N or V on the
uptake of fatty acids were also observed (Tables 2-7, 2-8). Thus, although the mechanisms
of the effects of CCBs on nutrient uptake have not been established in this study, it appcars
the mechanisms may differ between these two classes of CCBs.

The effects of N on the kinetic parameters of both glucosc and galactose transport
as well as lipid uptake appeared to be independent of the dictary content of cholesterol.
However, there was a dramatic effect of cholesterol feeding on V-induced alterations in
nutrient uptake (Tables 2-7, 2-8, 3-7, 3-8). It is possible that cholesterol iecding alters the

lipid environment of the Ca channel(s) to expose binding sites that would otherwise be
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unavailable for interaction with the CCBs. This phenomenon has been suggested in rabbit
aorta where it was observed that V and diltiazem were able to antagunize the effect of
norcpincphine-stimulated Ca transport in cholesterol-enriched but not control samples
(Bialecki and Tulenko, 1989). Since different classes of CCBs appear to bind to different
sites on Ca channel proteins, it may be speculated that cholesterol feeding alters the lipid
composition and fluidity of the brush border membrane (BBM) and thereby affects the
binding site for V differently from that of N.

The passive component of intestinal glucose uptake was differentially affected by N
or V but only in animals fed a low cholesterol diet (LCD) (Tables 3-7, 3-8). In this case, it
appears cholesterol feeding may "negate” the effects of CCB-induced alterations in uptake.
The mechanism for the effect of CCBs on Pd°” are unknown, however, it is well documented
that Ca is an important factor contributing to the integrity of tight junctional strands or
complexes in the intestine (Donowitz and Madara, 1984). Thus, it might be speculated that
chronic feeding of CCBs alters tight junctions in the intestine and that cholesterol feeding
might prevent these CCB-associated alterations.

Scveral mechanisms of intestina} adaptation to various stimuli have been described
including changes in the cffeciive resistance of the unstirred water layer (UWL) or the lipid
composition of the BBM (Keelan 1985a, 1985b; Brasitus et al, 1985; Thomson ¢t al, 1984b,
1990). For example, the effective resistance of the UWL decreases in cholesterol fed animals
which would be associated with a higher uptake of lipids (Thomsor. et al, 1987; 7"~ vason
1982a). In the present study the effective resistance of the UWL was not assessed.
However, we did observe a reduced uptake of most lipids in high cholesterol diet (HCD) plus
V and no alterations in HCD plus N (Tables 2-7, 2-8). Furthermore, a change in UWL with
N or V would be expected to affect the Km* and Pd” for hexoses in a similar direction, and

this did not occur. In addition, changes in UWL would not influence the value of Jmax which
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was observed in this study. Thus, it is unlikely that alterations in UWL resistance played a
major role in the mechanism of the effects of N or V on lipid or hexose uptake in LCD or

HCD.

In vitro, CCBs have been associated with the de_novo synthesis of LDL receptors
suggesting their potential for synthetic activity of membrane bound protcins (Paoletti ¢t al,
1988). The induction of intestinal glucose transporters has been proposed as a mechanism
for the enhanced Jmax observed in response to high carbohydrate dicts fed to micce
(Diamond and Karasov, 1984). The movement of lipids through the BBM is belicved to be
mainly a passive process although a carrier-mediated component has been suggested for fatty
acids and possibly cholesterol (Stremmel, 1985, 1988). We did not assess the cffects of N or
V on BBM lipid composition, fatty acid binding proteins or glucose/galactose transporter(s).
If CCBs do indeed stimulate the synthesis of glucose carriers, this might account for the lack
of effect of N or V on glucose uptake in the acute studies (Tables 3-5, 3-6) where tissuc
exposure to these agents was limited to 6 or 36 minutes. However, decreased Jmax for
glucose and galactose in the LCD plus V and HCD plus V group, respectively, do not
support this potential mechanism.

The alterations in nutrient transport cannot be explained on the basis of variations
in the animals’ body »cight gain, or food intake. In addition, there were no variations in
mucosal surface area between drug administered versus control groups (Tables 2-4, 3-4), in
spite of a significant increase in villus height in both HCD plus N and HCD plus V animals.
Two dimensional measurements (villus height and width) of mucosal surfacc arca do not
necessarily provide reliable assessments of surface area. For example, in this study the villus
density (number of villi/mm? serosa) decreased in HCD plus N and HCD plus V, countering

the increase in villus height, so that mucosal surface area was unchanged.
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A lack of correlation between mucosal surface area and nutrient transport function
has been reported in other studies (Keelan et al, 1985a, 1985c). The functional surface area
for uptake across the villus may not be the same for all nutrients (Chang et _al, 1987,
Cheeseman, 1986; Maenz and Cheeseman, 1986; Winne, 1978). Thus, changes in tota} villus
surface arca may not necessarily be associated with changes in the functional surface area
uscd for nrt-ient uptake, and the lack of a change in +ius surface area in an experimental
setting does not necessarily signify the lack of chzisge of the functional villus surface area.

Polyamines (putrescine, spermidine and spermine) and their rate-regulating enzyme
ornithine decarboxylase (ODC) may be important in cell growth, replication, and
differentiation (Pegg and McCann, 1982). In an osteogenic sarcoma cell line (UMR 106-01)
V dose-dependently reduced basal and stimulated ODC activity (Langdon, 1984). The
author suggested a role for Ca in basal ODC regulation, and a Ca, cAMP-dependent
mediation of stimulated ODC activity. It is unknown what the effects of chronic CCB feeding
on intestinal ODC activity might be. It has been obse ved that ODC levels are higher in
villus than crypt cells, thus implying polyamine invulvement in mature or differentiating
intestinal cells (Baylin et al, 1978; Sepulveda et al, 1982). Thus, it might be speculated that
altered ODC levels would affect the functional portion of the villus wiith resulting effects on
nutricnt uptake. If cell migration or turnover is affected by polyamines, then reduced ODC
levels possibly achieved by feeding N or V might allow the enterocytes remaining on the
villus to mature and to acquire greater transport potential. Static measurements of mucosal
surface area do not indicate which portion of the villus and which particular functional
component may be affected, nor do they provide information regarding cell proliferation,
differcatiation or migration rates. Thus, it is possible that feeding CCBs resulted in a change
in thc dynamic morphology of the intestine and thereby influenced lipid uptake.

Furthermore, a more mature population of cells or altered distribution of transporting
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enterocytes would be expected to be associated with an enhanced Jmax for glucosc and
galactose. Alterations in the distribution of transporting cells and "recruitment” of carricrs
to the lower porti on of the villus have been suggested as a possible adaptive mechanism to
experimental stimuli such as diabetes or radiation (Chang ¢t al, 1987; Fedorak, 1990).
However, speculations of the effects of CCBs on the dynamic morphology of the intestine
await direct testing.

The Km® of the carrier for hexoses was affected by the chronic fceding of CCBs,
reflecting an apparent alteration in the properties of the existing carrier(s) in addition to a
change in their num¥er. It is well known that the lipid composition of the membrare
determines the physicochemical properties of the membrane and may have significant cffects
on the function of membrane-bound proteins (Yeagle, 1989; Clandinin ¢t al, 1985). The lipid
composition and fluidity of BBM has a significant effect on the kinetic properties of glucose
transport in rat and rabbit vesicles (Brasitus and Schacter, 1982; Meddings ct al, 1990)). It
is possible that CCBs affect lipid metabolizing enzymes such as fatty acid desaturase and
acylation, deacylation enzymes or the cholestercl and phospholipid mctabolizing enzymes,
thereby resulting in altered membrane permeability and transport. A Ca, calmodulin
dependent kinase has becn suggested to play a role in the short-term regulation (v.2
phosphorylation and concomitant inactivation) of HMG-CoA reductasc, the rate limiting
enzyme for cholesterol synthesis (Beg et_al, 1987a, 1987b). Rcduced Ca flux might
upregulate the expressed activity of HMG-CoA reductasc by promoting the
dephosphorylation of the enzyme. However, if a Ca-dependent step was affected by the
presence of CCBs in the enterocyte, it would be anticipated that both classes of drugs would
affect intracellular synthesis of cholesterol and thercby would have directionally similar

effects on BBM content of cholesterol.
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Possible Ca involvement in acylation and deacylation enzymes in the enterocyte has
not been studied (Garg ¢t al, 1988). However, Ca may play a direct role in modulating
membrane lipids by binding to anionic sites of the membrane bilayer. However, in rat BBM
intraluminal Ca decreased the fluidity by alterations in membrane sphingomyelin content by
unknown, presumably indirect mechanisms {Dudeja et al, 1987). Ca mediated alterations in
lipid composition have also been observed in hepatocytes (Livingstone and Schacter, 1980).

Although it is tempting to speculate that CCBs might influence some of these
metabolic processes in the enterocyte it would be anticipated that any Ca-mediated step
would be qualitatively affected in a similar manner by both N or V. Thus, it would be
cxpected that similar changes in Km™s would be observed for N or V in addition to
dircctionally similar changes in lipid uptake; this was not the case in the present study.

In cultured macrophages, CCBs inhibit cholesteiol esterification (Daugherty, 1987).
The mechanism for this action has not been defined, but is apparently independent of the
Ca-blockade effect and could involve a direct effect on the ACAT reaction in this tissue.
Furthermore, not all classes of CCBs exhibited this inhibitory effect. It is unknown whether
a similar cffect might apply to the intestine, but clearly alterations in the activity of ACAT
also influence the intestinal uptake of cholesterol. It is interesting to speculate that an
upregulated state of ACAT following cholesterol feeding, as well as possible differential
cffccts of CCBs on this enzyme, could account for some of the variable effects noted between
CCBs and dict cffects.

CCBs affect short circuit current (Isc) measured across ileal tissue with V having a
quantitatively grzater effect than otizer classes of CCBs (Homaidan et al, 1989). This
represents the net effect of Ca channel blockade on the flux of anions and cations from the
mucosa to the scrosa and from the serosa to the mucosa. In the presence of CCBs equally

cnhanced mucosal to serosal movement of sodium and chloride exceed sercsal to mucosal
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movement of these ions. Residual fluxes (likely bicarbonate ions) and Isc are deercased
(Donowitz and Asarkof, 1982). In the present study, the CCB-induced dose-dependent
reduction of basal Isc was not observed in rabbit jejunum. This lack of effect could be
related to differing electrolyte transport mechanisms between jejurum and ilcum.
Specifically, in rabbit jejunum there does not appear to be either NaCl symport or CVOH-
antiport (Gunther and Wright, 1983). Since ion flux studies werc not done in our study, it
is not possible to comment on the direction or spesific ions contributing to the Isc.

Glucose-dependent sodium fluxes are wisafiiasted after short term exposure to CCBs
in rabbit ilcal tissue implying no effect of CCBs in sodium-dependent glucose transport. The
results of the present acute exposure jejunal uptake studics support this observation.
However, in chronically fed animals and in our Isc studics, it is apparcnt that glucose
transport is significantly altered by the CCBs (Tables 3-7, 3-8; Figures 3-1, 3-2).

In in_vitro nonintestinal cells, reductions in intracellular Ca inducc alterati-+s in

sodium permeability; these effects are associated with enhanced activity of the sodium pump
(Na*/K*-ATPase) (Hagane et al, 198%; Knudsen and Johansen, 1989). Whether Ca is
involved in the physiological regulation of the sodium pump and whcther chronically fed
CCB:s exert an influence on Na*/K*-ATPase in the intestinal basolateral membranc (BLM)
is unknown. There appear to be at lcast two isoforms of this ATPasc in the intestine
(Fedorak, 1990) which could be differentially affected by cholesterol feeding and could be
influenced differently by various classes of CCBs. Effects on sodium gradicnts may influcnce
the uptake of nutrients. Removal of sodium from the bulk phase reduces the uptake of fatty
acids (Thomson, 1982b; Stremmel, 1988) but it is unknown what an enhanced mucosal to
serosal flux of sodium might have on lipid uptake. However, the variable effect of V on the
uptake of glucose, galactose and fatty acid suggests that a gencral affect on sodium gradients

is unlikely the soic mechanism mediating the observed changes in nutrient transport.
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Glucose stimulated Isc responses were suppressed by the presence of V, N or N plus
V in the serosal bathing solution (Figures 3-{, 3-2). This presumably reflects diminished
sodium-dependent mucosal to seross: movement of the hexose which is unexpected in view
of the enhanced mucosal to serosal movement of sodium reported in the presence of these
drugs in ilcum (Hubel and Callanan, 1980; Donowitz and Asarkof, 1982). Furthermore, the
suppressed Isc response was observed in LCD but not HCD. However, the control HCD Isc
response to glucose was lower than the LCD control values. Thus, since glucose Isc response
was already suppressed in HCD versus LCD this may have accounted for the lack of further
depression by CCBs. As discussed, the feeding of cholesterol may alter tissue properties in
a manner that influcnces the inieraction between CCBs and Ca channels. Furthermore, the
fluidity and physicochemical properties of the membrane may be altered in HCD resulting
in altered transport as described earlier. It is also possible that cholesterol modifies the
propertics of the tight junctions and thus the general permeability of the tissue. For
cxample, the ionic conductance in the LCD control tissue was greater than the conductance
in the HCD group. It is unlikely that these results were due to toxic effects or tissuc death
as thcophylline significantly increased Isc in all tissues.

The results of our acute exposure study did not show any effect of increasing doses
¢f mucosal N or V on in vitro glucose uptake. Based on these results in the acute study, it
is unlikely that mucosal e'fect (i.e. modification of glucose carrier(s)) in the BBM is occurring
after short terin exposure ic ZCBs. However, the putative suppressed glucose transport in
the Isc studics may be due to reduced activity of Ca-dependent potassium channels (CDPCs)
proposed to exist in entcrocytes (Brown and Sepulveda, 1985; Montero et al, 1990).
Increased potassium permeability of the basolateral membrane may be coordinated with
cnhanced sodium entry across the apical membranae and it has been suggested that CDCPs

may mediate this linkage. If potassium permeability plays a role in providing the driving
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iorce for sodium-coupled transport across the cell it is possible that CCBs could influcnce
the movement of glucose by affecting the activity of the CDPCs.

The implied CCB suppression of glucose transport in the Isc study differs from the
results of our acute and chronic exposure in vitro uptake studies. The time-course of drug
exposure may be a factor. In the acute exposure nutrient uptake studies the tissucs werc
exposed to CCBs for 6 and 36 minutes, whereas in the Isc studies, CCBs were preseat in the
medium for 72 minutes before the glucose-stimulated measurements were determined.
Furthermore, as indicated above, the mucosal versus serosal exposure to CCBs may have
significance. Further Isc studies with mucosal addition of the CCBs nced to be conducted
to determine if the site of CCB exposure has an influence in the jejunum. Finally, although
the ionic fluxes imply that mucosal to serosal movement of glucose may be reduced by CCBs,
the effects may not be of significant magnitude to translate to altcrations on jn vitrg or
physiological uptake.

It is not uncxpected that the functional effects of the chronic study would differ fro
the acute exposure studies. In acute experiments of drug exposure, the drug is dircctly
exposed to either the mucosal or serosal surface of the tissue being studied. However, in a
chronic administration study of CCBs, several factors need to be considered. In this study,
the CCBs are administered orally and thus present to the luminal side of the enterocyte.
Thus, the absorption of the agents may be variable and influenced by the luminal contents.
In view of the lipophilic nature of these agents it is likely that their absorption will be
enhanced in the presence of a high lipid diet. We attempted to avoid a possible diffcrential
effect in drug absorption between HCD and LCD by providing the drug at noon, when food
intake by this species is generally low. However, variable absorption between drugs and

between diets cannot be strictly ruled out.
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Another consideration with the luminal presentation of the drug is that Ca channels
are present predominantly in the BLM of the ileum (Donowitz, 1983). If this is the case in
the jejunum, then the pharmacological agents must cross the enterocyte before exerting their
blockade effect on the BLM. Although the presence of luminal Ca channels has been
implicd in jejunum and colon (Markowitz et al, 1985; Donowitz et al, 1985) th's is uncertain.
In rat jejunum intraluminal perfusions including 0.4 mM V stimulates Na and 1 .0 absorption.
Thus, it is possible that the observed effects are not exclusively due to the Ca channel
blocking effects but also luminal and other unidentified processes occurring during transport
across the intestine. This does not make the results of this study less significant, as the
majority of these drugs are taken orally. In terms of hemodynamics, the administration of
oral versus injected CCBs exert qualitatively similar effects. In order to further delineate
possible mechanisms of the results obtained in these chronic feeding studies, the use of
intraperitoneal injections of these agents would be of interest (see Chapter V - Directions
for Future Research).

The physiologicai significance of the findings in this study remain to be determined.
Our initial intcrest in the possible effects of CCBs on lipid uptake was stimulated by the
observation of cholesterol lowering effects (both serum and aortic) in animals fed N
simultancously with HCD (Senaratne et al, 1991). This cholesterol lowering effect of N was
clearly not due to a decline in intestinal uptake of lipids (Table 2-7). While V reduced the
uptake of lipids in HCD (Table 2-8), it did not reduce levels of cholesterol in serum (Table
2-3). In contrast, N reduces serum cholesterol levels while enhancing uptake. Thus it is
likcly that the effect of N on cholesterol concentration lies beyond the intestine, and points
out that at least in the rabbit, reducing serum cholesterol levels may in fact be associated
with increased intestinal uptake of cholesterol. This study does not rule out the possibility

that CCBs alter lipoprotein synthesis and/or exit from the enterocyte.
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Alterations to both the passive and active transport component contribute to the net
effect of CCBs on intestinal hexose uptake. Passive glucose uptake may cxceed rates of
active transport at luminal concentrations in the physiological range aftcr a meal
(Pappenheimer, 1990). In the present study feeding LCD plus V reduced Jmax by 17.6%
but increased Pd" by 29.4% versus LCD controls. If passive flux is 50% of the total glucosc
uptake after a meal (Pappenheimer, 1987) it may be speculated that V feeding results in a
slight (6%) increased in net glucose uptake. N feeding enhanced Jmax by 29.5% and
reduced Pd’ by 12.2%, based on the above assumption, the net effect might bc an 8.75%
increase in uptake. In HCD, Pd” was not affected but Jmax increased with N or V feeding.
Thus, although speculative, it is possible that CCBs differentially affect individual kinctic
parameters but their effects on net glucose uptake may be dircctionally similar. Oral V has
been reported to reduce glucose tolerance to a glucose load in normal but not diabetic
volunteers (Ferlito et al, 1982). Other studies have reported no cffect of CCBs on glucosc
tolerance (McTavish and Sorken, 1989). In the present study, the animals fed the CCBs had
normal serum glucose levels in spite of altered capacities for intestinal glucose transport.

In conclusion. the results of this study suggest that the chronic administration of CCBs
has the potential to influence the jejunal uptake of active and passively absorbed nutricnts.
The altered uptake likely occurs due to an intestinal adaptive response as the acute mucosal

presence of these agents does not influence in vitro nutricnt uptake. The dircction of the

altesed uptake is influenced by the class of the CCB as well as the cholesterol content of the
diet.

In addition, acute serosal exposure to CCBs does not influence basal ionic fluxcs in
the jejunum but does reduce glucose and theophylline-stimulated ionic movement.  This

effect is also influenced by the cholesterol content of the dict. The mechanisms and



‘ Page 194

physiological significance of CCB-induced alterations in nutrient and electrolyte transport are

undetermined.



Page 195

REFERENCES

Baylin SB, Stevens SA, Shakir KMM. Association of diamine oxidase and ornithinc
decarboxylase with maturing cells in rapidly proliferating epithelium. Biochim. Biophys. Acta.
541:415-419, 1978.

Beg ZH, Stonik JA, Brewer HB Jr. Modulation of the enzymic activity of 3-hydroxy-3-
methylglutaryl coenzyme A reductase by mulliple kinase systcms involving reversible
phosphorylation: A review. Metabolism 36:900-917, 1987a.

Beg ZH, Stonik JA, Brewer HB Jr. Phosphorylation and =iodulation of the enzymic activity
of native and protease-cleaved purified hepatic 3-hydroxy-3-methylgli-taryl-cocnzyme A
reductase by a calcium/calmodulin-dependent protein kinase. J. Biol. Chem. 262:13228-
13240, 1987b.

Bialecki RA, Tulenko TN. Excess membrane cholesterol alters calcium channcls in artcrial
smooth muscie. Am. J. Physiol. 257:C306-C314, 1989.

Brasitus TA, Davidson NO, Schacter D. Variations in dietary triacylglycerol saturation after
the lipid composition and fluidity of rat intestinal plasma membrancs. Biochim. Biophys.
Acta. 812:460-472, 1985.

Brasitus TA, Schacter D. Cholesterol biosynthesis and modulation of membrane cholestcrol
and lipid dynamics in rat intestinal microvillus membranes. Biochem. 21:4136-4144, 1982.

Brown PD, Sepulveda FV. Potassium movements associated with amino acid and sugar
transport in enterocytes isolated from rabbit jejunum. J. Physiol. 363:271-285, 1985.
Chang EG, Fedorak RN, Field M. Intestinal adaptation to diabetes: Altered Na-dependent
nutrient absorption in streptozotocin-treated chronically diabetic rats. J. Clin. Invest.
79:1571-1578, 1987.

Cheeseman CT. Expression of amino acid and peptide transport systcms in rat small
intestine. Am. J. Physiol. 251:G636-G641, 1986.

Clandinin MT, Field CJ, Hargreaves K, Morson L, Zsigmond E. Role of dict fat in
subcellular structure and function. Can. J. Physiol. Pharmacol. 63:546-556, 1985.

Daugherty A, Rateri DL, Schonfeld G, Sobel BE. Inhibition of cholesteryl ester deposition
in macrophages by calcium entry blockers: an effect dissociable from calcium entry blockade.
Br. J. Pharmac. 91:113-118, 1987.

Diamond JM, Karasov WH. Effect of dietary carbohydrate on monosaccharide uptake by
mouse small intestine in vitro. J. Physiol. Lond. 349:419-440, 1984.

Donowitz M. Ca?* in the control of active intestinal Na and Cl transport: Involvement in
neurohumoral action. Am. J. Physiol. 245:G164-G177, 1983.

Donowitz M, Asarkof N. Calciuta dependent of basal electrolyte transport in rabbit ilcum.
Am. J. Physiol. 243:G28-G35, 1982.



Page 196

Donowitz M, Levin S, Powers G, Elta G, Cohen P, Cheng H. Ca?* channel blockers
stimulate ileal and colonic water absorption. Gastroenterology 89:858-866, 1985.

Donowitz M, Madara JL. Effect of extracellular calcium depletion on epithelial structure
and function in rabbit ileum: a model for selective crypt or villus epithelial cell damage and
suggestion of secretion by villus epithelial cells. Gastroenterology 83:1231-1243, 1982.

Dudcja PK, Brasitus TA, Dahiya R, Brown MD, Thomas D, Lau K. Intraluminal calcium
modulates lipid dynamics of rat intestinal brush border membranes. Am. J. Physicl.
252:G398-G403, 1987.

Fedorak RN. Adaptation of small intestinal membrane transport processes during diabetes
mellitus in rats. Can. J. Physiol. Pharmacol. 63:630-635, 1990.

Ferlito S, Modica L, Romano F, Patane M, Raudino M, et al. Effect of verapamil on
glucose, insulin and glucagon levels after oral glucose load in normal and diabetic subjects.
Panminerva Medica 24:221-226, 1982.

Garg ML, Keelan M, Thomson ABR, Clandinin MT. Fatty acid desaturation in the intestinal
mucosa. Biochim. Biophys. Acta 958:139-141, 1988.

Gunther RD, Wright EM. Na*, Li*, and Cl transport by brush border membranes from
rabbit jejunum. J. Membrane Biol. 74:85-94, 1983.

Hagane K, Akera T, Stemmer P. Effects of Ca®* on the sodium pump observed in cardiac
myocytes isolated from Guinea Pigs. Biochim. Biophys. Acta 982:279-287, 1989.

Homaidan FR, Donowitz M, Weiland GA, Sharp GWG. Two calciam channels in
basolateral membranes of rabbit ileal epithelial cells. Am. J. Physiol. 257:G86-G93, 1989.

Hubel KA, Callanan D. Effects of Ca2* on ileal transport and electrically induced secretion.
Am. J. Physiol. 239:G18-G22, 1980.

Katz AM. Mechanisms of action and differences in calcium channel blockers. Am. J.
Cardiol. 58:20D-22D, 1986.

Keelan M, Walker K, Thomson ABR. Effect of chronic ethanol and food deprivation on
intestinal villus morphology an brush border membrane content of lipid and marker
enzymes. Can. J. Physiol. Pharmacol. 63:1312-1320, 1985b.

Keelan M, Walker K, Thomson ABR. Intestinal brush border membrane marker enzymes,
lipid composition and villus morphology: effect of fasting and diabetes mellitus in rats.
Comp. Biochem. Physiol. 82A:83-89, 1985c.

Keclan M, Walker K, Thomson ABR. Intestinal morphology, marker enzymes and lipid
content of brush border membranes from rabbit jejunum and ileum: effect of aging. Mech.
Aging Develop. 31:49-68, 1985a.



Page 197

Knudsen T, Johansen T. Na*-K* pump activity in rat peritoneal mast cclis: Inhibition by
extracellular calcium. Br. J. Pharmacol. 96:773-778, 1989.

Langdon RC. Calcium stimulates ornithine decarboxylase activity in cultured mammalian
epithelial cells. J. Cell. Physiol. 118:39-44, 1984.

Livingstone CJ, Schacter D. Calcium modulates the lipid dynamics of rat hepatocyte plasma
membranes by direct and indirect mechanisms. Biochem. 19:4823-4827, 1980.

Maenz DD, Cheeseman CI. Effect of hyperglycemia on D-glucose transport across the brush
border membrane and basolateral membranes of rat small intestine. Biochim. Biophys. Acta.
860:277-28S, 1986.

Markowitz J, Wapnir RA, Daum S, Fisher SE. Verapamil (Vp) and jejunal H0 and Na
absorption in the rat. Gastroenterol. 88:1490, 1985 (abstract).

McTavish D, Sorkin EM. Verapamil: An updated review of its pharmacodynamic and
pharmacokinetic properties, and therapeutic use in hypertension. Drugs 38:19-76, 1989.

~fgddings JB, DeSouza D, Goel M, Thiesen 8. Glucose transport and microvillus membranc
physical properties along the crypt-villus axis of the rabbit. J. Clin. Invest. 85:1099-1107,
1999.

Montero MC, Calonge ML, Bolufer J, Ilundain A. Effect of K* channel blockers on sugar
uptake by isolated chicken enterocytes. J. Cell. Physiol. 142:533-538, 1990.

Paoletti R, Bernini F, Fumagalli R, Allorio M, Corsini A. Calcium antagonists and low
density lipoprotein receptors. Ann. N.Y. Acad. Sci. 522:390-398, 1988.

Pappenheimer JR, Reisse KZ. Contribution of solvent drag through intercellular junctions
to absorptions of nutrients by the small intestine of the rat. Membr. Biol. 100:123-136, 1987.

Pappenheimer JR. Paracellular intestinal absorption of glucose, creatinine, and mannitol in
normal animals: relation to body size. Am. J. Physiol. 259:G290-G299, 1990.

Pegg AE, McCann PP. Polyamine metabolism and function. Am. J. Physiol. 243:C212-C221,
1982.

Sepulveda FV, Burton KA, Ciarkson GM, Syme G. Cell differentiation and L-ornithinc
decarboxylase activity in the small intestine of rats fed low and high protcin dicts. Biochim.
Biophys. Acta 716:439-442, 1982,

Stremmel W. Uptake of fatty acids by jejunal mucosal cells is mediated by a fatty acid
binding membrane protein. J. Clin. Invest. 82:2001-2010, 1988.

Stremmel WG, Lotz G, Strohmeyer ??, Berk PD. Identification, isolation, and partial
characterization of a fatty acid binding protein from rat jejunal microvillus membranes. J.
Clin. Invest. 75:1068-1076, 1985.



Page 198

Thomson ABR. Influence of dietary modifications on uptake of cholesterol, glucose, fatty
acids, « 1d alcohols into rabbit intestine. Am. J. Clin. Nutr. 35:556-565, 1982a.

Thomson ABR. Influence of sodium on the dimensions and permeability characteristics of
the major diffusion barriers to passive intestinal uptake. Am. J. Physiol. 243:G148-G154,

1982b.

Thomson ABR. Mechanisms of intestinal adaptation: unstirred layer resistance and
membrane transport. Can. J. Physiol. Pharmacol. 62:678-652, 1984.

Thomson ABR, Gardner MLG, Atkins GL. Ali~rnate models for shared carriers or a singlc
maturing carrier in hexose uptake into rabbit jejunum in vitro. Biochui. Biophys. Acta
903:229-240, 1987.

Thomson ABR, Keeclan M, Sigalet D, Fedorak R, Garg M, Clandinin MT. DPatterns,
mechanisms and signals for intestinal adaptation. Dig. Dis. 8:99-111, 1990.

Winne D. The permeability coefficient of the wall of a villous membrane. J. Math. Biol.
6:95-108, 1978.

Yeagle PL. Lipid regulation of cell membrane structure and function. FASEB J 3:1833-
1842, 1989.



Page 199

CHAPTER V

DIRECTIONS FOR FUTURE RESEARCH

The present studies demonstrate that chronic feeding of nisoldipine (N) or verapamil

(V) alters the in vitro jejunal uptake of iipids and hexoses in rabbits fed low cholesterol dict

(LCD) or high cholesterol diet (HCD). The modification in nutricni uptake likely reflects
an intestinal adaptive response that is differentially influenced by the class of calcium channel
blocker (CCBs) as well as the cholesterol content of the dict. Futurc rescarch should be
directed towards testing the following hypotheses to: A) further delineate the specific site
of intestinal adaptation and interaction with CCBs and B) determine the mcchanisms

mediating altered transport function.

5.1) SITES OF CCB INTERACTION WITH THE INTESTINE
HYPOTHESIS: Calcium (Ca) channels are present in the basolatcral membrane
(BLM) of rabbit jejunum.

It has been reported that in rabbit ileum, Ca channcls and CCB binding sitcs exist
in the BLM and not the brush border membrane (BBM) (Donowitz and Asarkof, 1982). Thc
presence of luminal CCB binding sites has been suggested in rat colon (Donowitz ¢t al, 1985)
and jejunum (Markowitz et al, 1985), but it is unclear if this is also thc casc in rabbit
jejunum. It would therefore be of interest to determine the effects of chronic N or V feeding
in vesicles of isolated BBM and BLM. Furthermore, radioligand binding studics as donc in
rabbit ileal membrane preparations (Homaidan ¢t _al, 1989) would provide additional
information regarding potential Ca channels and binding sites in the jejunum. In both vesicle

uptake and radioligand binding studies it would be necessary to include animals fed LCD and
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HCD to determine if the cholesterc! content of the diet exerts a further influence. Ideally,
(o further define the functional component affected by feeding N or V, cells from different
scctions along the crypt-villus axis might be isolated from treated animals (e.g. crypt, mid-
villus and villus tip) (Meddings et al, 1990) and vesicle transport studies could be conducted
in the membranes from each fraction.

It is unknown if the observed effects of CCBs on nutrient transport are due solely to
their Ca channel blocking activity or if they may be attributed to other unknown processes
resulting from direct luminal drug exposure and transport across the intestine. In terms of
hemodynamics, the administration of oral versus injected CCBs exert qualitatively similar
effects (McTavish and Sorkin, 1989). A siudy of the effects of intraperitoneal inie.tions of
N or V on nutrient transport in both LCD and HCD animals would provide important
information regarding direct luminal versus Ca channel blockade activity.

In the short circuit current (Isc) studies, only the serosal side of the jejunum was
cxposed to the CCBs. Thercfore, studies with mucosal exposure to CCBs should be
conducted to determine effects on Isc and provide further information regarding the site of
intestinal Ca channels (see Hypothesis 2D). Only two classes of CCBs were studied in these
cxperiments. In order to fully define the nature of the interaction of the various classes of
CCBs as well as the differential effects of these agents, various combinations of all three
classes of CCBs should be studied, including phenylalkylamines (Type I), dihydropyridines
(Type I1) and benzodiazapines (Type III) (see section 1.9.1). Possible mucosal and serosal
additions of these drugs might include the combination of Type I plus Type III, Type II plus

Type 111, and Types I, II and IIL
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5.2) MECHANISMS OF ADAPTATION
HYPOTHESIS A: Intestinal BBM composition is altere the chronj i CBs.

The lipid composition of intestinal BBM may be influenced by dictary manipulations,

aging, diabetes, exposure to abdominal irradiation and ethanol feeding (Keelan ¢t al, 1985a,

1985b, 1985c; Brasitus et al, 1985; Clandinin et al, 1985). It is well known that the
physicochemical properties of the membrane and consequently, membrane fluidity influcnce
the function of biological and enzymatic processes including nutrient transport (Brasitus and
Schacter, 1982; Meddings ¢t al, 1990). Furthermore, a potential role for Ca as a messenger
in affecting membrane lipid composition has been suggested (Dudcja ct al, 1987).

Thus, it is important to determine if feeding CCBs alters BBM lipid composition and
if s0, if the effects differ between classes of CCBs with or without LCD or HCD. The effects
of feeding a HCD of 2.8% on intestinal lipid composition arc unknown. Thus, this study
would provide valuable information from both control and drug {=d groups. In particular,
it would be important to determine membrane total cholesterol and phospholipid (PL.)
content, the ratio of these, the composition of the PL rubclasses, and the fatty acid
composition of each PL subclasses.

If altered membrane composition was obsarv::! it would be ideal to measure dynamic
and static components of membrane fluidity & nze-~ously described (Chautan ¢t al, 1990;
Meddings et al, 1990).

HYPOTHESIS B:  Chronic feeding of CCBs alters the activity of membrane-lipid

metabolizing enzymes.

Alterations in lipid metabolizing enzymes, particularly HMG-CoA reductase, PL
metabolizing, acylation-deacylation and desaturases, are likely to influence the composition
and biological function of the enterocyte membrane (Brasitus and Schacter, 1982; Garg ct

al, 1988; Dudeja et al, 1987). Ca may play a role in the short term phosphorylation-
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dephosphorylation regulationn of HMG-CoA reductase. Ca has also been implicated as a
potential regulatory factor in the activity of sphingomyelinase and sphingomyelin synthase.
It would be important to determine if these and other enterocyte lipid-metabolizing enzymes
are influcnced by the chronic administration of CCBs in LCD or HCD particularly if
membranc lipid composition is altered by these agents (Hypotiesis 2B). Enzyme assays of
interest that are currently validated and available in the present laboratory include:
phosphatidylethariolamine methyliransferase (PEMPT), phosphocholine transferase, and
scveral desaturase enzymes.

In nonintestinal cells, CCBs may influence the activity of acyl cholesterol acyl
transferase (ACAT) (Daugherty et al, 1987). It is probable that 2itering enterocyte ACAT
activity might affect intestinal lipid uptake; thus an assay of this enzyme would also provide
uscful information regarding potential mechanisms for altered nutrient uptake in animals fed
LCD or HCD with chronic CCB:s.

HYPQTHESIS C: Polyamine activity and effects are influenced by chronic feeding of
CCB:s.

It is well known that polyamines are associated with cell growth and differentiation.
In nonintestinal cultured cells a role for Ca has been suggested in the induction of basal
ornithine decarboxylase (ODC) activity. Furthermore, V dose-dependently reduces basal and
stimulated activity of this rate-limiting enzyme for polyamine synthesis (Langdon, 1984; Van
Lecuwen, 1988).

The effects of chronic CCB feeding (plus LCD or HCD) on the production of
polyamines <culd be determined directly by assaying intestinal concentrations of putrescine,
spermidine and spermine as previously described (Hosomi et al, 1987; Langdon, 1984; Van
Lecuwen, 1988). Measurements of ODC activity and use of the specific inhibitor of this

cnzyme (difluoromethyl ornithine (DFMO)) may also be used to characterize effects on
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polyamine metabolism. Furthermore, if would be of interest 42 determine if CCBs modify
the induction of ODC or polyamines in a physiological setting {c.g. after feeding or post-
resection).

It would also be of interest to determine if the putative cffects of polyamine including
cell growth and proliferation are altered by chronic feeding of CCBs. Autoradiographic
studies using tritiated thymidine to label cells cntering mitosis and scrial studics at sct
intervals after labelling would provide information of rates of ccil migration. Johnson (1987)
suggests that these types of studies should be combined with mcasurements of actual mitosis
(DNA, RNA) to distinguish between uptake of label and actual incorporation into DNA.
In the absence of changes in mucosal surface arca (as reported in the present study)
alterations in these dynamic components of intestinal morphology may represent the adaptive
mechanisms accounting for CCB-induced changes in nutricnt transport.

HYPOTHESIS D: CCBs alter intestinal ion fluxes in_the jejunum.

It is well documented that the acute serosal presence of CCBs influcnce ileal ionic
transport presumably enhancing mucosal to serosal movement of sodium and possibly
reducing serosal to mucosal movement of residual (likely bicarbonate) ions (Donowitz and
Asarkof, 1982; Homaidan et al, 1989). As illustrated in the present study, these effects may
not occur in the jejunum. However, since radiolabelicd undirectional fluxes of individual ions
were not determined in these experiments it is not possible to delineate the contribution of
various ions to the net Isc. Thus, in order to conclusively define the effects of acute CCBs
on jejunal ion transport, this type of study needs to be conducted.

As indicated earlier, it cannot be assumed that Ca channcls in the jejunum are
located exclusively in the BLM of the jejunum. Therefore it is important to include mucosal

exposure to CCBs in the proposed ionic flux studies.
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Furthermore, there are no reports of Isc studies or ionic flux studies in animals
chronically fed CCBs plus LCD or HCD. Studies in the chronically exposed animals are
important because altered in vitro nutrient uptake was observed in the 3 week fed model of
the present study and not the acutely exposeu 2nimals.

HYPOTHESIS E:  CCBs influerice Ca activated potassium (K) channels in the intestine.

It has been reported that Ca activated K channels (calcium dependent potassium
channels [CDPCs]) are present in the BLM of rabbit and chicken enterocytes (Brown and
Scpulveda, 1985; Montero et al, 1990). During active nutrient transport these channels may
have an important role in regulating K permeability and energizing the transport processes.
In the present study and others CCBs presumably reduce glucose transport (Montero et al,
1990). In order to determine if the effect is mediated via the putative CDPCs channels a
study of the effects of TCBs on substrate induced K efflux, combined with Isc or ion flux
stucies using known inhibitors of Ca-dependent K permeability (either apamine, a peptide
ncurotoxin from bee venom), quinidine or barium should be conducted (Brown and
Scpulveda, 1985). In isolated enterocytes concentrations of 5x10’M apamine, 1 mM
quinidine and 5 mM barium respectively, inhibit the K efflux induced by active transport.
If Na-dependent nutrient transport is energized by Ca-activated K channels it would be
anticipated that these agents would reduce nutrient transport.

HYPOTHESIS F:  CCBs influence the function of tight junctions in the intestine.

The chronic administration of N or V resulted in altered uptake of passively absorbed
L-glucose thus implicating a CCB-induced modification in the properties of the intestinal
tight junctions. While Ca has been identified as an important factor in determining the
structure of the tight junctions (Pappenheimer, 1990), it is unknown what influence chronic
CCB fecding may have on these structures. Thus, future studies should be developed to

further investigate this potentially important effect. Since intestinal conductivity (ie
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resistance) is primarily determined by the properties of the tight junctions, Ussing chamber

experiments would be a valuable tool in conducting these studies.

5.3) FURTHER REFINEMENT OF PRESENT STUDIES
A) Influence of lipid:taurodeoxycholic acid (TDC) ratio.

In the present studies the directional effects of N feeding on cholesterol uptake were
influenced by the ratio of TDC to cholesterol in the experimental solution. It has been
demonstrated in this study, and others that with an increasing ratio of TDC:cholesteroi the

in vivo uptake of lipids declines, likely due to reduced partitioning of cholesterol or fatty acid

from the micellar to monomeric solution (Thomson and Dietschy, 1981; Thomson ¢t al,
1983).

It is unclear why N feeding would decrease cholesterol uptake in LCD when 20 mM
TDC was used to solubilize the lipid but enhance uptake when 10 mM TDC was uscd.
Furthermore, this variability was observed in N but not V fed LCD and HCD groups.

Since all of the fatty acids studied were solubilized in 20 mM TDC it is unknown if
a similar effect is observed in association with fatty acids. Thus, a future study using scveral
varied ratios of TDC:lipid should be conducted to determine if this is a consistcnt
phenomenon associated with N feeding. Furthermore, the enhanced uptake associated with
a lower TDC:lipid ratio may be a more effective experimental setting to demonstrate the
effects of CCB feeding, particularly for N.

B) Further study to differentiate intestinal lipid uptake differences in scrum cholesterol-

hypo- versus hyperresponders

There may be a great deal of inter-animal variation in the hypercholesterolemic
response of animals fed a high cholesterol diet (see section 1.5.6). The mechanism

accounting for the variability in response has not yet been determined. It is unknown if the
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animals that fail to develop significant hypercholesterolemia have reduced intestinal uptake
of lipids. Since altered transport capacities may significantly influence the interpretation of
the results in the present study, it is important in future experiments to determine if there
is variability in the intestinal function, composition and lipid-metabolizing enzymes between
animals that exhibit different serum cholesterol responses.

C) Further study to determine alternate mechanisms for the hypocholesterolemic effect of
the CCB N.

The present study provides evidence that the intestinal capacity for intestinal in vitro

uptake of cholesterol is not altered by CCBs. Therefore, the cholesterol-lowering effect of
N is not due to a decline in the intestinal uptake of lipids. The uptake of palmitic acid was
not determined in the chronic feeding studies; in view of the association between high intake
of this fatty acid and elevated serum LDL cholesterol levels (Bonanome and Grundy, 1988)
it would be of interest to determine if CCBs affect its intestinal uptake. However, it is likely
that the effect of N on cholesterol concentration lies beyond the intestine or at least beyond
the point of mucosal entry. The cholesterol concentration in serum may be regulated by
several mechanisms in addition to absorption from the gut including hepatic synthesis,
secretion of lipoproteins and peripheral catabolism of lipoprotein species (Walldius, 1983).
It would be useful information to determine which specific lipoprotein species in serum are
influenced by the chronic feeding of N (i.e. LDL, VLDL, HDL).

General effects may also be determined by assaying the various lipoproteins and
lipids present in the intestinal lymph and bile secretions and the effects of CCB:s on the lipid
composition of these fluids.

More in depth studies would need to be conducted to determine the effect of CCBs
on hepatic synthesis enzymes (e.g. HMG-CoA reductase), catabolic enzymes (e.g. LCAT) and

on LDL receptor and nonreceptor clearance of serum cholesterol.
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