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Epidemiological studies have -indicated that cholesterol

ABSTRACT.
—_—

'gallstones~may be related to a deficiency in dietary fiber. It has
been sho?n'that the major abnormality in §a11stone patients is ]
supersaturation of their bile with cholesterol » ®holesterol solubility
depends on its incorporation into ﬁixed mf&élles with bile acids and
phospho]ipids.?'Total bile acid pool size is reduced in gallstone
patients and there is some suggestion that the bile acid composition

of the bile acid pooi is also different from normal.

In this investigation three sfudies were made. Firstly,
bile acid composition of bile was compared between eight gallstone
patients and six patients without bili}ry tract disease. Secondly,
the effect of a 50 gm per day diefa}y supplement of A1l Bran on biliary
1ipid composition, bile acid pools and cholesterol transt3:£/441po-
proteins) was investigated in nine gallstone patients and nine normal
volunteers. Thirdly, a study was made of the effect of bran supplement
on feca} weigbt,/féca] bile acid, and neutral sterol output in four
normaf volunteers.

In the first study, the secondary bile acid, deoxycholic
acid (DCA), was found to be significantly increased in the bile of
gallstone patients, suggesting that the colomic phase of the entero-

hepatic circulation was altered in these patients. In th? second

study, comparison between the gallstone patients and volunteers before

vi



.and after‘the high fiber diet produced several significant findings.
DCA was again increased in th; gallstone group, furthermore cheno-
deoxychoYic acid (CDCA) was reduced. Total pool size was also
reduced. The bran diet returned the cholest;rol supersuturation of
gallstone bile to normal and also reduced its DCA content. There was
no significant change in the proportions of the other bite acids,

A
although total pool size showed a trend to increase. High density

lipoprotein cholesterol ratios were originally high in the gallstone
hts. The longterm effect of the bran diet was to return the

lipoprotein distribution of cholesterol towards normal. In the
third study, daily fecal volume, fecal bile acid and neutral sterol

excretion were shown to increase with the addition of dietary fiber

(bran).

It was suggested from this study that dietary fiber
deficiency offers an explanation for the geographic distribution of
cho]eééerol gallstones, and may be responsible for their formation.
Furthermore, correction of fiber deficiency should prevent their
formation and may possibly, in the longterT, induce their dissolution.
Dietary fiber exerts 1}5 effects on biliary lipid metabolism and
cholesterol transport by increasing the daily excretion of chqlesterol

and bile acids.
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INTRODUCTION

Chdlesterol cholelithiasis (gallstones) is a disease of
almost p]ague-]ike\proportions. It has been estimated that 10% of
males and 20% of females in the 50‘year age group have gallstones.

The only accepted treatment of this diseasé is surgﬁca1 removal of

the galibladder, and in Canada in 1974, approximately 80,000 of

these operat1ons were performed at a cost of well over- $280,000,000.

, AL;hOugh the maJor1ty of stones are asymptomatic, the risk of biliary
‘co1ic, biliary obstruction, acute cholecyst1f\s, ascending cholangitis,
perforaf{on of the-gal]b]gdder. carcinoma of the gallbladder and even
death*® (about 8,000 cases yearly in the USA) is sufficient to dictate
treatment of this common disease.

A more logical approach to ;uch a common and costly disease
would be to discover its etio]ogy énd direct all possible efforts at
its prevention. To date, the'mqst signifi;ant fiqding in regard to
etiology was the discovery that choTéste}bl Supersaturation o% bile
occurs fn gallstone patients, and is a prerequisite for the formation
of gtones. 'In fact, gallstone dissolution can be accomplished by
desatufating bile through the oral administration of certain bile
acids. Obviously if bile never becomes supersaturated with cholesterol,
stones should never form."

| Although stasis, infection, }nf1ammation, obesity and

estrogens have all been postulated as the agents which produce choles-

terol supersaturation, improper diet may be the most likely explanation.

Xiv
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Studies by Dennis Burkitt on the worldwide distribution of gallstones
led him to believe that they are a disease of fiber deficiency. He
observed that cholesterol gallstones are a rarity in rural Africa as

| opposed to their frequency in North America, Eyrope and other indust-
rfalized areas of the world. Correlating this information to the
obvious difference in the fiber content of the natural diet that the
rural Africans consumed, Burkitt hypothesﬁ&ed that in some way fiber
deficiency is responsible for the formation of cholesterol gallstones..

The well known effect of a high fiber (bran) diet is to
increase fecal bulk and reduce intestinal'transit time. Bran is a
natural laxative and @arketed by North An)erican and European cereal
companies as such. It is therefore possible that its inclusion in
the diet could affect both cholesterol and bile acid metabo]isﬁ, since
their main elimination from the human body +s in the feces. Interest-
ingly, the bile acids, which are the major catabolites of cholesterol,
are bound to a component of veéétab]g fiber identified as lignin.

This information has suggested that a thorough biochemical
investigation of the effects of a high fiber diet on bile acid and
cholesterol metabolism could be of more than academic interest.

Since the obvious effect of fiber deficiency is to slow intestinal
(especially colonic) transit™tyme, and it is known that the secondary
bile acids (deoxycholic and lithocholic acids) are produced in the
colon, bile acid fractionation was compared Yn gallstone and non-
gallstone patients.

After the encouraging results from this initial study

XV



~ -suggesting that {here is an alteratfon in the colonic phase of the
enterohepatic circulation of bile acids in gallstone patiénts. an
investigation comparing the effects of a high fiber/diet on biliary
lipid metabo]1sm in gallstone and non- gallstone vo‘unteers was
undertaken. Having shown that a high fiber diet effectively reduces
the cholesterOIvsaturation of'bile, and decreases the proportion of .
deoxycholic acid in the bile of gallstone patients, we investigated
the effects of the Same diet on the exﬁ;etion of biliary lipids. Our
study on feca1\steroid; shows that dietary fiber affects biliary
Jipid metabolism by increasing the elimination of cholesterol and
bile acids from the bdhy. Additionally, our investigations show that
systemic cholesterol transport is fpvorauly altered by the high fiber
diet.

Fiber deficiency appears to be responsible for the formation
of cholesterol gallstones. The addition of adequate amounts of
fiber to the diets of industrialized nations may well reduce the

suffering and cost incurred by this common disease.

xvi
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LITERATURE REVIEW

INTRODUCTION

The vast majority of diseases of.thealivér and bile duct
system are associated with cholestergl gallstoneg,land are among the
most common afflictions of adult life. Extrapolating the statistics
of the Framingham Etudy it can be estimated that 1.5 millfon Canadians
have gallstones.! In fact, the incidence of gallstones in the 55-64
age group is 10% in males and 20% in females.? Because of the large
numbers of affected ihdividuals, the socioeconomic impact of gallstones
is impressive. In the United States, for example, surgery (at no
small expense) is eventually performed in about half of the estimated
800,000 new cases of chdlelithiasis each year. Between 5,000 and
8,000 people (USA) die from the complications of gallstone disease /
yearly. The cosf of treatment and time lost from work approaches over
one billion dollars annually.?

Although up to 50% of gallstones are asymptomatic, the risk
of complications is suffi¢ient that current surgical thinking dictates
their removal. Symptoms range from vague dyspepsia through biliary
colic, to the severe pain of acute cholecystitis. Complications
can include obstructive jaundice and cholangitis, biliary fistulae,
acute cholecystitis, gallstone ileus, peritonitis, and even death.*

The gtiology of gallstones is unknown, although it is now accepted
that cholesterol supersaturation of bi]é is necessary for their

formation. ®



In this review of the literature, the preva]ente of gatl-
stones, their composition. theories of origin and the physico-
chemical basis of formation wWill be reviewed. Bile acid, cholesterol,
‘and phospholipid metabolism in relation to biliary secretion, the -
control of bilfary secretion, and medical treatment of gallstones .
will also be reviewed. With thi}inowledge as a background.the
information from experiments presented in this thesis will be woven
into a coherent theory in an attempt to explain the etiology of

cholesterol gallstones. ¢
- .

PREVALENCE

The most common type of galistone in North America is
composed mainly of cholesterol and accounts for.over 85% of ®iliary
calculi. These gallstones are classified either as pure (95% chole-
sterol or greater), or mixed cholesterol stones (which are over
70% ch51gstero] by weight)f This abundance of cholesterol gall-
stones is in distinct contrast to rural Asia or Africa, where
pigment stones prevai].7 The common type of stone is changing in
some countries. For exémp]e, in Japan prior to World War iI
calcium bilirubinate stones comprised about 70-80% of the total.
Following the war, the Japanese incidence of cholesterol gallstones
has risen so that only 30-90% of stones are of the pigment variety.8
Currently calcium bilirubinate stones occur mainly in rural Japan,
while cholesterol cho]elithias1s appears tb be a disease.of c1t1es.9
Interestingly, transp]anted Africans and Asians adopt the same

incidence of cholesterol gallstones as their American Caucasian

1
neighbours. There also exist genetically isolated groups of



people with both ‘a high and ) Tow incidence of gallstones. An
extremely high 1nc1dence of cholesterol gallstones has been found
in several North Anerican Indian tripes, such\as the Pima and the
Chippewal® 11 In contrast, the Masai tribe o% Africa does not form
galistones.!? This and other geographic data'ha$ been examined by
Burkitt, who hypothesizef that gallstones are the,conseqdencé‘of
the highly réﬁiped fiber-Peficient diets so commbn to highly

industrialized cohntf?es. such as Canage and the United States.!?®

GALLSTONE FORMATION

The traditional classifitation of gallstones was introduced
.by Aschoff in 1924, and has persisted to date. He hypothesized
that stones were either: &

X 1. Inflammatory.
2. Metabolic (pufe pigment, calcium bilirubinate, or pure
. cholesterol).
3. Combination (primary Metabolic plus secondary inflammatory)
S
4. Stasis (primary in common duct” - earthy)!*

Such a classification is now regarded as erroneous. Since
most calculi are che%ically similar in composition, any classificat-
ion which attempts tgirelate composition to etiology is somewhat
unjustified.!s It ig’now generally accepted that there are four
major types of stones: cholesterol, calcium carbonate, calcium

bHlirubinate, and a rare organic material stone.!®

The main constituents of gallstones are cholesterol



monohydrate, calcium bilirubinate, and calcium carbonite. whether
the stones be "pigment" or "cholesterol”.!® !7 Other substances
include bile acids, fatty acids, phosphorés, iron, coppe} and
manganese. Unconjugated bilirubin has been found in the center of
stones!? Proteiniis also a component of gal]stones.‘p Fular]y
their centers.!?® Further investigations have shown that the centers
alw;ys. contain a pigmented material and usually are composed of a
mass of small crystals and flaky pigmented material trapped in

small strands of fibers.!® Histochemical studies have shown that ‘
this nucleus or nidus invariably contains mucopolysaccharide. Muco-
polysaccharides are thought to be an important structural component
of gallstones.® 2° Cholesterol crystals are in fact ar;anged

on a framework of mucopolysaccharide radiating from the centers of

some stones.?!
THEQRTES OF ORIGIN

Traditional theories regarding the origin of gallstones are
inflammation, nucleation and stasis. More recently endocrines,
obesity and diet have been implicated. In the gallbladder, the
roTe of mucus and abnormal proteins have received attention.
Finally, the physicochemical basis of cholesterol supersaturation of
bile in gallstone disease has been investigated. All these attempts
have so far failed to exalgip completely the etiology of cholesterol
gallstones.

It has long been held that inflammation and infection are
résponsible for the formation of gallstones, and explanations as to

-
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how infectious agents reach the gallbladder are old and numerous.??
Naunyn in 1892 proposed that mixed stones arose as a pultacious mass
later invaded by cholesterol.?® Infection may play sonn"ole in the
formation of stones, either as a primary cause with clumps of dead
bacteria acting as a nucleus or nidus, pr as a secondary cause,
resulting in stoﬁe growthlz“ More recegtly papillitis, ascending
infection, and Ascaris infestation have been suggested as causes for
the calcium bilirubinate stones in Japan.® Bg-glucuronidase,
produced by various anaerobic bacteria, deconjugates bilirubin
diglucuronide in bile to produce free bilirubin, which rapidly
combines with biliary calcium and forms an insoluble precipﬁtate
which coalesces to produce calculi. Maki has demonstrated that
virtually all Japanese with cdlcium bilirubinate stones have been
infected with 8-glucuronidase producing E. coli.® It has been
.suggested that inflammation from any cause may result in the
formation of gallstones. Ostrow has shown that the inflamed
gallbladder selectively absorbs the bile acids which are necessary
to maintain biliary cholesterol in solution. Absorption of
sufficient bile acids from the*%nf1amed gallbladder could cause
cholesterol to precipitate and ultimately result in gallstone
formation.s %% 28 27
fhe nucleation theory was introduced by Boysen in 1900. He
hypothesized that tiny pigment calculi can form in the intrahepatic
canaliculi as a consequence of liver disease. These calculi travel
with bile f]::é;g/the gallbladder where they presumably act as a

nidus for cholésterol precipitation, and will ultimately produce



gallstones.?* Numerous agents have been postulated as nuclei for
cholesterol precipitation. Bacteria, mucus plugs, foreign bodies
such as suture material, epithe{1a1 debris, or even parasites may be
a site for cholesterol precipitation, and lead to gallstone
formation.?* %°

In 1957 Coe introduced the conceptrof stasis as an etiologic
factor in gallstone formation. More recently, an experimentally
produced incompiete stricture of the terminal common bile duct in
the dog has been demonstrated to induce gallstone formanon. [t was
theorized that prolonged stagnation allowed cholesterol to precipitate
from bi]e?“ Another possibility may explain these results. Biliary
stasis can reduce the output of bile acids and lecithin after a short
period of time, both of which are necessary for cholesterol
soﬁubj]ity in bile. Their absence will result in cholesterol pre-
cipitation.’®

The endocrine effects of pregnancy and female sex have also
been related to cholelithiasis. Females are twice as likely to
develop gallstones as men, and the incidence increases with the

: 1 31
number of pregnancies.

A possible explanation is the demonstrat-
ion of gallbladder stasis during the normal progestational phase of
the menstrual cycle, and furthermore, the finding that postprandial
evacuation is delayed after the fourth month of pregnancy:’ How
important this degree of stasis is, is open to question. For example,

regular emptying of the gallbladder by cholecystokinin injections in

rabbits on a lithogenic diet does not prevent the formation of

Q



gallistones?® Agditional evidence further implicates estrogens in
g:llstone formation. Lynn has demonstrated th% estrogen administ-
ration tends to make bile lithogenic in the primate, and also reduces
bile flow.'* In the rat, bile acid synthesis is reduced during
pregnancy, %mplying that cholesterol solubilization in bile could be
impaired during pregnancy.’® Women who use oral contraceptives in fact
have 2.5 times greater risk for gallstone formation than do non-users.®
There remains little doubt that if a person is susceptible to gallistone
formation, the administration of estrogens can convert the tendency
into reality.37

Obesity has also been related to cholelithiasis.! 3! Caloric
intake is higher in people with gallstones; however, -protein,
carbohydrate and lipid composition of the diet is identical to that
of people without gallstones. Interestingly, working time is lower
and rest time is significantly higher in women with gallstones. Biliary
cholesterol output is stimulated when caloric intake is raised.?®

Increased biliary cholesterol secretion has been demonstrated in

obesity and is probably related allstone formation in the obese
patient.?® “°

Diet could influemce the occurrence of géllstones, as sugg-
ested by many investigators. An increase in daily protein consumption
augments cholesterol synthesis, whereas triglyceride feeding has
little effect on bile acid or choléstero] production. Cholesterol
feeding, however, increases bile acid synthesi;f Glucose feeding in
the rat results in a marked increase in biliary excretion of cholesterpl »

and bile acids, indicating augmentation of synthesis.“!' Similarly,



carbohydrate feeding in man increases the 1ithogenicity of bile,
p?obably by stimulating cholesterol synthesis'? Cholesterol feeding
increases the lithogenicity of bile in several species including
hamsters, ground squirrels, prairie dogs, and the squirrel monkey®’ **
A high level of dietary cholesterol will similarly render bile more
Jithogenic in man®3 Gallstdnes can be produced in animals such as
the hamster by dietary manipulation (high carbohydrate and high
cholesterol)*® “7Protection from the lithogenic diet can be
provided by the addition of plant fiber:® In fact, it is suggested
by geographic studies on cholelithiasis, that lack of dietary fiber
may play an important role in the genesis of cholesterol gallistones
in man!?

Mucus may well have an important function in the development
of gallstones. Pathological human bile contains more hexosamine, and
is more viscous than normal gallbladder bile'® It has been suggested
that entrapment of cho]estero]{crysta]s by gallbladder mucus allows
stone formation to proceed by preventing the normal flushing action
of gallbladder contraction from removing such debris’’® An increased
secretion of mucus precedes the formation of gallstones in rabbits
being fed dihydroxycho1ester01: This secretion i§ prevented if
pathological bile is not allowed to enter the gal]b]adder?° Entrapment
of cholesterol by mucus and crystal growth in mucus gels has been
demonstrated in Syrian hamsters. A prosthesis of mucus is probably
necessary for the formation of gallstones®'

Abnormal biliary proteins have been implicated as a possible



etiologic factor. Englert has demonstrated sixteen total biliary
proteins and four bile specific proteins, usinq_innunochouical me thods.

Bvidence was also obtained for either a nissﬂ’! and/or an abnormal

2

protein in the gallbladder bile of gallstone paticntsf The absence
of a stabilizing lipoprotein has also been postulatedf’

Cholesterol supersaturation of bile is the main abnormality
found in gallstone patients. Supersaturation is now.recognized as
the physicochemical basis of cholesterol gallstone formation.

‘ -

THE PHYSICOCHEMICAL BASIS OF GALLSTONE FORMATION
It has been known for some time that bile acids have the power
lto dissolve cholesterol in aqueous solutions. Cholesterol is by itself
/ insolub!e’in water, and bile contains over 95% water. Aside from this
slight information about the ability of bile acids to solubilize °
cholesterol, little data was available on the mechanics of cholesterol
transport in bile prior to 19302°
Spanner, in 1932, hypothesized that cholesterol precipitation
from bile in the gallbladder results from the liver secreting a paucity
of bile acids and phospho]ipidsf“ Early investigations indicated that
lecithin was a minor constituent of bi]e, but later experiments showed
that lecithin waé“present in relatively high concentrations. This
information prompted investigations into the possibility of a bile

‘acid-lecithin system of cholesterol solubility’’

By the early 1950's
Isaksson showed bile from gallstone patients to have a lower ratio of
bile acids plus lecithin to cholesterol, when compared to the bile

from patients without gallstones’® Furthermore, bile acid-lecithin
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mixtures were found in vitro to have great dissolving powers for
cholesterol in aqueous solutions. This verified that lecithin, in
combination with bile acids, is indispensable for solubilizing

. cholesterol in bile.*’

Detailed investigations of the bile acid-lecithin-cholesterol-
water system were undertaken by Small in the 1960's. Inftially the
ternary system, lecithip~bi1e acid-water, was stydied using X-ray
diffraction and microscopic techniques on mixtures with varying
concentrations of these substances. Information about the physical
state of bile, its behaviour and organization into liquid crystals
and micelles on the basis of changing concentrations was extrapolated
from these experiments®® Similarly, a second ternary system, lecithin-
cholesterol-water was investigated. Chplesterol can be incdrporated
into the structure of a liquid crystal aqueous lamellar phase formed
by lecithin and water. Total incorporation will ozcur provided
that the cholesterol-lecithin ratio is less than one to one. Lecithin
molecules form bimolecular sheets (liquia crystals) in water with
their polar groups oriented to water. The paraffinic portions of the
molecules are oriented side to side. C(holesterol molecules can be
inserted in the hydrophobic portion of the structure and thus achieve
solubility®® The quaternary system of bile acids-lecithin-cholesterol-
water was investigated by the same methods and the limits for cholester-
ol solub}?#tY’dETYned. It was discovered that the resultant structure
is able to solubilize a great deal more cholesterol than the bile

acids or lecithin alone.®® &!
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Through these investigations bile acids were found to act
like detergents for cholesterol. Beyond a critical concentration in
water (critical micellar concentrat{on or CMC) they form po1ymoiecu1ar
aggregates termed micelles. This process is also temperature dependent
and below a critical temperature (Krafft point) micellar formation
will not occur. Such aggregation can only occur with molecules
termed ;mphipaths: that is, posseésing appropriately arranged hydro-
phobic and hydrophylic regions. The structure of a micelle is such
that hydrophylic portifns are hidden in the center of the aggregate.
Micelles can so]ubi]iée non-polar molecules such as cholesterol by
"dissolving" them in their hydrocarbon center. Mixed micelles
(ﬁicé]les formed from more than one component) are created through the
aggregation of bile acids and lecithin in water, such that a coin-
like disc is formed. (Fig. 1) A bilayer of bile acids form the edge,
while a double 1ayera1ecithin molecules forms the top and bottom.
Dissolved cholesterol is interdigitated among the lecithin mo]ecules?2
€3 ewEE pre-requisite for gallstone formation was hypothesized as
oversataration of bile with cholesterol (i.e., cholesterol concentrat-.
%on above the capacity of micelles for so]ubilization)?o ¢!

A triangular phase diagram for relative percentage concen-
@tions of. cholesterol, phospholipids and bile acids was eventually
derived and a line of maximum cholesterol solubility in bile as a
funcfion of bile acid and phdspho]ipid concentrations was calculated.

(Fig. 2). A collection df bile analyses from patients with and

without gallstones was gathber#® from the literature. When their

>
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biTe composition was plotted on trianguiar co-ordinates a separation

of normal fFom lithogenic bile was obtained on the basis of choles-
terol saturation.®® In 1968, Admirand and Small produced a series of
bile analyses obtained from normal and gallstone-containing
gallbladders. When the results were plotted on triangular co-ordinates,
pathological human bile was supersaturated with cholesterol when
compared to normals’ Thus the physicochemical basis for cholesterol
galistone formation was established.

Many investigators in numerous countries have since cénfirmed
that bile from patients with cholesterol gallstones is supersaturated
w¥h cholesterol. The geographic incidence of gallstones has in
part been accounted for since low risk populations have a lower
incidence of supersaturated bile than high risk populations. As added
proof, animals which do not spontaneously form gallstones, such as
the dog, pig} hamster, and Rhesus monkey, have markedly unsaturated
bilel 7 ¢7 &8 &3 70

A few investigators, such as Holzbach, have recently disputed
Small's line of maximum cholesterol solubility, and proposed new
lTines which indicate a lesser ability of bile acids and lecithin to

717273 1t would appear that the area

solubilize cholesterol.
representing the difference between these lines is a zone of super-
saturation in a form of delayed equilibrium, termed metastability.

Supersaturated bile found in control subjects by these investigators

almost implies that their bile may contain inhibitors of nucleation. "

Most investigators, however, adhere to the original line of cholesterol
\
-
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solybility an@ find it‘provides good clinical separation of gallstone
bile from "normal" bile (which the other solubility lines do not).

As suggested above, some studies fail to separate normal
from gallstone b11e7.5 * There are many possibjlities to account
for the observed discrepancies. The time of ;ampling is important,
since it has been shown that fasting bile is more 1ithogenic than
bile collected postprandial]y?7 The source of bile also invalidates
comparison of some studies since hepatic bile is more lithogenic than
gallbladder bile?8 e As pointed out in an editorial by Sutor,
the variety of methods of Hand]ing the bile specimen (such as freezing
versus leaving it at room temperature) and the numerous available
analyses for bile acids, lecithin and cholesterol, may be the reason
for discrepancies among some studies?l Furthermore, many investigat-
jons are carried out in populations at high risk for the development
of gallstones. It is probable that many so-ca]led'normals;in such

rS

populations will be in a pre-stone stage of the disease, and have
Tithogenic bile.e2

Through experiments analyzing hepatic bile the origin of
lithogenic bile was found to be the liver and not the gallbladder. In

.

fact, it has been proposea that cholelithiasis may be a liver

disease?3 The burning question remains, namely "Why does bile become
lithogenic?" Hypotheses attempting to answer this question require a
review of investigations concerning bile acid. cholesterol. and phos-

pholipid metabolism and the control of biliary secretion for their

understanding.

A
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E?EILE ACID METABOLISM AND PH,éIOLOGY

|
. - /
INTRODUCT] f
Bi]g acids are naturally occurring detergents synthesized
in the liver from cholesterol and secreted into bile. One of their
‘nportant properties is to form micelles which allows them to solubilize
biliary cholesterol. Cholesterol,rbeing a ]fpid; would otherwise be
i6;o1ub1e in bile, since its composition is about 95% water. After
reaching the intestines via the bilifary tract, bile acids have an
important function in lipid digestion and absorption, mainly due to
their detergent like action as micelles. -
¢ The bile acids, as does cholesterol, undergo an enterohepatic
circulation. (Fig. 3). Other endogenous substances such as bile
pigments, cholesterol, vitamin By,, folic acid and estrogenic sterols,
and exogenous substances such as digital@;ié]ycosides and some

[

~antibiotics, also have an enterohepati circulation.®* Bile acids

have been termed primafy and secondary. The primary bile acids are
synthesized in the liver, secreted in bile, intermittently stored in
the gallbladder between meals, and finally enter the duodenum where

they act as a digestive juice.®*

Resorption into the portal system
occurs along the length of the sﬁal} bowel, with maximum absorption
in the dis;a] ileum. A small portion of the bile acid pool reaches
the colon where bacterial enzymegmglter the chemistry of the primary
bile acids, producing the so-called secondary bile acids, some of
which are absorbed and enter the portal venous system along with the

primary bile acids.®® The intestinal absorption of bi!e acids is
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The Enterohepatic Circulation
of Bile Acids

Figure 3



extremely efficient, only 2 - 5% of the total daily circulating bile
acids (or 20 - 25% of the total bile acid pool) escape resorption.®*
After the portal blood flow reaches the liver, the bile acids are
extracted by the hepatocytes and are resecreted into bile, thus
completing the enterohepatic circulation. The.only loss of bile
acids (the main metabolites of cholesterol) from the system is in the
feces.®"
Since bile acids are essential for the solubilization of
biliary cholesterol, and are also the main products of cholesterol
.catabo]ism, an understanding of bile acid metaﬂb]ismi physiology of
the enterohepatic circulation, and of surgical and pharmacological
a]terations.to the above, will help to clarify the state of knowledge
about cholesterol gallstones and perhaps atherosclerosis.
STRUCTURE ‘ "y
The naturally occurring bile acids in higher vertebrates are
derivatives of 58-cholanoic acid (Fig. 4), a 24-carbon-atom steroid
possessing the characteristic Cyclopentanophenanthrene nuc leus.
27-cqrbon bile acids are found in lower vertebrates’® There are two
isomeric cholanoic acids: one in which the plane of fusion of rings
A/B is cis-orientated, whereas in the other it is trans (the allo bile
acids). It is the cis-form which occurs in man°® Data from several
studies indicate the following structure for the common bile acid:
“h< A/B ring cis, B/C and D/C rings trans. With reference to the methyl

grwup at Cio the carbon atoms at Cs and Ce are cis, and those at C,

’ Liv are trans, and the methy] group at C,;3 is cis. Hydroxyl



Figure 4.

Structure of Cholanoic Acid
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groups are in the a-configuration.' The amino acids,; glycine or

taurine, are conjugated to the C, carbon®® *°
The result of this steric arrangement is to yield a kinked
molecule such that the hydrpxyl groups, which can be added at the
3, 7 and 12 positions, the ﬁmide carbonyl of the peptide bond, and
charged carboxylate or sulfonate group (in conjugated bile acids) are
orientated to one side of the molecule. Thus the bile acids are
malecules with a hydrophilic and a'hydrophobic side allowing them to
form micelles in an aqueous solution, and to solubilize Hpids.91
Bile acids are synthesized from cholesterol by the hepatocyte,
these are termed the primary bile acids. There are two 24-carbon
primary bile acids in man: chenodeoxycholic (CDCA) and cholic
acid (CA). In addition, two 27-carbon bile acids are produced in
trace amounts: trihydroxycoprostanic acid and dihydroxycoprostanic
acid’? Upon reaching the colon the primary bile acids are attacked
by bacterial enzymes which transform them into the so-called
secondary bile acids. Lithocholic (LCA) and deoxycholic (DCA) acids
are the major secondary bile acids in bile, although numerous others
are present in feces:"
SYNTHESIS
The initial step in bile acid synthesis (Fig. 5) is hydroxy-
lation of cholesterol at the 7 position by 7a-hydroxylase to produce
5-cholestene-38, 7a-diol>® The reaction occurs in the microsomal

fraction of liver homogenates and requires both NADPH and molecular

oxygen. The electron transport system involving cytochrome P-450
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seems to be the rate 1imiting factor for 7a-hydroxy1ation3~ 5-chole-
stene-3g-7a-diol is then converted to 7a-hydroxy-4-cholestene-3-one
by oxidation of the 38-hydroxyl grqup, a step catalyzed by the
microsomal fraction and NAD?5 Next, CA and CDCA synthesis diverge
with 12a-hydroxylation leading to the F;:;ation of CA, whereas
reduction of the 5-double bond ultimately produces CDCA.

The 12a-hydroxylation of 7a-hydroxy-4-cholestene-3-one.
during the formation of CA, produces 7a, 12a-dihydroxy-4-cholestene-3-
one, again dependent on NADPH and the microsomal fraction?6 Ja-12a-
dihydroxy-4-cholestene-3-oné is reduced to 58-cholestane-3a, 7a, 12a-
triol through an intermediate 7a, 12a~dihydroxy-58-cho]estane-3-one.97
Mitrochondrial enzymes then oxidize the side chain through a series
of steps involving coenzyme A to produce 3a, 7a, 12a-trihydroxy-5°-
cholanoic acid (CA)?e

Cogversion of cholesterol to CDCA follows the same basic
structural changes that occur in CA synthesis except that no 12u-
hydroxyl group is introduced. (Fig: 5). The sequence from 7a-hydroxy-
4-cholestene-3-one is 7a-hydroxy-53-cholestane-3-one to 58-cho1esténe-
3a, 7a-diol to 3a, 7a-dihydroxy-58-cholestanic acid. Sequential
hydroxylation of the side chain then proceeds as with CA to produce
3a, 7a-dihydroxy-58-cholanoic acid (CDCA)?2 Thus, the trihydroxy
bile acid CA, and the dihydroxy bile acid CDCA, are synthesized from
cholesterol.

Prior to secretion into the biliary system the bile acids

are conjugated to either glycine or taurine (amino acids) in approx-

imately a 3:1 ratio, although dietary availability of taurine
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can easily change this ratio.”® Conjugation fs important for
maintaining solubility in the acid conditions of the upper small
intestine during digestion. Free bile acids are insoluble below a
pH of 6'°° Conjugation produces a molecule with a more acidic
carboxyl group and the neighbouring amide group induces an electron
shift which causes the pKa to be lower than that of the free bile

01 102 103 Absorption of the bile acids is also influenced by

acid.
conjugation as will be discussed?

Synthesis of conjugated bile acids involves forming a
peptide bond between the caerxy] group of the bile acid and the
amine group of the amino acids, glycine or taurine. Aq.pctivating
mitochondrial enzyme requiring Mg++ or Mn++ plus ATP attaches the
bile acid (CA) to coenzyme A. This complex reacts with glycine or
taurine catalyzed by cholyl taurine (or glycine) acyl transferase to
yield glycocholic (or taurocholic) acid plus coenzyme A. A similar
reaction occurs with CDCA and with unconjugated secondary bile acids
reaching the liver.'""

The secondary bile acids are produced from primary bile acids
by the enzymatic action of intestinal (colonic) bacteria. Hydrolysis
of conjugated to free bile acids is carried out by a high proportion
of strains of anaerobic bacteria, Bacteroides, Eubacterium, Clostridium,
Veillonella, and also Enterococci such as Streptococcus faecah’s.los
Dehydrogenases active at the 3, 7, and 12 positions have been Charact-
erized and isolated, 7a-dehydrogenase being by far the most common

dehydrogenase among the various bacteriafosResultant products of this
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activity are the keto bile acids. This reaction is ;ssontial for
allowing further dehydrogenation of the steroid nucleus. The regpon-
sible enzymes are also produced by a wide variety of bacteria,
including E. coli. Dehydroxylation is andther common reaction. Only
the enzyme for removing the Ja-hydroxy) group has been demons. ated,
it is produced by many strains of anaerobic bacteria and StreI:%coccus
faecalisfo77u-dehydroxylation produces the fio common secondary bile
acids found in bile: 3u-monohydroxy-52-cholanoic acid (LCA) from
COCA, and 31, 12:-dihydroxy-56-cholanoic acid (DCA) from CA!°®®

Other enzymes are capable of nuclear dehydrogemtion and
aromatization of the steroid rings. Clostridia produce 3-oxo-
cholanoy]l Ld-dehydrogenase and 3-oxo-cholanoy1A]-dehydrogenase which

can react with keto bile acids to introduce a C]_2 and a C double

4-5
bond!°® Sequential aromatization of the A, B,and C rings by other
bacterial enzymes can result in the formation of polycyclic aromatic
steroids:®® With the exception of DCA and LCA there is no significant
abs&rption of fecal (secondary) bile acids. These two bile acids
enter the portal system, are removed-by the hepatocyte conjugated

to taurine or glycine, and secreted into bile. The following bile
acids are commonly isolated from feces: from CA, 12a-hydroxy-3-keto-
58-cholanoic acid, 38, 121-dihydroxy-58-cholanoic and 38-hydroxy-12-
keto-58-cholanoic acid, from CDCA, 38-hydroxy-58-cholanoic acid
(isolithocholic) and 3-keto-5=-cholanoic acid>’? *'° '!! Many other

fecal bile acids have been isolated in trace amounts.

Deconjugation, dehydrogenation, dehydroxylation, and
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aromatization alter the physicocheqica] properties of the bile acids,

and will be discussed further in following sections.

THE BNTEROHEPATIC CIRCYLATION ‘~r

Bile acids undergo an enterohepatic circulation. (F;;. 3).
After secretion by the 1ive¥ and intermittent storage in the.gall-
bladder ovérnight and between %ea}s they enter the intestines.
Absorption intb the portal venous system occurs along the length of
;he bowel, but principally in the distal ileum. Secondary bile
acids are produced from primary bile acids and absorbed in thé
colon. After travelling through the portal system they are taken
up by the hepatocyte§, reconjugated if necessary, and re-exc}eted,
thus completing an enterohepatic circulation.®" '°®
The circulating bile acids comprise a pool which has been

estimated at 2 to 4 gms’'?

Size of this pool can be determined by
isotope dilution following the intravenous or oral administration
of a radiolabelled bile acid and its recovery in bile, as pioneered
by Lindstedt!'® It has been estimated that this pool circulates six
tq.ten times per day, resulting in a total daily bile acid secretion

113 114

averaging about 30 gms per day. Daily (24-hour) secretion
in A given individual has been shown to be relatively constant. In
other words, pool size times recycling frequency is constant.
Individuals with small pools have high recycling rates, large pools
recycle less frequently.“5 e

| As mentioned, the only significant loss of bile acids from

the enterohepatic circulation is in the feces. Normally 200 to 600 mg
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* Bile acld synthesis occurs in response to this

are lost daily.®
loss so that the 24 hour secretion (pool times cycles) can remain -
constant. Ni;hout compensatory synthesis the pool vould eventually

be Tost. Synthesis of bile acids is apparently under ja negative
feedback control at the level of the enzyme 7a-hydroxjlase:'’ ''® ''°
Insufficient return of bile acids to the\liver stimuljtes synthesis

whereas a sufficient return will turn off 7a-hydroxylage; that is,

the reaction is concentration dependent. Acute interruptNon of the
circulation, as in surgical drainage of the common bile duct, causes
synthesis to reach’a maximum after several hours, approaching four

to five times normal in the primate?“ CA synthesis caq-increase to
2.1 gm per day, CDCA to 1.2 gm per day, for a total of 3.3 gm per
day. Und;r these conditions the normal CA to CDCA ratio changes

from 1.2 to 3.2.0°%° There is a critical and somewhat narrow range of
return belqw which no inhibition occurs, and above which no synthesis
occm‘sl.21 It is likely that inhibitory levels are similar for all
hepatocytes. However, since hepatocytes take up and secrete bile
acids from the portal radic]es,'there will be a concentration
gradient frof the portal system to the central vein in any liver
lobule. Only when there is sufficient bile acid present to overwhelm
the absorptive capacity of hepatocytes near the portal system will
the hepatocytes bordering the central vein be inhibitedfOe Factors
which increase or decrease bile acid return to the liver (fecal

excretion, absorption) will therefore have a reciprocal effect on

bile acid synthesis. &
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Secretion

The circulation of bile acids begins with secretion by .the
hepatocyte into the bile canaliculi. The most widely accepted
theory regarding the formation of bile places primary importance on
the secretion of organic'ions, of which bile acids are quantitatively

the most importantl.22

It is felt that the osmotic effect provided

by bile acids causes water, electrolytes, and other components of bile
to enter the cana'h'cuh'l.z3 Active transport of bile acids is presumed
to be the mechanism for their secretion. Three lines of evidence
support this concept:

1. The high ratio of hepatic bile/plasma concentrations of

bile acids.

2. The saturation kinetics of secretion.

3. Evidence for competition in the secretion of différent

anions’”’

Following collection of canalicular bile by the hepatic ducts,
bile enters the common bile duct. Bile can continue to flow down this
duct to the duodenum, or it can travel through the cystic duct to be
stored in the gallbladder between meals. Gallbladder contraction
in response to cholecystokinin-pancreozymin (CCK-PZ) released by
food, makes the stored bile acid pool available to the intectines for
1ipid digestionfzu A significant portion of bile escapes gallbladder
storage so that fasting duodenal bile frequently contains bile acidsfz5
Gallbladder function adds a diurnal variation to the secretion and -

synthesis of bile acids with the most pronounced effect occurring

during the overnight fast imposed by sleep. During sleep much of
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the bile acid pool is siored in the gallbladder, thus bile acid
return to the liver will be at its lowest and therefore synthesis will
be,increased.77 Because of the low return to the liver, 7a-hydroxy-
Jase is released from inhibition and synthesis of bile acids will
reach its 24 hour maximum.

The gallbladder mucosa increases bile acid concentration by
the active transport of sodium chloride from bile followed by the
osmotic extraction of waterl.26 The mucosal barrier is impérvious to
bile acids and other organic'comaﬁﬁnds and they become concentratedf27

It has been shown that deconjugated bile acids can be absorbed rapidly
if the pH of gallbladder bile favours <the un-ionized or salt statg.
Similarly, mucosal injury, as in fnflammation, promotes the ‘

26
absorption of bile dcids.

‘\\

"~ The galibladder's effect on enterohepatic cycling can also
influence the relative proportions of primary and secondary bile
acids. Storage prevents exposure of the bile acié pool to colonic
bacteria. If gallbladder function is lost due to surgical removal,
impaired due to the presence of calculi, or if centraction stimulation
is reduced by protein and fat restricted diets, DCA will increase
relative to the proportion of primary bile acidsfz’ e b
Absorption

Once in the duodenum bile acids function in 1ipid absorption.
However, in order to prevent loss in the feces the bile acids are

absorbed along the length of the gut. Absorption is affected by

structure of the bile acid, conjugation, and pH. The mechanisms of

28



intestinal transport have been summarized by Dowling'“ and are:

1. Active transport from the ileum alone, which is the major
route for bile acid absorption. . '

2. Passive absorption from stomach, jejunum, ileum and colon,
which may be either passive monomer diffusfon or passive
micellar diffusion.

Active bile acid transport occurs only in the distal ileum
and is quantitatively the main site of absorption. This process has
been well investigated in the past few years using the inverted gut
sac technique of Wilson and Neismqlial The technique is to incubate
an inverted sac of gut with physiological saline containing bile
acids, this solution is also added to the sac. Transport is assessed
by measuring concentrafion differences inside and outside the sac.
High mucosal serosal concentration ratios demonstrate active transport.
The process is energy dependent and also requires the presence qf
extracellular sodium jons; a sodium dependent "pump" has been
postulatedf32 Dihydroxy bile acids are less efficiently absorbed
than trihydroxy bile acids, and taurine conjugates are more rapidly
absorbed than glycine conjugatesfaa There is competitive inhhibition
of glycine and taurine absorption, suggesting the bile acids share
a common transport mechanismfgk h

Passive absorption (diffusion) of bile acids, although
quantitatively much less than active abserption, is nonetheless
important. Physical properties are the determinants of passive

absorption. Diffusion occurs by two mechanisms, passive ionic and
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passive non;ionic diffusion. In the first case, movement is driven
by an electro-chemical gradient, in the second case, the solute
diffuses as the undissociated acid through the 1ipid barrier of
the mucosal cell membranes, concentration difference being the
driving force. Anions of thh conjugated and uncogghgated bile acfds
can be absorbed. Quantitatively five to six times more bile acids
are absorbed by non-ionic diffusion.!?®

Non-ionic diffusion depends on the bile acid being in the
~un-ionized state which depends on the pKa of the bile acid and the
intestinal lumen. At normal intestinal pH of 5.0 to 7.0, a high
proportion of free bile acids will be in the un-ionized state
(pKa 5.0 - 6.3). More é]ycine conjugates will be ionized (pKa 4.3 -
5.2) while taurine conjugates will be almost entirely ionized
(pKa 1.8 - 1.9).% In summary, free bile acids are easily absorbed
in the duodenum and jejhnum, taurine conjugates depend on active
ileal absorption and glycine conjugétes can be absorbed by active
and passive mechanisms!’® The pattern of absorption is designed to
preserve high concentrations of bile acids in the intestinal lumen
until fat digestion is complete, following which the bile aé;gk
are absorbed in the distal ileum to prevent fecal wastage.

The colon can probably absorb any unconjugated bile acid.{

137

The major fecal bile acids are DCA and LCA. Rate of colonic

absorption can be sufficient to influence the amount of bile acids
synthesized by the liver and certainly determines the proportion of

secondary bile acids in bile:®®

The ratg of bacterial deconjugation'

30
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and dehydroxylation determines the amount of colonic absorption by
changing the pKa's of the bile acids. Thus DCA is partially un-
jonized and some precipitates while LCA is totally insolublq and only
a small amount is absorbed. The numerous other identified fecal bile
acids appear in bile in trace amounts, if at al.®" .

A mu]titudé of factors can influence the metabolism of
bj]e acids by their effects on intestinal absorption. Surgical

procedures such as ileectomy produce bile acid wasting‘,°e colectomy

39

eliminates secondary bile acids froA bile.’ Diseases such as sprue

or any severe diarrhoea] state can produce bile acid wasting.l“°
Stagnant loop syndrome and bacterial overgrowth will result in
increased deconjugation and dehydroxylation of bile acids, which will
affect absorption of bile acids and their relative proportions in
bile.'"! Drugs such as cholestyramine, or diets high in plant fiber,
promote the excretion of bile acids by binding bile acids, and
decreasing intestinal transit time, resulting in decreased absorption,
and therefore increased synthesis}*? '*%.

Bile acids reaching the portal vein are bound to albumin
and transported to the liver!** The bile acids are extracted by the
hepatocytes utilizing a very efficient active process, resu]tings?n
954 extraction; that is, only 5% of the circulating bile acids reach
the systemic circu]ationl."5 Systemic or serum bile acids occur in
extremely low concentrations, about 2 - 4 wmoles per 11’ter‘.“6 These
Jevels have been observed to increase three- to fourfold post-

prandially, reflecting absorption of gallbladder bile released

during diges'cionf"7 High levels have been observed in obstructive
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. 1ve
Jaundice, intrahepatic cholestasis and pruritis of liver disease.

Bile acids in the systemic circulation are filtered and
then returned to the circulation by active processes in the kidneys,
a small amounf'being excreted in the urine. Normally only about 2%
of the total bile acid loss can'be accounted for by urinary excreti;;?
Urinary excretion can increase several fold in hepatobiliary disease
and cholestasis, with a concomitant increase in the percentage of
sulfate bile acidsf50

Sulfation of bile acids by the liver has been shown to
occur at the 3, 7, 12 hydroxy! positions by the formation of sulfate
esters. The introduction of sulfate groups alters the metabolism,
excretion and toxicity of bile acidsfso Urinary excretion of bile

acjds is markedly increased by sulfation in patients with hepatobiliary

disease. whereas non-sulfated bile acids are rapidly absorbed in the
151 152

proximal renal tubule. Sulfated bile acids are in addition
153
rapidly eliminated in the feces because they precipitate. Some bile
. 154
acids, particularly LCA, have hepatotoxic properties. It has been

shown that lithocholate sulfation is an important metabolic pathway in
man, since it increases fecal and urinary excretion, and also diminishes
the hepatotoxic properties of this bile acid.150 Sulfation of bile

acids andgyrinary excretion becomes significant only in hepatobiliary
disease.151 The bulk of bile acids, are, however, absorbed by the
hepatocyte, reconjugated if necessary, secreted into the gastro-
intestinal tract and reabsorbed, thus completing the enterohepatic

circulation.®*
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Function
Bile acids have several important physiological _functions:155
1. They are responsible in part for the control of biliary
secr?tion.
2. Bile acids are the main catabolic products of cholesterol,
and as such have an important role in cholesterol metabolism.
3. Cholesterol transport in bile is dependent on incorporation
into micelles formed by bile acids and phospholipids.
4. Intestinal digestion and absorption of lipids relies heavily
on the detergent-like action of bile acids. '
5. Bile acids have a tremendous influence on water and electro-
lyte transport in the intestinal tract.
Bile acids are in part responsible for the biliary secretion
of water and so]utes{56 It has been estimated that approximately
half the biliary water secretion is bile acid dependentf57 As has
been mentioned, bile acids are responsible for their own secretion;
high secretion rates depend on high'rates of return to the liver.
Cholesterol output is dependent on bile acid secretion, although at
low bile acid output there is some bile acid indeoendent secretion
of cho]estero]f58 Similarly, phospholipid (lecithin) secretion and
synthesis requires the presence of bile acids.'” '’
Quantitatively, bile acids are the_main catabolic excretory
products of cholesterol except for small amounts lost as adreno-
cortical hormones in the urine and feces. This fact has focussed

increasing interest on the role bile acids may play in cholesterol
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homeostasis, hypercholesterolemia, and consequently atherosclerosis'®®
Disorders such as hepatobiliary obstruction lead to increases in

0

serum cholesterol and hepatic synthesis.®’ Conversely, if bile acid

excretion is augmented by ileal resection or ého]estyramine therapy,
serum cholesterol has been shown to drop'®' '°®?

Cholesterol transport in bile depends on incorporation into
mixed micelles formed by bile acids and phospholipids. The pioneering
work by Admirand and Small on cholesterol solubility in bile has
shown that cholesterol cholelithiasis is due to cholesterol being
secreted in excess of micellar capacity? This fact has been
substantiated by numerous other investigators>’ ®® '®?  Although
the cause of supersaturated bile has been attributed to the gall-

67 . 9 . 162 16 . 165
bladder, hver,7 ileum, colon, “ and diet,

there is no
question that cholesterol solubility depends on the presence of Eibp
acids. ‘
Intestinal digestion and absorption of fatty acids, tri-
glycerides, monoglycerides; cholesterol, and fat so]uble vitamins,
require their incorporation into‘bile acid micelles. The stimulus
of a meal. releases cholecystokinﬂﬁ-pancreazymin which induces gall-
bladder contraction and releases pancreatic enzymes for digestionfzk
Triglyceride droplets are hydrolyzed %n the small intestine by
pancreatic lipase to produce monoglycerides and fatty acids.°® Mono-
glycerides and fatty acids are incorporated into mixed micelles with

bile acids. This is a pre-requisite for their uptake by mucosal cells

and probably results from mass transfer by collision of the micelle
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with the mucosal cell membrane’®’

Only medium chain triglycerides
can be absorbed in the absence of bile acids, also medium chain
fatty acids can be transported via the portal vein rather than in

166 168

lymph, as are the other products of 1ipid digestion. Bile acids

also shift the pH optimum of pancreatic lipase from 8.0 - 8.5 to 6.5,

the pH of the upper small intestine being 6.0 - 6.5.°°

Bile acids
are essential for the absorption of cholesterol. Significant
concentrations can only be reached in the aqueous phase in micellar
form? Furthermore, bile acids enhance the hydrolysis of cholesterol
esters by interacting with cholesterol esterase and protecting it
from tfyptic digestionf70 Fat solubte vitamins are thought.to depend
on bile acids for absorption in'a manner similar to that of other
11’p1’dsl.71 The importance of bile acids in fat digestion and absorp-
tion is well illustrated by the malabsorption and steatorrhoea seen
in patients with ileal resection, a condition producing severe bile
acid wastingf72

Although little information exists as to the effects of
bile acids on water and electrolyte transport in the small intestine,
a great deal of information has accumulated regarding their effects
on the colon. The cathartic effects of excess bile acids on the
colon in ileal disease are well documentedl.73 74 In particular,
the dihydroxy bile acids inhibit water, sodium chloride and bicarbonate
absorption, and promote potaésium excretionf7“ brsorTe Increased

motility resulting in decreased intestinal transit time, occurs with

administration of excessive amounts of bile acidsf77 Feeding the
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bile acid sequestering agént. cholestyramine, to patients with ileal
disorders will improve diarrhoea by adsorbing bile acids. The import-
gnce of bile acids in diarrhoeal states has been well documented’’*
1o tet te Idiopathic bile_ acid catharsis has even been described.
This is a chronic diarrhoeal state in which there is excessive bile
acid 10ss with no other demonstrable cause for the diarrhoea, and is
completely relieved by cholestyramine. It is hypothesized that a
relative lack of ileal transport sites for bile acids is responsible
for the conditionfaz

It can now be appreciated that bile acids play a central
role in cholesterol metabolism and in many areas of gastrointestinal
physiology. Knowledge of bile acid metabolism and physiology is
therefore a pre-requisite to understanding disorders of cholesterol
metabolism and gastrointestinal diseases, such as gallstones,
diarrhoea, ma]absor;tion. and perhaps atherosclerosis.
BILE ACIDS IN CHOLESTEROL CHOLELITHIASIS

Due to their important function in solubilizing cholesterol
in bile, the bile acids have been extensively investigated in
gallstone disease. Measurements of bile acid pools, bile acid
composition of bile, synthetic rates. and secretion rates have been
compared to patients without gallstones.

Pool size determinations have received much attention since

183

Vlahcevic demonstrated reduced bile acid pools in gallstone patients.

Reduced'pool size has been confirmed by several other investigators
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it has been postulated that a reduction in pool size precedes the
formation of lithogenic bile. In other words, cholesterol supersat-
uration may be the result of an absolute deficiency of bile

106 1065 186 1687 188
acids.

The relative proportions of the four major biliary bile
acids in gallstone biie have also been gompared to the composition
of "normal" bile. An early study indica;ed an increase in dihydroxy
bile acids (CDCA plus DCA) compared to CA in gallstone patients.

The ratio of tri- to dihydroxy bile acids was altered from 1.23/1 to

89
0.65/1 in the gallstone gr0up{ More recent studies have shown

that the CDCA pool is reduced in gallstone patients-.lf3 e In:
contrast the secondary bile acid, DCA, comprises a much larger
percentage of total pool when compared to controls.l85 e

Synthetic rates of the primary bi\p;acids have been
estimated by using the rate of loss of radioactivity from bile in
patients who have received an isotopic bile acid to calculate the
rate of production of new bile acidsf13 In spite of a reduced total
pool size in gallstone patients, synthetic rates are the same as,
or only slightly lower than, nor'mal.”3 I:B

The measurement of secretion rates of biliary lipids was
pioneered by Metzger and Grundy who developed a duodenal perfusion
techniquetngpp]ying the technique to American Indian women with
gallstones was investigated, secretion rates were not dissimilar
from controls, suggesting a genetic abnormality may be present in

9

193
the American Indians. Similarly, Northfield and Hofmann showed
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that secretion rates are similar in gallstone and con&f&\ paticnts

>

Furthermore, they hypothesized that daily bile ,acid §¢créttoo is a
constant, the variables being pool size and recyc%ing rate {i "“"‘
In opposition, Shaffer found reduced bile acid secfetion ragcsoﬁ?
non-obese patients with gallstonesf° @owever, condftions were
unphysiological in all these studies.
In summary, total pool size is reduced in gq]lsé&%e N
RO

patienty, percentage CDCA is reduced and DCA is elevated. .Synthefié

ar
and secretipn rates do not appear to be much different from controls.

e
B3 L IARY CHOLESTEROL Mt TABOLISM AND PHYSIOLOGY
INTRODUCTION .

Cholesterol is an important sS‘uctural'

membranes of al]‘uman tissues. WA the exce f the adult brain,

19?7
all cells are capable of cholesterol synthesis. .In the primate under
2 P d

the circumstances of a low cholesterol diet however, up to 97% of
198

synthesis occurs in the liver and small intestine. In-the monkey,

the liver can account for 80% of synthesis but it appears that

hepatic synthesié in man may not be quantitatively similar and onl&

25% of the serum cholesterol may be synthesized by the 11ver19° 1o

Exogenoys or dietary choleeterol is the other major source of

cholesterol in man. Dietary cholesterol accounis for 25 - 40% of

the daily supply of new cholesterol and synthesis, estimated at

about one to two gm per day, accounts for the remainderf99 00 20t
Both dietary and endogenous cholesterol are secreted by

the liver into bile where the bile acids act as solubilizing agents.

§



through their formation of mixed micelles with phospholipids.

Although a portion of chglesterol undergoes an enterohepatic circulat-
ion along with the bile acids, absorption is much less efficient.'“
Cholesterol is 16st in the feces along with its major bacterial
metabolites, coprostanol and coprostanone, at a rate estimated at
between one to three grams pér dayl.Os 202 As discussed, a further
loss occurs in the form of bile acids, the main metabolites of
cholesterol, in the order of 200 to 600 mg per day?“ A further loss,
estimated at less than 10% of the daily tqtal production, occurs in
the urine. This is the result of the loss of the metggalites of
adrenal and sex hormones, which were oFiginally synthesized from
cho]esterol?03 A further small loss will occur with desquamation. In
summary though, the main loss of cholesterol and its metabolites from
tne body is in the feces.

FolYowing absorption, which is bile acid dependent and
occurs mainly in the jejunum, cholesterol enters the lymphatics in
the form of ]ipoproteins?“ o Lipoproteins are basically spheres
of protein, phospholipids and cholesterol containing triglycerides and
cholesterol in their centres. Lipoproteins function in the transport
of dietary cholesterol in the blood, just as micelles transport
cho]esterd@ in bile. Similarly, endogenous cholesterol enters the
systemic pool as 1ipoproteins?°“ ‘ 0

Cholesterol in the exchangeable pool is excreted by the
liver into fhe duodenum via the‘bile duct, either as cholesterol,

a
or after 7a-hydroxylation as tHe bile acids. Cholesterol in the

-



40

duodenum mixes with “ingested cholesterol and is partially reabsorbed
from the jejunum via the lymphatic system, entering the blood
circulation in the chylomicra (lipoprotein). The bile acids are
efficiently reabsorbed from the distal ileum via the portal vein.
Unabsorbed cholesterol and bile acids are excreted in the feces. In
so far as other pathways for the removal of cholesterol from the
body are negligible, the net flux of cholesterol through the
exchangeable pool is equal to the daily excretion of fecal steroids
derived from the exchangeable pool. Loss is comensated for by

205
endogenous synthesis and absorption of dietary cholesterol.

STRUCTURE AND SYNTHESIS

Cholesterol is a 27-carbon steroid possessing the four
major rings characteristic of the cyclopentanophenanthrene nucleus.
(Figs. 4, 5). A, B, and C rings are fused cyclohexane rings in the
nonlinear or phenanthrene arrangement and the terminal ring. D, is
a cyclopentane ring. There is a B-hydroxyl gr@up on carbon atom
three and me%hy] groups numbered 18 and 19 on carbon atoms 10 and 13
and a double bond at the 5 - 6 position. There is an eight carbon
side chain at position 172°%¢

' Cholesterol biosynthesis involves the reaction of 18
molecules of acetyl CoA to yield cholesterol plus nine mo]ecg]es
of C02. (Fig. 6). Approximately 26 steps are known to occur in the
synthesis of this complicated molecule’’’ The initia; reactions are
common to several metabolic pathways; however, thesfourth step,_iq
which beta-hydroxy-beta-methyl glutaryl CoA (HM@ﬂEéA) is cdnvertéd to
: [

&

¢
i
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mevalonic acid, is a unique and irreversible reaction?o' /

The formation of mevalonic acid from HMG-CoA (formed from
three molecules of<ﬁ§etyl CoA) is catalyzed by the enzyme B-hydroxy- 8
me thy glut;ry] CoA reductase in the microsomal fraction of liver
cells. This enzyme is the rate controlling enzyme of cholestero!l
biosynthesisf03 In the cell sap, six 5-carbon units.;ach derived
from mevalonate are condensed to form squalene, a 30-carbon molecule.
Again, in the microsomal fraction squdlene oxide cyclase catalyzes
the anaerobic cyclization of squalene to lanosterol. Conversion of
lanosterol to cholesterol involves demythlation of the two angular
methyl groups at the 4-positfon and removal of a third methy] group
at the 14-position. The double bond in the side chain and at the B,
C ring juncture is saturated and a double bond is introduced at the
5, 6 position-’° '

Chalesterol synthesis is under the control of HMG-CoA
reductase. Synthesis is inhibited by the presence of cholestgrol in
a negative feedback fashion. Dietary cholesterol will inhigﬁt
liver synthesis, whereas the drug cholestyramine, which interferes
with cholesterol absorption will stimulate synthesis?oo 2 Bile
acids have been shown to inhibit HMG-CoA reductase activity?12 A
variety of hormones and drugs also influence cholesterol syq‘hesisfg7
Cholesterol feeding does not inhibit intestinal chelesterol synthesis,
however, the bile acids do inhibit intestinal synthesis, presumably

at Ahe level of HMG-CoA reductase.’'®

Cholesterol is eliminated from the body in the feces mainly

s V4

o

L
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as its major metabolites, the bile acids, or as cholesterol itself.

Cholesterol can be attacked by fecal bacteria (Bacteroides, Bifido-
bacterium, and Clostridia) and can be reduced to coprostanone and
coprostanol%l“ Cholesterol, coprostanone and coprastanol are termed
the neutral sterols as opposed to the acidic sterols (bile acids).
Coprostanol is the main neutral sterol found in the feces of western

105
people and is not absorbed to any significant extent.

TRANSPORT

Cholesterol enters the circulation as lipoproteins which
are spherical particles composed of a 1iquid core of non-polar lipids
(triglycerides and cholesterol esters) covered. by a mono-molecular
film of polar lipids (phospholipids and cholesterol) and apoproteins
that differ among the lipoprotein c]asses?O“ Based on u]tracenérifug-
ational and electrophoretic studies there are four major classes of
lipoproteins: chylomicrons, very low density (VLDL), low density

218
(LDL) and high density (HDL)lipoproteins. Triglyceride content

decreases and cholesterol content increases as density 1‘ncreasesf15

The apoprotein composition of lipoproteins also varies
among the lipoprotein classes. For example, apoprotein B is the
major protein of LDL and is present in VLDL. Apoprotein C (really
a mixture of C-1, C-II and C-IPI is a major apoprotein of VLDL and
is regularly found in HDL and in minor amounts in LOL. Apoproteins
A-1 and A-I1 are the major proteins of HOL. An arginine rich

216
protein has been found in VLDL.



Dietary and endogenous cholesterol enter the lipoproteins
and are esterified to long chain fatty acids by.plasma L.CAT (lecithin
cholesterol acyl transferase), an activity highly dependent on Apo A-II.
About 75% of the plasma cholesterol is esterified. At body temperat-

ures cholesteryl esters form liquid crystals which are more easily

stored and transported than solid crystals of free cholestero]f17 218

. . . I . .
The triglyceride rich chylomicrons are synthesized by the intestinal
mucosa. VLDL is synthesized by both liver and intestinefO“ LDL is

thought to be a major catabolic product of the metabolism of VLDL

and chy]omicronsz.17 2% WoL s synthesized in both the liver and

. . 204
intestine.
. -4
Cholesterol esters in both chylomicrons and VLDL are rapidly

and almost completely taken up by the 1iverf°“ 220 Some exchange

occurs, however with HDL during the bi-directional transfer of C-apo-
proteins with chylomicrons and veoL 2t 2! Chylomicron and VLDL
remnants are converted to LDL through an intermediate density
lipoprotein IDL, presumab]y.invoWing the Hver?“
The Quman cell acquires cholesterol necessary for membrane
synthesis as LDL?ZZ Cellular LDL réceptors allow LDL to be taken
up intact by the ce]l?za'zzu LDL is then metabolized to amino acids
and free cholesterol which can then participate in membrane synthesis
and also suppress endogenous synthesis via HMG-CoA reductase?25 226
The liver is the primary site of removal of HDL from the
blood”’ Thus cholesteryl ester;\in HDL are transported to the organ

from which cholesterol is excreted from the body?°“ Evidence is
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rapidly accumulating that HDL functions to remove excess tissue
cholesterol and return it to the liverfzg 229 Furthermore, HOL
remnants have been found in bilef27

Thé é;act origin of biliary cholesterol has not been
‘ documented. The relatiﬁe contribution of exogerious and endogenous
cholesterol and the exact role the lipoproteins play in formation of

biliary lipids is not known.

BILYARY PHOSPHOLIPID METABOL ISM

Biliary phospholipids of which 95-98% are lecithin, have
an indispensable role in the solubilization of bi]ia#} cholesterol,
as has been discussed?30 Although there does not seem to be any
major alteration of lecithin metabolism in gallstone patients, as
compared to the important alterations in bile acids and cholesterol,
thebsynthesis. metabolism and secretion of biliary fecithin will
briefly be reviewed. p

Structure of the phosphatidal cholines, otherwise knoﬁn ;s
lecithin, is based on the glycerol phosphate molecule, i.e., they are
derivatives of L-a-phosphatidic acid. The phosphoric acid is bound
to glycerol in ester linkage at the terminal a-hydroxyl group. In
lecithin the phosphoric a¢id is bound in ester linkage to cho]ine?31
The phosphoryl choline group -0(P03)CH2N(CH3)3 is a zwitterionic hydro-
philic group that orientates itself towards tMe water interface. Two
long chain fatty acids (palmitic and linoleic) are esterified to, the

a and gcarbons of the é]ycerol molecule, giving the molecule a



hydrophobic side. = This structure allows the formation of 1iquid
crystals with water and micelles with bile acids, and the transport
of cholesterol in bilef7 IR
| Biliary lecithin is synthesized in the liver, predominantly
with preformed choline, via the cytidine diphospﬁzte (CDP)-choling
pathway?33 Choline plus ATP react to form phosphoryl choline. Cytidine
triphosphate reacts wtih phosphorylcholine to form cytadine dipnogphate
choline by the elimination of pyrophosphate. Interaction of cytidine
diphosphate choline with 1, 2-diglyceride yields lecithin and cytidine
monophosphatefsb
Secretion and synthesis of biliary phospholipids are both
apparently under the control of bile acid secretionf59 It has been
shown during experiments in which the EHC is interrupted that:
1. Bile acid feeding produces a rapidly increased secretion of
Phospho]ipids;
2. Interruption of the EHC of bile acids produces a rapid fall in
the incorporation of radiolabelled palmitic acid into
159 230 235 236
lecithin.
Interestingly, phospholipid feeding has no influence on
lecithin secretion during interruption of the EHCfaoThe explanation
for this observation is that lecithin is rapidly attacked in the
intestine by pancreatic lipAses which remove fatty acids from the ‘
lecithin molecule to produce lysolecithin which is further metaboh‘zeéi7

The amount of lecithin which finds its way back to the liver is quite

238
insignificant. Choline may be preserved, however, and there is
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evidence that dietary choline has the capacity to influence lecithin

239
synthesis and secretion.

BILIARY SECRETION AND ITS CONTROL

The formation of bile is a very complex and not well under-
stood process. Biliary lipid, water and electrolyte secretion are *
the most important elements with respect to cholesterol gallstone
formation. The bile acids play a central role in thg determination
of biliary lipid composition and also in water and electrolyte f]ow?ko
Other compounds which appear in bile such as bilirubin, drugs and
vitamins will not be discussed.

Bile acid secretion depends on bile acid return to the
liver via the EHC and also bile acid synthesis, which is under
negative feedback control at the level of 7a-hydroxy1ase{'08 Br7onre A
As discussed in the section on Enterohepatic Circulation, any factor
interfering with this circulation, such as surgical alterations to
the gastrointestinal or biliary tract, diarrhoea, or even cholestyramine
will interfere with both bile acid re-excretion and synthesis by the
liver. The appearance of gallistones in patients with ileal resection
illustrates the importance of an intact and properiy functioning
EHC of bile acids to biliary lipid secretionl.62

Cholesterol secretion is dependent on the bile acids. The
feedback control of hepatic cholesterol biosyﬁthesis by HMG-CoA reduct-

ase, the rate controlling enzyme, is influenced by the EHC of bile

acids and the absorption of dietary and endogenous cholesterol (a
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process dependent on the bile acids' ability to form micelles).l60
7a-hydroxylase, under bile acid feedback control, whether stimulated
or suppressed. will influence the availability of cholesterol for
secretion into bile by its rate control over the conversion of
cholesterol into the bile acids.zhl In fact, Strasberg has shown, by
partial interruption of the EHC in Rhesus monkeys. that cholgiterol
secretion declines as bile acid synthesis increasesfSe ez

To complicate matters, the different bile acids have
different effects on the synthesis of cholesterol and bile acids.
For example, CDCA suppresses liver HMG-CoA reductase, whereas the
other bile acids do not.“3 DCA feeding has been claimed by Einarsson
to reduce CA, but not CDCA formation, whereas Low-Beer showed that

2u6 248

DCA has the reverse effect.

Phospholipid synthesis and secretion has been demonstrated
to be dependent on and increasdd by, bile acids by several investig-

157 159 23S 246 L. . . i
ators. Phospholipid secretion is not influenced

differently by dihydroxy or trihydroxy bile acids?h7

Another way in which the bile acids may influence cholesterol
and phospholipid secretion into bile is by the formation of micelles.
It has been suggested that the formation of micelles may be the major
factor determining the entry of biliary 1ipids into bite.~ 0 In
both these studies infusion of a non-micellar forming bile acid,
dehydrocholate, did not stimulate the flow of biliary lipids in bile
fistula rats and dogs. Infusion of taurocholate, which forms micelles,

248 249
produced a marked increase in biliary lipid flow.



49

A certain portion of cholesterol secretion is not related
to bile acid secretion. Below a certain rate of bile acid flow

cholesterol secretion is uncoup]edfso 2*'" This has also been observed

280 24

by other investigators. A bile acid independent phospho]ipid

secretion is apparent from some studies.z30 2o
Bile acid secretion is also thought to be important in the

production of canalicular water and electrolyte f]owf59 This

chloretic potency is presumed to be due to their osmotic activit;?l e

A Ui]e acid independent canalicular flow has been observed in the dog,

. 157 260 253 25w . . .
rat, rabbit and man. [t is felt that active sodium

254 255
transport is the mechanism by which this flow occurs. Bile
salt independent secretion is estimated at 60% in the rat and

. 254 255
rabbit.

The gastrointestinal polypeptide hormones cholecystokinin,
glucagon, gastrin. and secretin also affect biliary secretion. Chole-
cystokinin has a dual effect. Bile flow is stimulated by cholecysto-
kinin. Resultant gallbladder contraction releases stored bile acids
into the EHC, producing increased bile acid secretion, which in turn

12
stimulates cholesterol. phospholipid, water and electroiyte flow.
Furthermore, cholecystokinin stimulates the liver to produce a watery

257
bile rich in bicarbonate. Similarly, gastrin, glucagon and secretin
. 258 259 260
stimulate the flow of water and bicarbonate.
In summary, biliary lipid, water and electrolyte secretion

is in part dependent on bilewcid synthesis and secretion. A bile

acid independent flow has, however, been observed in all mammals
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investigated, including man. This independent flow is determined by
active hepatocyte and canalicular sodium transport as well as the
stid!ﬂ%tion of certain gastrointestinal hormones. The importance of
knowledge of the mechanisms of biliary lipid secretion _in cholesterol
cholelithiasis, in which cholesterol secretion may bé¢ increased, has
been alluded to in the studies of Grundy, Northfield,\Shaffer and

9 0 116 158 19w

Strasberg?

TREATMENT OF GALLSTONES
Approximately 50% of gallstones found at autopsy were
previously unrecognized and likely asymptomatic. Gallstones are

diagnosed because of biliary colic, cholecystitis, cholangitis or

complications of these in about 30% of patients. Another 15% are

-

osed during the investigation of dyspepsia. The remaining 5%

iscovered during an investigation, or abdominal surgery performed
for other reasons? Symptomatic gallstones will result in recurrent
attacks in 50% of patients within five to ten yearsf61 Less than 25%
of patients with asymptomatic stones will develop symptoms within

ten years?ez

Because of the danger’of gallstones becoming symptomatic

or complicated, their removal is recommended. Currently, the accepted
method of treatment is cholecystectomy, or in poor risk patients with
complications, cho]e]ithotomy.“ Since the late 1960's attention has

focussed on the possibility of dissolving gallstones, a potentially

simpler and less costly form of treatment.
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In 1937 Rewbridge reported the successful dissolution of
gallstones. Working on the postulate that a bile acid deficiepcy may .
be responsible for cholesterol precipitation, a crude preparation of
bile acids was administered orally to fivevgallstone patients. Radio-

graphic disappearance of gallstones was recorded in two of these

261
patients fo]low1ng nine months of treatment. Cole reported the

disappearance of retained stones from post-operative cholangioérams

264

of seven patients fed bile extracts in 1957. Swell and Bell

reported improvement in biliary lipid composition in two of three:

265 *
patients fed bile acids in 1968.

By'1969 Schoenfield and Thistle reported on thé effects of

266
feeding pure individual bile acids to gallstone patients. Further

experimentation revealed that chenodeoxychb]ic acid (CDCA) is capable
of reducing cho]estero] saturation of bile, whereas cholic acid (CA)
190 267
and deoxychol!c ac1d (DCA) do not have this effect. It was
a]soi;hown‘thagpgial CD&# .could reduce the lithogenic potent#al of
A g

by C was iﬁldl‘tneously announced by Danzinger and Bell in 1972.
26w

268

‘Ddﬂz1ﬁber 6&8¢rved the disappearance of stones in four out of

26y
.sevennpaggpgts. “~ 1t was subsequently showw//gat CDCA dissolved

stones, whereas there was no response in patients receiving CA or

267 269
placebo. Since this time world experience in roughly 5,000 patients

has confirmed that CDCA is an efficacious agent for gallstone diss-
270

olution in the majority of patients. Unfortunately, bile returns

to its 1ithogenic state when therapy is stopped and gallstone
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267 271 272

recurrence has been noted. Al though the spoq‘bpcous
disappearance of gallstones has been observed, the raQa'is.so Tow

(1ess than 1% per year) that the above results canmot possibly be

273 27
explained on this basis.

The optimum dosage of CDCA has been more or less established
270 279

at 12-15 mg/Kg, and efficacy at that dose is 50 to 70%.

Duration of therapy to achieve dtssolution in most series ranges
243 27¢

from six to 22 months. CDCA therapy should be used only in
° ,
relatively asymptomatic patients who have radiolucent stones (chole-

276
sterol, no calcium) in radiologically functioning gallbladders.
CDCA therapy is not without side effects. Most patients complain of

diarrhoea irdtfadly, due to the effects of CDCA on colonic water and
267 268 269 277

electrolyge sécretion. Elevationf‘inQDT occur
- 270
transien n about 25% of patients. It is postulated tmat this

rise is due to an increase in the potentially hepatotoxic bile acid,

lithocholic acid (LCA), which is formed from the 7ax-dehydroxylation
276

of CDCA in the colon. Hypercholesterolemia is a potential
complication by blocking of endogenous b11e'a§id synthesis from

70

2 .
cholesterol. Careful investigation has not revealed any increase

279 280
in serum cholesterol, however.

The mechanism by which oraT CDCA reduces the 1lithogenicity
of bile appears to be the suppression of hepatic cholesterol
synthesis?7° Although it% was originally felt that CDCA worked by
expanding the bile acid poﬁl. which is usually rebuced in gallstone

patients, studies using CA to expand the pool have shown this is not

-x " -
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the case. Furthermore, lithogenicity can be lessened

h 281 282
without an increase in pool size with the use of CDCA therapy.

Biliary 1ipid secretion studies have shown that cholesterol secretion

is decreased during CDCA therapy, while bile acid and phospholipid

281 283
secretion remain unchanged. It is felt that CDCA specifically

. 270
inhibits HMG-CoA reductase which controls cholesterol synthesis.

Reduction of HMG-CoA reductase has been observed in patients treated.
284 285

with CDCA.
The 78-epimer of CDCA, ursodeoxycholic acid, has been

shown by Makino in daily doses of 450 mg to 2gm to dissolve

286
gallstones. A normal constituent in small amounts in human bile,

287
ursodeoxycholate was originally discovered in the bear. Urso-

deoxycholate (UDCA) is formed by the action of colonic bacteria on

288
CDCA through the intermediate 7-ketolithocholic acid. Cholesterol

content of bile is reduced by UDCA through the suppression of HMG-CoA

289 290
reductase. UDCA may be more valuable in gallstone dissolution

than CDCA._;ince it is not metabolized to lithocholic acid (LCA) in

- 290 :
significant amounts. Furthermore, UDCA is apparently devoid of

colonic secretory properties and may eliminate the problem of

291
diarrhoea seen in CDCA therapy.

Since low phospholipid concentration has b;en reported in
gallstone patients, and is an important component of micellar
structure, phospholipid feeding has been attempted?92 It is untikely
that this form of treatment will have any success since the absorptionr

238
of intact lecithin and its EHC is insignificant. Phenobarbital has

53
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been §hvestigated on the basis of its ability to induce liver
enzymes and its potential to increase bile acid synthesis by stimulat-
ing 7a-hydroxylase. Results however have not been encouraging?76
Furthermore, phenobarbital increases HMG- CoA redbctase activity ,
which would predispose to biliary cholesterol saturationfhs

In summary, the current treatment of cholelithiasis is
surgical. Only in patients with radiolucent stones in functioning

galibladders who are relatively asymptomatic, especially if they are

poor surgical risks, should gallstone dissolution be considered.



OBJECTIVES ~

The objectives of these investigations are:

1.

To determine if the colonic phase of the enterohepatic
circulation is altered in gallstone patients.

To investigate the effects of a high fiber (bran) diet on
cholesterol saturation, bile acid composition and pool
size in people with and without gallstones.

To investigate the effects of a bran diet on cholesterol
transport (lipopgptein distribution) in man.

To determine the effects of a bran supplement on fecal
volume and steﬁg?d elimination from the human body.

To formulate a hypothésis\as to the etiology of'cholestero1
gallstones and suggest a means for their prevention, based
on the observed biochemical and physiological effects of a

dietary bran supplement on biliary lipid mexabolism;
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MATERIAL AND METHODS

'

PART I: BILE ACID FRACTIONATION

Patients in this study were selected froﬁ the operating
schedule of the University of Alberta Hospital. . Eight patients
undergoing cholecystectomy for radiolucent stones in functioning
gallbladders were studied. Similarly, six patients undergoing gy
laparotomy for other upper abdominal_conditions (hiatal hernia,
duodenal ulcer, stomal ulcer, abdominal pain of unknown origin) were
selected as controls. (Table 1).'.Thg,mean age of the gallstone group
was 42.5 years, average weight 75 Kg. Mean age and weight of the
control group was 48 years and 64 kg. ﬂ;

Patients were excluded from the study’on the basis of
disease or resection of the large or sgall intestine. Elevated bili-
rubins, pérsisteﬁtly elevated liver enzyme levels (SGOT, alkaline
phosphatase,,LDH) or-infected bile on aerobic or anaerobic culture
similarly resulted in exclusion. Furthermore, only afebrile patients
with normal white blood cell counts were accepted. In the control
subjects it was deemed necessary to exclude biliary 1{thiasis as a
causé of symptoms by operative cholecystoctholangiography.

Bile samp]Es were obtained by aspirating the gallbladder
as fully as possible to ensure representative samp]ingf’“ Stones

were obtained from the gallstoné patients for analysis. Bile samples

were taken immediately to the liboratory and examined for cholesterol
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TABLE 1

Age: Sex: Weight 1

[ 395

Pt. Age Sex Wt % Cholesterol
No. (Yrs) (Kg) in Stone(s)

e e

Gallstone Patients

1. 57 F 65 95 '

2. 42 M 87 88

3. 29 F 56 68

4. 34 F 60 66 .

5. 25 M 75 94 Ny

6. 65 F 78 79

7. 55 L F 112 81

8. 33 v 65 60

Controls /,—\)

1. 30 F 64

2. 24 F 49

3. 71 M 86 -

4. 39 M 63 €

5. 70 M 56 .

6. 54 M 66 b
]

- £
£
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crystals under a polarizing microscope. Specimens were then mixed
and phospholipids extracted at oﬁce or the specimens were stored on
jce until it was coqvenient to extracp them (never exceeding one
hour). Follow{;§~gxtraction the specimens were frozen until analysis
could be coupf@ed..:g,vTotal solids were detenin@ comparing dry
weight to wet.sgiggt of the specimens. Samplés below 3% or above 25%
total solids werg éxcluded «(s Ncom:ded by Small: A1l tests were
done in dup]icate;ﬁ |

Phospholipids were determined by a colorimetric method for
inorganic phosphorus developed by Br‘agden?!'s (Appendix A). Cholesterol
was determined by the method of Abel]?96 297 Basically bi]e‘was
treated with alcoholic KOH to liberate cholesterol from lipid
complexes and to sapon%fy any cholesterol esters. Cholesterol was
extracted intg petroleum ether and the Liebermann-Burchard reaction
was used fo produce a green color which was measured spectrophoto-
metrically. (Appendix B). Bile acids were determined by the enzymatic
method of Engert and Turner, using 3a-hydroxysteroid dehydrogenase?ga
(Appendix C). Cholesterol content of stones was detérmined by
dryihg the stone in air and grinding it to a fine powder. Using 0.5
gm of powdered stone, cholesterol was deti{mined as outlined above,
and percentage cholesterol was calculated.

Relative percentages of bile acids, phosphoiipids and
cholesterol were calculated from the, total of their concentration in
millimoles for each specimen. Resufts were plotted on the triangular

\
co-ordinates of Admirand and Small.  (Fig. 2). The lithogenic index

K



of Metzger was then calculated. Lithogenic 1ndex is the ratio of
actual cholesterol to the theoretical maximum mﬁount of cholesterol .
that bile can solubilize at that particulgr concentration of phospho-
lipids and bile acids. Values greater than 1.0 are supersaturated,
values less than 1.0 are unsaturated _(Fig. 7). N

Bile acid fractionation was done by gas-liquid chromato-
graphy on hydrolyzed samples of bile. (Ampendix D). Duplicate bile
samples were hydrolyzed with Clostridium welchii acetone powder .. .//
(containing cholyl glycine hydrolase obtained from Sigma B1ochem1cals/
Inc.) to remove taurine and glycinef°° e a0z The hydro]ysate was
then acidified with HC1 and the free bile acids extracted into diethyl

300 301 .
ether. Bile acid methyl esters were prepared using diazometh-

ane.ao] .

. Trifluoroacetate derivatives of the bile acid methyl ésters
were prepared by adding trifluoroacetic lanhydride?°1 Samples were *
taken up in acefonitrile and injected'into a Perkin-Elmer 990 gas
chromatograph using a three foét 1.5% QF-1 column. 7-ketodeoxycholic
acid was used as an internal standard?‘°0 (Appendix D).

Pure standard bile acids LCA, DCA, CDCA, CA, (P-L Biochem-
icals) and pure glychocholic and taurochenbdeoxycholic acid (calbio-
chem) were added to specimens in each run to obtain recoveries, and
also to quantitate sample areas. 7-ketodeoxycholic acid (Steraloids,
Inc.) was added to eaq&'samp]e as an internal standard. Quantitation

of the bile acids in each specimen was determined by estimation of

the area under each peak obtained from the chromatogram. Recoveries
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ranged from 91% to 110% and duplicate samples agreed to within 3%.
Statistical evaluation of the data was calculated as in

Appendix F, using an Olivettt¥rogramma 101 calculator. Students

"t" test was used to determine the significance of the difference

of mean values between tﬁe two groups.

PART I1: BRAN DIET

In this study nine control subjects were compared to nine
gallstone batients before and after a one month period on a high
fiber (bran) diet. Informed written consent was obtained from all
volunteers before the experiment was begun.

The nine control patients were selected from a group of the
author's acquaintences on the basis of lack of any history of gastro-
intestinal pathology and complete lack of any symptoms of biliary
tract disease. All controls were judged to be physically fit, healthy,
active, diet conscious, co-operative individuals. Mean age of the
control group was 23 years, and mean weight was 70 Kg. It was felt
that using a young group for controls would lessen the likelihood of
these people being in a pre-gallstone state of Tithogenic bi]e.81
similarly only two females were included since it is more likely for
females to have lithogenic bile than males, based on the sex incidence
of gallstone patients. To avoid radiation exposure, oral cholecyst-
ograms were not obtained on these volunteers. (Table 2).

The nine gallstone patients were referred to the study and

were accepted on the basis of having radiolucent stones in functioning
1

[SRTA N
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TABLE 2
Age: Sex: Weight I1I
Patient Age Sex Weight (Kg)
Controls
1. 014 42 M 80
2. Rod 28 M 75
3. Jam 23 M 70
4. Gle 25 M 77
5. Joy 23 F 49
6. Hea 16 F 59
7. Lan 17 M 64
8. Ros 18 M 75
9. Bru 15 M 80
Gallstones
1. Dav 65 F 68
2. Koz 74 F 80 ¢
3. Bel 39 F 100
4. Ing 52 F 68 r
5. Yak 36 F 75
6. Kat 61 F 57
7. Pat 55 F 70
8. Gni 45 M 82
9. Tam 39 F 68
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ga11b1§dders. Only asymptomatic patients who refused surgery for
their stones were accepted. Aside from gallstones these patients
had né other gastrointestinal pathology and were otherwise healthy
wit’ the exception of #1 (Table 2), who had had a sigmoid resection
for carcinoma. The mean age of this group was 51 years, and the
mean weight was 74 Kg. There was only one male in this group, and
since the study was dependent on referral, the male/female ratio was
not under our control.

After an initial interview, patients were given an intra-
venous injection of & .Ci of '“C-cholic acid in 50% ethanol (New
éng]and Nuclear, greater than 98% radfochemical purity by thin-layer
chromatography) at apprqblﬁ§;e1y 18.30 hours. The injection was
given into the tubing of a fast running drip of normal saline and the
syringe rinsed several times to ensure complete delivery of the
isotope. Following an overnight fast the patient returned to have a
single lumen radiopaque enteroclysis tube with a flexible stylet
placed in the stomach via the nasogastric route. The tube was then
positioned fluoroscopically with the aid of the stylet in the distal
descending duodenum?O“ e Gallbladder contraction was then stimul-
ated by infusing 40 m1 of 10% Travasol (Baxter Laboratories), an amino
acid m?&ture. down the tube?o6 The tube was clamped for 10 minutes
and then connected to suction. Approximately 10 minutes later,

10 - 15 m! of bile rich duodenal juice was obtained. Elapsed time

from isotope injection to collection of the bile samble was 14% hours

+ 30 minutes. Blood specimens were obtained for determination of



total proteins, albumin, alkaline phosphatase, SGOT, LDH, bilirubin,
cholesterol, triglycerides, and lipoprotein cholesterol fractionation.

Volunteers were then instructed to add to their daily diet
50 gm (3/4 measuring cup) of Kellog's All Bran. FolloQing one month
on the diet, the volunteers returned and the above proEedures were
repeated.

Bile samples were taken immediately to thé laboratory and
examined under the polarizing microscope for cholesterol crystals,
and phospholipids were extracted into chloroform-methanol at poce.
The specimens were then frozen until further analyse$ could be !
performed.

Biliary lipid analysis was performed as in Part 1, with
some modifications. Total bile acids, cholesterol, and bile acid
fractionation were obtained by gas-liquid chromatography. Pure
standard cholesterol (Sigma Biochemicals) was added to the standard
mixture of bile acids (LCA, DCA, CDCA, CA) and to bile specimens to
obtain recoveries. After preparation (Appendix D) the trifluoro-
acetate derivatives of the bile acid hethyl esters were injected in
acetonitrile into a Hewlett Packard 5830A gas chromatograph
connected to a Hewlett Packard 18850A computerized terminal and
recorder. Using the standard bile acid plus cholesterol mixture,
and 7-ketodeoxycholic acid as an internal standard, the computer was
programmed to calculate the amount of the individual bile acids and
cholesterol in each sample. This was performed by calculating the

area of each peak in the chromatogram and comparing them to the peak
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ifations in injection. Recoveries ranged from 94Kk - 110%, and
"duplicate samples agreed to within 3%. ‘

Phospholipids were determined by the method of Bragden.
(Appendix A). Cholesterol and total bile acids were determined ad
in the previous study (Appendix B andﬁc) as a double check on the
results obtained by gas-liquid chromatography. The lithogenic index
(Fig. 7) was then calculated from the molar percentages of bile acids,
phospholipids and cholesterol. The relative persentages of the four
bile acids was calculated from the amounts calculated by the Hewlett
Packard 18850A terminal. _ ' .

Pool size was determined by isotope 9ilution 14% hours after
an intravenous injection of ‘“C-cirbOxy1choth acid (4 LCi).”6 Radio-
activity in the bile sample was determined Sy.liquid scintillation
counting, using a Nuclear Chicago 156669/300 cougter, following
decolorization of bile, using hydrogen.pe:oxidé’\o é\iminate color
quenching.”7 Decolorized bile and standard isotope were ldéed to
Unogel Emulsifier (Schwarz Mann) and each sample was counted for ten
minutes. Pool size was calculated by the following formula after
constructing standard graphs and §peciMen graphs of counts per
minute, vs. volume of sample and extrapo1;ting the graph to a one ml
volume. (Appendix E):

isotope standard cpm/ml x ml jsotope injected x mg bile acids/ml
bile sampie cpm/ml x 1000

= pool size (gm)



Total protein, albumin, alkaline phosphatase, SGOT, LDH e
and bilirubin were determined by an SMA 12/60 autoanalyzer under the
auspices of the University of Alberta Hospital Depagtment of Labora-
tory Medicine. Similarly, total serum cholesterol and triglycerides
were determined by standard automated enzymatit methods using an
Abbott auto-analyzer.

Serum lipoprotein fractionation was determined by the
following method. High density lipoprotein (HDL) was separated from
low density (LDL) and very low density (VLDL) by precipitation of LDL
and VLOL with heparin and manganese chloride, according to Bu:stein.
and the LDL+VLDL precipitate solubilized with sodium citrate.300
Cholesterol was measured di;écgqy in both fractions and in the native
serum by the cholesterol-esterase (cholesterol oxidase reaction)

309

using a commercial kit (Boehringer Mannheim cat. no. 15738) The

Abbotg bichromatic analyzer was used to determine cholesterol follow-

310
ing the above procedures. Lipoprotein rat\gs were calculated by the

simple formula:

VLDL+LDL
HDL

The significance of the mean values of results between the

= Lipoprotein ratio

two groups was calculated using the Students "t" test. Significance
of results before and after bran was calculated using the "paired"

Students b test. (Appendix F).
PART I11: FECAL BILE ACIDS AND NEUTRAL 'STEROLS

Aan this study fecal weight, fecal bile acids and neutral

sterols were quantitated before and after a 50 gm daily bran dietary

-
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supplement. Four volunteers (Table 3 ) were obtained from the

University of Alberta Hosp the Glenrose Provincial Hospital.

Volunteers were selected sis of a chrontc physical disability
they be lohgterm in-patients in,

N
order to monitor their intake of bran, gnd to ensure accurate stool

because it Seemed necessary

collections. All volunteers had a negative history of piliary:tract .
'or other intra-abdominal pathology, and all were judged to be healthy
and fit, aside from thgj;yfbaSOn for hospitalization (venous stasis )
ulcer, and rehabilitation following hip arthroplasty and patellectomy).
Only one patient was on medication (#3 - Cloxacillin - Tables 3, 1).
Laxatives were discontinued at the onset of the experiment. Informed
consent was obtained from all volunteers.
Three females and one male with a mean age of 56 years, and
a mean weight of 66 Kg were included, in thiseexperiment. All patifnts
except #3 complained @f chronic constipation; #4, for example, only
had a small bowel movement every to seven days over man} years.
At the onset of the experiment 'blood wés obtained for determinatign
of total proteins, albumin, alka]ine‘pﬁosphatase, SGOT, LDH and
bil}rubin to ensure normal liver function. A 72 hour. stool collection
\\\\!Eé/ébtained. after which the patie?ts andéhursin§~§t:ffﬁwerqrin;t:aéted
to supplement the daily diet with 56 gm of A1l Bran. After thr;: to
four weeks a second blood sample and 72 hour stool sanple.were
obtained.

Analysis of blood samples were again performed by automated

methods, using an SMA 12/60 autoanalyzer. Each weighed stool specimen

’



TABLE 3

Age: g@x: Weight 111

-~

Patient Age Sex Weighi(ig)

.1. Ock 40 M 102
2. Han 60 F 51
3. Mor 56 F 59

"« 4. Pal 69 F 52

.945
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was homogenized, and a 0.5 gm sample was extracted into ethy!l
acetatéd fo]Towing alkaline hydrolysis. (Appendix G). Total bile
acids and neutral sterols were then quantitated by GLC on a Hewlett
Packard 5830A gas chromatograph, following derivatization of the
extract as in Appendix D, and Bran Diet metpods. Daily output 9f
feces, bile acids, neutra]lsterols (cholesterol and coprostanol) .
were then calculated, using the weight of the 72 hour stool

- collection. Statistical significance of results before and after

bran was calculated using the "paired" Students "t" test. (Appendix F).



' . RESULTS

PART I: BILE ACID FRACTIONATION

The gallstone group, which consisted of two males and six
females (Table 1), all had lithogenic bile. Table 4 shows the data
%5; biliary lipid composftion (cholesiero], bile acids, and lecithin).
Mean lithogenic index for this group was 1.4. Cholesterol crystals’
were observed in the bile of all these patients. The mean cholesterol
content of the gallstones removed from these patients was 79%. (Table 1)

The control group coﬁsisting of four ma1és and two females
(Table 1) all had unsaturated bile. ijlﬁ'y lipid data 15 presented

in Table 3. Mean lithogenic index fo grogb wa; 0.65. Cholest-

erol crystals were not observed in the bile of these patient?' 51gure 8
shows the biliary 1ipid data from both groups plotted on the trftﬂbq‘pr
co-ordinates of Admirand and Small. C(Clear separation of the ggllstone
group from the control group is demonstrated on the basis of choles-
terol saturation.

Thé propaortions of CA, CDCA, and DCA in gallbladder bile
from the eight gallstone patients and the six controls is shown in
Figure 9. LCA is not indicated since it formed an insignificant
proportion of the total bile acids and did not vary between gallstone
and control groups. The proportion of DCA in the bi]e acid pool was
significantly higher in the gallstone group (gallstone mean *SE =
30% £ 2.5, p <0.05). The prbportion‘ of the primary bile acids CA

70 \
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and CDCA were not significantly different.

PART II: BRAN DIET

The control group consisted of seven males and two females.
(Table 2). Alkaline phosphatase.‘SGOT; LDH, total protein, albumin
and bilirubin were normal and remained normal throughout the experiment.
Cholesterol crystals were not opserved in the bi]eéof any pf these
volunteers. Bile was initially unsaturated (m::n‘jiéhogehic index ¢
SE = 0.70£0.1) and demonstrated a trend to drop'jbf*3wing the bra@
diet (lithogenic index = 0.51 1.0.06 p <O.10).,u§*h§ﬂjhe "paired"

. w3 ¥ .
’§tudents~"t“ test. gampleteahdﬁiary 1ipid data.are Sh;:$1r|Tab1e 5.

The 5:11stoqe group consisted of eight] %. les and one male.
(Table 2). Alkaline phosphatase, SGOT, LDH, tosdh frotein, albunin
and bilirubin were normal and remajped norﬁal thrgazhout the experiment.
Cholesterol crystals were seen in tﬁe‘bile of"several patients before
the diet; crystals were not ob;eryed in any bile specimens taken after
the diet. Bile was initially saturated, or supersaturqted, with
cholesterol in all gallstone pat1§pts. Complete biliary lipid data
are presented in Table 6. Initially the mean 11thogenic index was
1.43 + SE 0.16 and became Unsaturated in eight of the patients
following the bran diet (mean lithogenic index 0.76 * 0.07, p <0.01)..
Lithogenic index fell from 2.1 to 1.2 in the ninth. The fall'in
saturation is shown 16 Figure 10.

Total bile acid pool size in the control group initially

v

was 2.37 : 0.36 grams (mean 2 SE) and remained essentially unchanged
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GALLSTONE PATIENTS (9)

LITHOGENIC ( SATURATION) INDEX

BEFORE AND AFTER BRAN DIET

b 2.5+

2.0

—4—1_0-1—

Unsatursted 0.5

==

~ BEFORE

Mean 143  Mean 0.76

AFTER

p:0.01

Figure 10
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after four weeks on the bran diet, 2.32 + 0.16 grams (Table 7). Pool
size was reduced initially by an average of 0.75 gm (p <0.05) in the
gallstone group, when pools were weight corrected to 70 Kg. The
unco;}ected pools showed a trend to increase in the gallstone group
following the bran diet (1.63 + 0.19 grams vs. 2.03 ¢+ 0.21 grams,
p<0.10). Complete data are presented in Table 3 and Figure 11.

Bile acid fractionation showed the proportion of DCA to be
increased in the bile of gallstone patients. DCA (Tables 7 and 3,
Figure 12) formed 31.3% + SD 11.21% of the bile acid pool of gall-
stone patients, compared to 19.0% # SD 7.53% in the controls (p <0.02).
The proportion of DCA in the gallstone group &ecc.gsed to a mean
value of 23.3% + SE 3.29%, p <0.05 after the brad'diet. (Figure 13).
CDCA comprised 40.4% + SD 6.38% of the bile acids in the control
group, and was significantly lower in the\g?1lsto;e group, 28.8% + SD
8.35%, p<0.01, at the outset of the expéviment. (Tables? ,8; Figa14)
There was no significant increase in either group after the.bran diet.
The proportions of CA and CDCA were not significantly différent in
either group before and after bran. LCA was exc]udeq”gf in Part I.

Serum cholesterol in the control group was ini;1a11y 161 =
9.4 mg% (mean $~SE) and was unchanged after the bran diet at 168
12 mg%. A significant elevatjon of cholesterol was observed in the
gallstone group (219 15.1 mg% p < 0'01) and did not change after -
four weeks on the bran dtet (@11 3 17 4.lg%) Complete dSiz/are o
e RIS 2 {fﬁ N ‘I!n serum triglycerides-’(Table 9)
\gro‘u ;.M‘as" 1‘1',3 * 15.;7 mg¥ and dig not change with bran

).
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- TABLE 7 o o

'.Bile Acid Pools @nd Fractionation: Contrels

,gmrxsnr POOLS (gms) DCA (2) DC (X) CDCA (%)

Before Aftex Before After Before After Before After

-

——

1. 0l4 .22 2.42 28 33 "7 28 39 44 28
2. Rod 1.22 1.57 26 24 yp 38 ' 33.5 38
3. Jam 2.00 3.13 20 18 w @ 38 35 41
4. Gle 2.54  2.54 25 19 33 42 40 17
5. Joy 1.88 1.86 12 12 56 45 32 42
6. Hea 1.80 2.75 18 12 45 50 36 37
7. Lan 1.28  1.86 26 22 27 41 46 35
8. Ros 3.84 2.07 7 6.5 46 54 45 39.5
9. Bru 4.55  2.65 9 ¢ 6 19 48 52 46
MEAN 2 2.32 19 17 39.7  43.9 40.3  38.2

.37
!




TABLE 8

nd Fractionation:

Gallstones

Patient  POOLS ( DCA (X) ~ CA (1) CDCA (
Before Before After Before After Before After
1. Dav 0.83 1.09 35 20 21 50 38 17
2. Koz 1.79  2.47 238 25 36 28 38" . 40
3. Bel 1.33 2.22 51 24 32 41 17 34
4. Ing 1.94 1.61 22 28 40 34 37 37
5. Yak 1.90 - 42 29 43 37 15 31
6. Kat  1.74  2.79 39 28 , 33 45 - 25 25 -
7. Pat 1.72 1.37 12 6% 47 56 3s 38-
8. Gni 1.95 2.26 32 27 42 40 26 33
9. Tam 1.73 2.45 26 23 45 43 28 33
MEAN 1.63 2.03 31.3 233 37.7  41.6 32,0

28.8

2
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T T sy
Total Serum Cholesterol and frt‘.k‘uﬂu

~

[ .
PATIENT  CWOLESTEROL (mg%)  TRIGLYCERIDES (mg2)
; Before After Before Afger
Controls

1. o1 212 . 227 - 167 164
2. Rod 165 149 70 151
3, Jam 61 148 68 65
4. Gle *37 144 * 100 119
5. Joy . 147 161 75 713
6. Hea 145 1 112 193
7. Lan - 201 - 231 150 = 117
8. Ros 152 135 %188 53
9. Bru 129 147 95 74

MEAN 161 168 113 112
callit'bnes ‘ ] -
1. Dav 279 252 S22 14
2. ‘Koz 212 233 217 an
3. Bel 218 130 2264 246 .
4. Ing 269 275 305 368
5. Yak 237 . 233 . 116 136
6. Kat 188 218 140 141
7. Pat 201 . 196 116 149
8. Gni 148 153 194 277
9. Tam 256 266 192 291

MEAN 2197 21 195 219 .
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Figur"e_ls. Mean Serum Cholesterol and Lipoprotein Ratios
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112 ¢ ls.s ngX. Triglycerides were elevat@d when co-parod to controls
(195 t 23.9 mg% p <0.01) lnd did not change significant?y with bran
(219 +34.2 mg%). ' °
One month on the bran diet did not change ®e lipopratein

cholestero]l ratio (VLDL + LDL/HDL) in the control groyp (2.5 ¢ 0.3)

' _ versus 2.4 ' 0.28)L The ratio was significantly elevated in the

galistone group when compared.to controls (3.9 + 0.39 p 4. 01). No
change in the ratio was observed after.one month of bran (3.8 » 0.4]).
Lipoprotein data are presented in Table 10 and Figure 15.
Fbur,patjents-were fol lowed froq 6 - 12 months dn tﬁe bran
‘diet. HDL choleste}ol increased significantly from 43 mgz to 60 mg¥% +
SE 13.6, p < 0.01. (Fig. 16). Lipoprotein ratios decreased
significantly from 4.3 to 2.3 + SE 0.26, p < 0.01. (Fig. 15&)@{1‘ ~
serum triglycerides.and cholesterol remained unchahged.‘
It s noteworthy that the bowel habit of every volunteer
was changed by bran, usually from one bowel movement per. day to two to
three bulky. soft stools per day. No significant change in weight

was observed during the one month bran diet.

PART III: FECAL BILE ACIDS AND NEUTRAL STEROLS
- The four patients in thits investigation all had normal
~serum total protein, albumin. SGOT, alkaline phosphatase; LDH , and
.bilirdbin throughout the duration of the experiment. Following bran.
stool volume was felt to be 1néreased by all patients and the three

with constipation were "cured”, having 1 - 3 soft, bulky bowel



TABLE 10

High Density Lipoprotéint and Lipoprotein Ratios

PATIENT HIGH DENSITY LIPOPROTEIN CHOLESTEROL (mgX) RATIOS
. Before After Before .After

1. 48 51 3.5 3.5
2. Rod - - - -
3. Jam 59 54 1.9. 1.9
4. Gle 47 43 2.3 1.9
5. Joy 80 78 1.3 1.2
6. Hea 44 44 2.4 3.1
7. Lan .42 54 4.0 3.2
8. Ros 50 53 2.2 1.9
9. Bru ©4s 48 2.0 2.1
MEAN 52 53 2.5 2.4
Gallstones . » .
1. Dav 57 63. 3.8 3.2
2. Koz ' 53 57 3.0 3.2
3. Bel 44 40 4.0 4.8
4. Ing 46 44 4.9 “.7
5. Yak 52 - 3.6 -
6. Kat 68 81 2.0 1.9
7. Pat 53 53 3.4 3.2
8. Gni 28 33 4.7 4.1
9. Tam ‘ 42 44 5.4 5.5
3.9 3.8

MEAN 49 52




~ HOL Cholesterol

LONG TERM EFFECT OF BRAN

 mg %

o 8

A A
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5 85 5 88 88 3

Before After Before After
(43.0) (60.0) - 14.3) (2.3)

p<0.01 B p«0.01

Figure 16




movements per day. ‘ *
) Results of fecal bile acid neutral sterol and fecal weight
eterminations aré presented in Table 11. Mean fecal weight showed
a trend to increase, than91n§ from 121 ql/ay + SD = 65 to 238 gm/day
£ 19 p < 0.10. The daily mean bile aBid excretion increased quite
significantly from 0.28 gm/day *+ 0.12 to 0.64 gm/day ¢ 0.12, p < 0.01.
Neutral sterol 'excretion did not change significuily. although the ‘
mean excretion increased by over 70% (0.74 gn/day : 0.25 versus 1.26
gm/day * 0.33). Total sterol excretjon, t.>1le. acids plus r:eutral '
sterols 1n;:reased significantly from 1.02 gm/day ¢ 0.33 to l..90 gm/day

/

+ 0.43, p < 0.05.
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) BILE ACIO FRACTIOMATION

In this 1nmt19¢tio'n) bile-was obtained by aspint'tu‘i o‘f,
the gallbhddor at the time of surgery in cmsmtim patients
following at least 3 ten haur fast. Al potionts ulocw for sM
were undergoing elective surgery and had no Mstory of mdical '
problems. There was 3 prcpoa‘trmc of funcs in tln galistone

roup (due to the pauc‘\ty of suitable meltes undergoing cholocystoctouy

at the time of tMs study) and the muw sust ln_ln_urpnud with
this in mind. Estrogens are abl'o to increase the 1ithogenicity. of
bile, however there is little evidence mtrihcy affect the relative
proportions of bile acids in Mlo” 'eove e Males are quite capable
of forming gallstones and although est}ooms can intrease the temndency
to form gallstones, they are nonetheless rare in rural African
“females. according to Burkitt. T suen observations indicate
thaf investigators researching the etiology of cho]cstc;-ol gallstones
need mi be over-coi@ermd by the sex ritio of the disease, since
estrogens per se are not the cause of gallstones. Mean body weight
1n the gallst.one group ns slightly higher than controls; however,
snll diffennces in night should not affect the bile acid
conpos!tion. of thé bile acid pool. The results fros this study

should be interpreted b_eariing in nim! that the groups are not well
ntchtd.h -
. Only gnl'bl‘a;dgr bile obtained from fasting subjects was
: o

92
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“umnhivmﬂhﬂn wmmm&m
Nepatic bile 15 e 1thogontc thea Bile sbtatund ot other thuss.
Ouring fosting, mnch of the bile scfd pool 13 stered 1n the go'l-
Modder. Under thede conditions” shly pert of the peol will e
availeble for recirculation, snd theve will be & reduction in bﬂo
acid secretion, dn nove mtﬁu“ being slew to mn
Consequently, fasting hepatic bile will hecome sore 11thogentc dve to
reduced bile saly return to ) liver. Decreased return of COCA mey
resuit in relesse of HG-CoA 't;u from inhibition and add to the
relative increase of cholesterol in fhsting bile’ " On the other hand,
galibladder bile obtained during fasting is. said to be representative
of average daily bile composition. After am overnight fest several
hours of pooled bile secretion by the liver are available for sampling.
In the same subject. hepetic and galibu“" bile composition a;c
similar, although gellbladder. bile 15 more concentrated and somevhat
“less 1thepentc. % e this coutut. Godenal bile obtained after
‘ stimhm contraction of the gallbluhr 1s also representative of
anngo daily bno composition. Viahcevic has compared gallbladder
and duodoul aspirates in the same pauom and found them to be quiu
sinnar. aside from cmtnﬂon. '

Galldbladder bile specimens were cultured to exclude infection,
) ‘sjm inflammation of the gallibladder can result in the absorption of
bile actds’® *° SimiTarly, infection can result in the deconjugation .
of Mllr\Mn glucumidt and coamtly the pncipiution of calch-
bilirubinu. uMdc can form & uclm for cholesterol mcipiution
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Serum determinations of total proteins, albumen, SGOT, LDH.,alkiline
. \

phosphatase and bilirubin were abtained to exclude the possibiltty of

liver disease. Sféﬁificant’Iiver disease results in impaired hepatic

synthesis and glearance of many important compounds, as illustrated

: by cirrhotics or patients with biliary tract obstruction, and caﬁ

1nf1uence the composition of bile Bile samples were checked and .
found to be within the 3 - 25% solids range, as recommended by Small
for applicability to his line of cholesterol solubi]ity.

-

Analyses of total bile acids, phospholipids and cholesterol

were ob;ained using precise stahdard reference methods in duplicate.

Lack of agreement between duplicates of greater than 4% resulted in
é repeat test which was rare. Bile aciq fréctionation was judged to
be accurate and complete by adding pure conjugated and unconjugated
bile acids to both water and bile specimens in each run. Recoveries
for each bile acid below 90%, or above 110%, were regarded as
unacceptable and resulted in a rare repeat test. Similar]y, duplicate
samples were required to agree to within 5% to ensure precision of
the ana]yﬁjs. ‘

| fhe finding of crystals in gallstone bfle but not in control
subjects confirms previous observations.’13 Similarly, there is clear
separation of bile from4?allst0ne patie;ts and from control subjects
on the basis of cholesterol supersaturation Analysis for cholesterol
content of the gallstones confirmed that the galistone group had

cholestero] stones. This information clearly demonstrates that we
v

ar; comparing a group of patients with chelesterol gallstones,



<
1i#hogenic bile and crystals, to a group without stones and who have

unsaturated bile. )

" The finding of increased OCA in the bile of gallxtome
pat1ents fails fo confirm the findings of Pomare and Heaton, in
which there was no si§mif1cant difference in DCA betueen gallstone
patients and controls, although a trend was shown. ' _The difference
may be due to methodology, ;}nce they used thin-layer chroma tography
for bile acid fractionation, and this technique does not have the
accurac} or sensitivity of gas-liqeid chromatography (GLC). Several
groups of investigators have observed an increase in OCA in qallstone

186 1688 315 316
bile but failed to comment on this finding. .
. Our investigation failed to conflrm the f\ndlng of decreasgd
CDCA in gallstone patients, an observation that is well supporteéas e
This discrepancy is probably due to the smail number of patients used’
in this study and would disappear with thé addition of more patients.
Furthermore, in the Bran Diet experiment, where more peoble were
studied, a decrease of CDCA was observed in'ga]lstdne p;;ients. g
An explanation for the observed increase in DCA may Be

‘ found in considering the enterohepatic ci}culation (EHC) of bile acids.
S1nce DCA is formed By bacterial 7a-dehydroxylat1on of CA in the!chon,
any factor which could increase the rate of this reaction or the

0s

absorption of DCA will explain this finding!®® Possible explanations

.
are: .
4

1. Alterations in bacterial flora, producing 7Ja-dehydroxylase.



/

2. Increased 1ntost1nal transit time (colon!c !tasis) which
could allow lonjer contact of CA with bacterial enzymes, and
more time for absorption of DCA.

3. Lack of bile acid binding substanceslin the diet such as
fiber, which would result in decreased excretion of DCA, and

317 318

perhaps increased exposure of CA to bacterial enzymes.

4. Absence or reduction of the gallbladder regervoir or increased

contractility d&o the presence of stones( could result in
increased contact of the Qile acid pool wifh the gut, and\'
consequently increase DCA production

DCA has beer( suggested by Low-Beer to be responsible for

Y This hypothesis is based on the

the formation of gallstones.
observa§1on that DCA selective]} inhibited the synthesis of CDCA in
three patient:sf"s CDCA is known to desaturate bile by its effects on
HMG-CoA reductase’ '’ Feeding DCA to healthy voluntéers increased the
cholesterol saturation of their bi]e?bs Further work by members of
the same research group demonstrated fEZding bran produced a reduction
of DCA, an increase in CDCA, and redu;;L saturation of bilel'’ *#°

This information, when considered in light of Burkitt's observations

on the epidemiology of cholesterol gallistones relating their scarcity
in rural Africa to a high fiber diet, led us to investigate the effects

of a bran diet on bhiliary lipid metabolism’’

BRAN DIET
In this experiment, biliary 1ipid metabolism was investig-

ated in nine gallstone patients and nine control volunteers before and
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' /
after four weeks of consuming 50 gm of All Bran daily fn addition to
their‘regular diets. Although the msan body weight in both gPoups
was similar, the galilitom group was much older than the controls.
Sex ratios were- 2lso differeﬁt. with onﬁy one male in the galistone
group and only two females in thé control QJroup. It is perhaps
-unfortunate that ther? were so many females in the gallistone group,
however we were dependent upon referral of gallstone patient§ and had
no control over sex ratios. The sex and age of the control group was
purposely selected to be young and predominqntly male. By confining
this group to a young, healthy, fit an& predominantly male population,
we hoped to avoid individuals in a pre-galistone state?l It was not,
therefore, considered necessary to obtain oral cholecy;tograms in this
group, thereby reducing the radiation exposure to healthy normal
volunteers. Comparison of data between these groups, however, must be
interpreted with the consid;ration that they are poorly sex matched
and purposely age mis-matched. Careful preliminary 1nt§}v1ews were
conducted to ensure that all patients and volunteers in this study
were well-motivated, co-operative, and well-informed about the
requirements and procedures involved.

A profile of liver function gtotal proteins, albumin, SGOT,
LDH, alkaline phosphatase, bilirubin) wa;-bgiained‘at the beginning
and the end of the experiment to be sure that liver function was
normal and remained normal throughout the investigation (which it did).

A11 bile specimens were obta'éed by duodenal intubation,

and as discussed, duodenal bile obtained after gallbladder contraction



is representative of gallbladder pire.”? 10% Travasal was used to
stimlate gallbladder—cOntraction since amino atids Sould not inter-
fere with biliary 1ipid analysis and it is less expensive and poten-
tially less hazardous than an {ntravenous 1njegtion of cholecystokinin.
Fluoroscopic positioning of the enteroclysis tube was employed to
ensure optimum placement of the tube. There were no failures to
obtain a bile sample by this method. _

Examiriation of bile for cholesterol crystals revealed none
in the gonfrol group. Crysta1§ were seen in several pa.tients
initially in the gallstone group, and disappeared from the post-bran
specimens. Failure to observe crystals in all the initial gallstone
bile specimens may be related to concentration. Crystals were never
observed in dilute ( <10 mM bile acids) speéimens. The disappearance
of crystals from these gallistone patients suggests that the bran diet
had induced desaturation of their bile.

Biliary 1ipid analysis methodology was somewhat different
than in the previous study. Since that time we were able to quantitate
cholesterol and bile acids simultaneously by GLC. Furthermore, on
dilute specimens, GLC was found to be more acébrate than the standard
reference methods (closer aqreement of duplicates, "no-nonsense"
results). However, the standard reference methods were still used as
2 check. In rare cases of marked disagreement between methods, the
sample was re-analyzed by both methods, and the reliability of GLC
for dilute samples was usually confirmed. ) . |

Small's line of cholesterol solubility was again used to
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detornine dqgm of cno‘lnterol s“ltnration. Small and Carey have

. both favestigated and Hscussed thy of ‘concentretion

(percent solids) on the solubility of cholesterol 1p bile)”’ e

Rl

For example, below 5 g-noo ml the solubility decreases abruptly as

? Although the duodenal

total concentration of Hpid is reduced"
aspirates were occasilnnlly é%ite dilute. the bile was obtained by
stimulated gallbladder contraction and should represent gallbladder
bile. Since there was no way. of determining original concentration
of the gallbladder bile, ne had to assume that the pércent soMds
were within a range acceptable for application of Small's solubility
line.®
‘ ' Our demonstration of the ability of 50 gm Jaily of A1l Bran
to desaturate bile in gallstone patients and its tendency to reduce
saturation in control gi:i:fts fs in agreement with the Bristol group
(Pomare, Low;Beer‘and ton) and also Watts et al in F\ustr«lia’2° e

Only the Bristol group studied the effect of bran in gallstone >

patients (10) and the reduction in saturation was less (mean lithogenic

index 1.49 fell to 1.29). The dose of bran ranged from 20 - 108 gm

daily, averaging 57 gm, which may explain the discrepancy in results.

Total bile acids were measure&.by an enzymdtit method. as compared to
. our use of GLC. ~ As discufseq{;dLC is more accurate for determining

totaf bile acids in dilute duodenal aspirates. Perhaps if the amount
~ of bran used and methodologies employed were standardized, the 4

magnitude of the results would be similar.

N

The ability of bran to desaturate bile confirms Burkitt's



A .
Q. 3 * .
. - : : 100
v' ) . > ® :
.- .

0 wthais that dtolesterol cholelithietis is a fi deficiency
ot 1f a Mgh fm popuhtion.

diseese. It seems -ore then 1ikoly
~8uch es Cenediens. uere to incren their dei\y intake, of fiber

lithogenic bile and its se'que'iee mstom) wyld becoae ‘Iess

connon The‘deshturation of bile sujgests that as a longterm

. possibility a high fiber diet may induce gal?stone dissolution. since

the changes in saturation are similar to° those seen with COCA.

therapy’®® 2¢* 27 P7% 7% additional dietery fiber may be helpful

* following gallstone dissolution with CDCA. A major drawback to CDCA
therapy is the prompt‘return of lithogenic bile and the reappearance
of Stones following its wi-tndrawalf’l 272 zi’ 27 Following
dissolutiom, the addition of dietary fiber could prevent the return
of cholesterol supersaturation'and @he reappearance of gallstones.

r Although the diets of the people in this study were not
quantitated or controlled (except for the bran).idll persons stated
that their diet did not ‘change during the period of the experiment.
Furthermore. weight did not change over the four week period, a fact
which assumes some\importance ‘considering the relationship of obesity

and over-nutrition to the saturation of bile and presence of gall-

1 31 38 39 W0 '1 82
stones.

Pool size was determined by the technique of isotope
dilution. An int;;;Enous injection of an ethanolic solution containing

* 4 uCi of carboxyl 1% choiic'acid was administered 14k hours prior to
obtaining the bile specimen. The intravenous route was used in

preference to the oral route to avoid the uncertainty of absorption
a8 .
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if given orally.''® " Isotopic 24-'*C cholic actd was chosen for
. several reasons. "C_is conveniently and easily codnted.}and although
bile acids labelled on the amino acid conjugatqgs are available, pool
size measurements using these labelled bile aciys are invalid because
of bacterfal deconjujation during enterohepatic c ing. Tritium.
labelled bile acids were noF used because the label tends to be lost .
during intestinal passégesz A 4uCi dose was chosen because it was
.calculated that the gallbladder mucosa, assumed to be the organ at
risk, receives 133 millirads per;£i'*C}** This dose would result in
a total exposure of less than 1 rad per volunteer and still be
compatible with accurate counting of the bile samples. *his effort
%o keép isotope dose to a minimum assumes even greater importance in
view;of the fact that abdominal fluoroscopy (during }ube positioding)
results in a radiation exposure of about 400 millirads per minutef25
Unfortunately (fortunately for the volunteers) the us; of
such a low dose of isotope precluded the use of'the classical Lindstedt
procedure involving intubations for 4 - 5 consecutive days, since
the activity of the bile samples would be too Tow to count accurately
after a few daysf13 Therefordz we were unable to obtain any data
concerning turnover and synthetic ratesf15 The use of a single
intubation has been used and compared to the LindStedt technique by
twq‘groups?os 226 Pracision on repeat determinations was excellent,
and comparison to Lindstedt pools showed only slightly higher
estimates. . .= Our 14k hour determination should fherefore be
precise, accurate and feproducable, although strictly speaking not |

directly comparable to the pool size estimates obtained by other

N\
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1n{est1§ators. ke;ping the time variat¥bn\be tween 1njeé£{on to
sampling to t s hour permits valid compari on of pool sizes within
our. series. '

Decolorization of all samples with Hzoz. prior to liquid
scintjllétion counting, eliminated the problem of color quenching, and

“permitted valid comparison of pool size estimates obtained from dilute

307 327 i
and concentrated samples. Ascorbic acid was added following

s

decolorization to scavenge excess H202 which might have caused chemi-

327
luminescence owing to the kiberated oxygen.

Total pool size was found to be reduced in the gallstone :

. . . ) " 183
Ratients, confirming -the observations of many other investigators.

185 188 195 ) . .
’ Pool size showed a trend to increase in gallstone

X

' /
patients, but-not controls, followitng bran. This measurement was not

320
made during the Bristol group's experiments with gallstone patients.

Failure of the pool size to change in control patients was observed

in the Bristol study, however the Austra]ian:group did not measure
. 320 3213 * ‘
pool size. - . :
The trend for pool size to increase with bran intake in

gallstone patiénts may be explained by two possibilities. Bran has
317 3.8

been shown to bind bile acids. This effect would tend to

decrease the number of daily enterohepatic circulations the bﬁ]e acid

poo1.makes, and therefore pool size would expand (pool size x circul-
195 196 . :
ations = constant). ~. Another possibility is that fiber will

bind the isotopic CA causing the activity of the bile specimens to be

\

reduced, and the pool to appear larger.
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The trend to increase pool size does not correlate iell‘
with the obvious decrease in cholesterol saturation and is not likely
to be responsible for the improvement. In fact, gallstone patients
#4 and #7 (Table 8) had a decrease in pool size in spite of the
1ﬁprovement in their lithogenic 1ndex. Desaturation of bile without
a significant increase in pool size has also been demonstrated

269 276 28]
dur1ng CDCA therapy.

Decreased pool size, as opposed to ‘the suggestione of
Viahcevic. may be- the result rather than the cause of gaHstones.”3
e We observed changés in pool sizes in ten dogs before, and one
month after, imp]antind‘One or more spherical prostheses of glass
and/or silastic in the gallb]adder‘IUmen through a cho]ecystostdmy
incision. TheSe results were.compared to pool sizes in five degs
before, and one month after, a sham operation in which a cholecyst-
ostomy incision was made, but no prosthetic gallstones were implanted.
Decrease in pool size in the implant group was a highly significant
average of 29.5%. The sham operated group had a less significant
decrease of 8.2%.3za It is strongly suggested by observations in
this investigation, and by pool size results fromothe bran study,
that a reduced pool per se is not responsib]e for the format1on of
lithogenic bile. The observed decreased pools 1n'gallstone patients
may be secondary to bile displacement by stones and/or interference
with ga]lbladeer distensibility ar contractility due to their

presence.

Bile acid fractionation was performed on all bile specimens
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before and after the bran diet. Again, DCA wag found to be
significantly increased in gallstone patients; furtherwore, wfth brap
DCA showed a tendency to decrease in the control patients and

J

decreased quite significantly in the gallstone group™ These findings
are in agreement with. the Bristol group, however fhe Australian
group (who used only 30 gm of bran) saw no consistent decrease in DCA

19 %20 32

following bran’ CDCA was significantly‘lower in gallstone

patients, an observation consistent with other invest:igatorsf.3 2% ca
was similar in both controls and gallstone patients and showed no
consistent change following bran. Similarly, the proportipn of CDCA
in the bile acid pool showed no significant change. The Bristol

group observed an increase of CDCA following bran, but this may bg
ques tioned on the basis of the small number of patients (six: two
stone, four: normal) and the methodology (thin-layer chromatography)
used in their 1nvestigationf2° |

Reduction of DCA by increased dietary fiber i¢ a result of

the known effects of bran to bind bile acids and to decrease intestinal

.
317 318 329

transit time. Binding and reduced time for bacterial-
dehydroxylation of CA and for absorption of DCA are responsible for

~ decreased DCA in bile. Although there was no significant increase in
CA or CDCA, the tdta] primary bile acids increased to the same extent
that DCA ﬁecreased. The observed reduction in DCA suggests that
daily excretion of bile acids is increased with bran. This in turﬁ
would indicate an 1ncreaséd synthesis of primary bile acids since

total pool size was maintéined in spite of increased datly 1os$.,

Y



) | 105

Faflure of CDCA to increase in our 1nvo;tigatioo casts
some doubt on the Brisgol group's hypothesis that DCA 1nh1b1£§lCDCA
synthesis, which in turn results in increased cholesterol synthesis,
producing 11thogenic bile and gallstonesf" 18 3 e, sqbport
ot our findings a sophisticated investigation by LaRusso, usind.GLC,
demonstrated that DCA feeding did not 1?crease cholesterol saturation
in bile and specifically did not inhibit CDCA synthesis in seven
volunteers. = Furthermore, Einarsson failed to obsgrve consistent
inhibition of CDCA synthesis during DCA feeding in six volunteers.
Unfortunately, biliary cholesterol was not determinédf’l

Since desaturation of bile by bran does not seem to be
produced by changes in pool size or reduction in DCA. it must Se
related to increased daily excretion of bile ac1ds.“Bccause DCA was
_ reduced while pool size tended to increase, it may be inferred that
daily bile acid excretion was increased by the bran diet wigh a
consequent increase in primary bile acid synthesis. A similar
ﬁ;;hanism has been elucidated by Strasberg. He has shown that in the

Rhesus monkey during chroniﬁ pa}tial (7.5%) controlled interruption

of the enterohepatic circulation (EHC) using a bile fistula. cholesterol
secretion decreases as bile acid synthesis 1ncreasesfso 2 By
increasing bile acid excretion, bran is similarly producing a partia]
.interruption of the EHC.land thereby decreasing cholesterol secretion
and saturation. Reduction in cholesterol ﬁecretion has three possible

mechanisms in this model. (Fig. 17)

1. Diversion of cholesterol into bile acid synthesis to compensate




108

BILE ACID. BIOSYNTHESIS
ACETYL - CoA |

HMG, - CoA ___Cholesterol inhibition
reductase . :Bile acid inhibition

| ;
CHOLESTEROL
7 « - hydroxylaseé ‘L.—’—NWBM
~ BILE- ACIDS ‘

Figure 17



/ - : . . m

for incronsed dile actd encretion. ' ' S

2. Increased choléstere] excretion - bile acid dinding wil)
' 102
interfere with cholesterol absorption..
3. Increased COCA synthesis may 1nhibit MMG-CoA reductase, and

278
therefore cholesterol secretion.

FECAL BILE ACIOSAND MNEUTRAL STEROLS

To quantitate the effects of the 50 gm A1l Bran diet on
b1lc. 4cid and neutral sterol excretion, 72 hour stool collections
were obtained from four volunteers before and after four weeks on the
diet. Results from this investigation confirm that sterol excretion
is increased by bran. B

Although the mean daily excretion of feceswnearly doubled,
this was not quite statistically significant. The discrepancy is
explained by the fact that volunteer #3 (Table 11) had a very high
fecal output initially (possibly related to cloxacillin therapy)
which did not increase with bran, and consequently the calculated "p" )
value was greatly reduced. Transit time in this individual was
initfally so short that bran was apparently unable to cause a
further decrease, and subsequent increase in fecal volume.

Mean daily bile acid excretion more than doubled, and this
increase was ‘;;;;;—f:;nificant (p < 0.01). Even though daily
stool weight decreased in volunteer #3, her daily bile acid excretion
increased frdm 160 mg to 590 mg, demonstrating the ability of bran to
increase bile acid excretion without changing fecal volume. This

observation supports the in vitro observations that fiber binds bile



108
-

' 317 818 - .
acids. Although mean total neutral ‘sterol excretion increased by

67%, the pbserved decrease in netitral sterol in volunteer #3 cag;ed
the increase in neutral sterol excretion to appear not significant.'
An explanation for the decrease in neut;al sterols in this volunteer
is not apparent, however thq slight decrease in stool weight in spite
of her personal statement that bran. increased the volume and frequency
of her bowel movements, suggests that the 72 hour stool collection was
not .comple't‘e.

There is little question from the obseg;ations of other

329 332 334 333

investigators that bran 1'n?se§ the bulk of stool and speeds
intestinal transit.

Bile acid excretion was not

found to increase in some investigations using bran, however total

333 334 335
sterol excretion was increased. It is generally accepted

332
that fiber from various sources can increase biJe acid excretion.

338
The effects of fiber and bran on sterol excretion are somewhat

confusgd‘by the different amounts, types of fiber, and different

methodologies used in the growing numbers of studies on this subject.
[ ]

Dietary fiber can be defined as plant material that is

— . . . . .
impervious to the degradative action of digestive enzymes or the
‘ . 4 337
enzymes of the intestinal microfiora. Most dietary fiber is derived o

from the cell walls of plants and consists of cellulose, hemicellulose,
»

1ignins, pectins and gums. The types of fiber depenq on plant species,
: 336
age of the plant, and portion of the plant used. Lignin is by far
o317

. 3
the most active component of fiber for binding bile acids. Hydro-
\\\t:?hobic bonding is the likely mechanism by which lignin (fiber) adsorbs

N
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bile acids since adsorption is the greatest when ionization of the

phenolic hydroxyls of lignin's phenylpropane units is suppresfkd by

318
increasing acidity. Dihydroxy bile acids are more strongly

adsorbed than trihydroxy bile acids, and unconjugated bile acids are

317
less strongly bound than free bile acids.  Incorporation of mono-

glycerides and fatty acids into the bile acid micelle reduces

adsorption. Adsorption is adversely affected by short chain length,

unsaturation and high concentration of fatty acid in the micelle.’’®

]

Binding studies using different vegetable fibers have revealed a wide

range in their ability to adsorb bile acids. Pure lignin is the best,
followed by alfalfa, bran, maize meal. corn and sugar beet pulp’'® **’

339 340

The cationic adsorptive properties of fibers may interfere
with electrolyte and mineral absorption.a36 Increased zinc excretion
has ‘been observed on a high fiber diet, however an opposing study

W1 362

found no differencedn zinc or copper balance’ © Several studies

indicate that fiber may increase the losses of iron, calcium, magnesium.

. . 332 341 342 &3 bk 348
phosphorus, sodium and potassium.

! SERUM TRIGLYCERIDES AND CHOLESTEROL

Serum triglycerides, cholesterol, and the lipoprotein -
distribution were investigated during the bran diet study. Since we
were interfering with bile acid and cholesterol excretion, perhaps
there would be an effect on serum lipids as with cholestyramine
therapyf"2 Furthermore, the studies of Burkitt and of Trowell suggest
that there may be a relationship between fiber deficiency, hypercholes-

. . 13 366
terolemia and atherosclerosis.
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In our study there was no change in mean serum triglycer-
jdes or cholesterol after one month on bran. This observation is
consistent with the observations of most other 1nvestigaiors who have
studied this prob]em.“7 AR

Mean sé}um triglycerides were elevated in the galistone
group, and again this observation is consistent with those of other
1nvestigatorsf51 35? Although the mean sefum cholesterol levels were
significantly elevated (mean difference 58 mg%) compared to controls,
this observation has not been confirmed. The young age of the conirol
group is perhaps part of the reason for the observed difference.

Hypertriglyceridemia in gallstone patients suggests over-
nutrition since it is well known that carbohydrates induce triglycer-

353 ’
In view of Burkitt's hypothesis that cholesterol

ide synthesis.
cholelithiasis is a fiber deficiency disease, and our biochemical
confirﬁétion of this theory, hypertriglyceridemia in gallstone patients

13
assumes some relevance. The "Western diet" contains a high proportion

of refined carbohydrate with the exclusion of fibert3 e Hypertri-
glyceridemia in gallstone patients may be the result of a diet high in
refined carbohydrates with the simultaneous exclusion of fiber.

The lipoprotein distribution of cholesterol differed between
gallstone patients and controls. There was significantly more chole-
sterol in the VLOL + LDL fraction and less in the HDL fraction in
gallstone patients. Consequently, the lipoprotein ratios were signif-

icantly higher in the gallstone group. Cholesterol fractionation has

not been studied in gallstone patients by other investigators. Lower
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levels of HOL cholesterol in gallstone patients suggests that there is
reduced transport of systemic cholesterol into the liver in these

227 228 229
patients.

Following six months to one year on bran, an increase of
HDL cholesterol and a decrease in lipoprotein ratios to contro}l
levels was noted. 'The ability of a bran diet to increase HDL cﬁole-
sterol has been observed by other investigators, however our study
is by far the longest follow-up reported?s“ e Return of the lipo-
protein ratio of cholesterol in galistone patients to control levels
indicates the initial observed differences are not a function of age,
and perhaps the high serum cholesterol in gallistones is similarly not
a function of age. As a longterm possibility, a bran diet may redu?e
serum cholesterol, since it acts.in a manner similar to cholestyramine,
although it is not nearly as effective tn binding bile acids.”2 Low
amounts of HDL cholesterol have been correlated to the development of
atherosclerosis?20 Therefore our findings suggest a possible
metabolic 1ink between cholesterol gsllstones. fiber deficiency and
atherosclerosis.

Additionally, the increase in HDL cholesterol suggests that
increased bile acid and neutral sterol excretion stimulates transport
of systemic cholesterol to the liver in an attempt to compensate for
increased loss from the biliary system as bile acids and neutral
ster01§<¥/Some support for this hypothesis is obtained from the obser-

vations of Rachmilewitz who has observed labelled HDL remnants in

227
bile. Furthermore, Schwartz et al have found, when using intravenous
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1s
injectiops of labelled mevalonic acid and C-cholesterol in bile
fistula patients, that an appreciable amount of cholgstero1 necessary
for bile acid synthesis and cholesterol secretion is derived from

356
plasma cholesterol.

SUMMARY

In summary, our fnvestigations have shown that cholesterol
cholelithiasis is likely the consequence of fiber defiéiency.
Increased dietary fiber reduces the cholesterol gaturation of bile
by promoting the excretion of cholesterol and its metabolites, the
bile acids. Addition of fiber to the diets of high ri#k populations
should reduce the incidence of gallstones and in those afflicted
may evantuqlly promote their dissolution. The bran diet also
favourably changes the lipoprotein distribution of cholesterol,
which may indicate a possible pole for bran in the prevention of

atherosclerosis.
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CONCLUS JONS

The capclusions from these investigations are:

L

10.

Bilfary DCA is increased in galistone patients, indicating
an altered colonic phase gf)the enterohepatic circulation of

bile acids.
—

. ~Biliary supersaturation with cholesterol is consistently

observed in the fasting bile of gallstone patients, but is
rarely seen in persons without gallstones.

There is a decreased total bile acid pool in gallstone patients.
CDCA pool is reduced in gallistone patients.

Serum cholesterol and especiatly triglycerides are elevated

in the majorit;.of gallistone patients.

There is a decrease in high density lipoprotein cholesterol
and an increase in 1ipoprotein cholesterol ratios in gallstone
patients. _

Choles terol saturation of bile is effectively reduced by a
high bran diet in gal]stoﬁe patients.

The DCA pool is reduced by a high bran diet, especially in
gallstone patients.

Total bile acid pool, CDCA and CA pools a;e not significantly
changed by a high bran diet.

Daily stool volume, fecal bile ;cid and neutral steroid
excretion are increased by the addi}ion of bran to the diet

of volunteers without biliary tract disease.

113
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11. High fiber (bran) diets reduce cholesterol fa bile by partially
interrupting the enterohepitic circulation. Increased excretion
of bile acids and cholesterol reduces the availability of
cholesterol for exc‘tion 1nt6 bile. Bfle acid synthesis occurs
at an accelera¥ed rate due to the increased daily loss and
further reduces the availability of cholesterol for biliary
secretion.

12. The longterm effect of bran on systemic cholesterol tramnsport
is to increase high density lipoprotein cholesterol and to
reduce the lipoprotein cholesterol ratios. This effect is
presumably due to increased transport of cholesterol to the
liver to compensate for the increased metabolism and excretion
of cholesterol.

13. Addition of fiber (bran) to populations predisposed to cholesterol
gallistones may reduce the incidence of gallstones by reducing
the amount of cholesterol in bile, relative to bile acids and
phospholipids.

14. Bran may have some potential in the treatment of gallstones. The

.. demonstrated reduction in cholesterol saturation could, as a
longterm possibility. result in the dissoTation of gallistones.

15. Following galistone dissolution by CDCA or'UDCA. bran may provi
reasonable maintenance therépy to prevent the recurrence of stp S.

* 16. Dietary fiber deficiency is probably the major etiological fdefor

in cholesifrol cholelithiasis since it explains the epidemiological

data, and explains the association with overnutrition and

\



hyperglyceridemia. Experiments with increasing dietary fiber in

man entirely support this hypothesis.
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APPENDIX A

PHOSPHOLIPID ANALYSIS

1.m1 specimén was added drog by drop to 22 ml CHC14 - CH30H

(2:1) on the vortex and left to stand in excess of five minutes.
The tube was stoppered, shaken for 30 seconds, brought to 25 ml
by adding more CHCl, - CHyO0H, and ‘left to stand for an additional
five minutes.

5 ml dilute H,50, (1 m1 concentrated H,50, to 2 liters deionized
water) was added, the tube 1nve(§ed 10 times, and left standing

~

for 10 minutes. r

Centrifugation at 2;000 RPM for 15 minutes separated the lower

chloroform phase containing the lipids. Phosphorus was then

liberated from the lipids and reacted with acid molybdate solution
to form phosphomolybdic acid which was reduced by aminonapthol-
sulfonic acid to yield a blue colour by the following method:

1. 5 m] extract was evaporated to dryness, 2.5 ml of SN H2504
added, and the mixture slow boiled.

2. After a black or brown colour change occurred, one drop of
30% H202 was added and heating continued for at least 10
minutes until the contents became colourless. If unsuccessful
this step was repeated.

3. A standard was prepared by transferring 6.5 ml of phosphate

159
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}tmdard (0.08 mg phosphorus per ml) to a digestfon tube and
adding 2.5 ml of SN H2504. 2.5 ml of 5N sto4 was used as 2
blank. The same amount of uzoz as used in step 2 was added,
and the tubes boiled for 10 minutes.

Contents were diluted with a few ml deionized water, cooled

to room temperature, and transferred to 25 ml volumetric'
flasks with repealed washings so the flask was half full.

2.5 ml ammonium molybdate solution (2.5% w/v) and 1 mi
aminonapthol-sulfonic acid reagent were added. Contents were :
diluted to the 25 m1 mark with deionized water, mixed, and
allewed to stand for five minutes.

Measurements of optical density were made with the Unicam S.P.

1800 spectrophotometer‘at 675 nm.

Calculations:

. o1 - 0.D. unknown
mg?% phosphalipid 0D standard * 0.04 x 18 x 100 x 25

Millimolar concentration was found by employing the conversion
‘factor:

1 mM phospholipid = 793 mg/1.



///// APPENDIX B

CHOLESTEROL ANALYSIS

Reagents used were:

1.
2.
3.

95% ethyl alcohol, redistilled.

Petroleum ether B.P. 68°C, reagent grade.

Glacial acetic acid, reagent grade. ’

Concentrated H2504, reagent grade.

Acetic anhydride, reagent grade, free from HC1.

KOH solution 33% w/v.

Ethanolic KOH solution, prepared immediately before use

(6 m 33% KOH to 94 m) 95% ethyl alcohol).

Standard cholesterol solution (100 mg cholesterol to absolute
CH30H to make 250 mi).

Modified Liebermann-Burchard reagent (1 vol. concentrated
H2504 to 20 vol. acetic anhydride; chilled to less than 10°C,
kept cold for nine minutes, aa‘ 10 viﬁg;glacial acetic acid

added) . ot

The procedure'was:

1.

Standards - 0.3 ml of 33% KOH was added to 2 25 or 50 ml glass

“stoppered centrifuge tube containing 5 ml cholesterol stand-

ard.
0.5 ml bile were transferred to centrifuge tubes and 5 ml

Ve
alcoholic KOH added. Tubes were stoppered,.shaken well, and

161 : L .
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tamperature, ‘10 ol o’nmlu ether
well, 5 m) water added and shaken

Aftcr cooling te-
was added and mi
vigorously for one| nimu. and centrifuged for 10 mimutes. &
Test: Duplicau,,d'n aliquots of the patroleum ether layer
were gransferred t@ large dry test tubes. Standards:

duplicate mquots+ 1.0, 2.0 and 3.0 ml (equivalent to 0.2,

0.4 and 0.6 mg cho'esurﬂ) ware trmsfornd‘;p similar mt
tubes. A1l tubes fere cvaporatod to d*)gtss ot ’0‘(‘. in a
water bath while blowing a mtlo ‘stream. of nitrmn into them.
After cooling, tes tubgs m arraugod ﬁo that one set of
standards was at tf minning and"the oﬂnr at the end of

the series, and a lean empty test tube m placed at the

-

v

beginning to receiye the blank .‘ . v

-h

6 ml of modified L ebemann-Burcmrd reagﬂﬂ,was added,
beginning with the‘blank and at one minutc Antervals, to t,he
samples. Tubes weIe stoppered, l'ltd! using a shaker, and

optical densities read at 620 mu exact'ly 30 minutes after

addition of the rngent g

<)

Calculations: 1
l

Optical density e 1valent ‘ Q;D. st'andard
to 1 mg cholesterd] (S) mg cholesterol in aiiquot

-

mg % cholesterol 4 0.0. gnknown X ]—% X %—Qg

Millimolar concentration of cholesterol was calculated using

the conversion factor: .1 mM = 387 mg/1. ’

ad



- APPEMDIX G
' TOTAL BILE ACIDS METHOD .

R&amu.nn:

Y: Buffer, 0.1 M sodium pyrophosphate.

2. Hydrazine sulphate 1.0 N (3.4 m] 953 hydrazine plus 1.5 ml
concentrated H,S0,, q.5. to 100 ml with dﬂonizwr).

3. NAD, 6.8 WM.’ |

4. Enzyme pnpaﬁd from Pseudomonasggestosteront (Sigma, Type T}

Procedure was carried out as per Table 12. An tubes were

then incubated at 37°C for 60 minutes. Spectrophotometric determin-

- .a£1ms were made at 340 nm. A graph was c'strucud by plotting mM

concentntic'm of chenodeoxycholic acid sﬁndlrds against optical

density and values obtaine.d for the bile samples from their optical

densities.
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. TABLE 12
y Bile Salt mlyoisv,l’:ooodnrc: Assay
- ’ N
- Plank (ml) Test (ml) CDCA Standards ml
Buffer 2.0 2.0’ 2% 2.0 2.0,
Hydragine al.o . 1.0 1.0 1.0 1.0
NAD 0.5 0.5 - 0.5 6.5 0.5
Bile 0.003 0.003 - - -
‘Ensywme - . 0.025 0.025 0.025 0.085
. Doiled Enzyme ‘ 0.025 - - .- -
Chenodeoxycholate Acid - - 0.0} - 0.03 0.05 .
, N
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APPENDIX D o

'BILE ACID FRACTIONATION (GLC) .

£

Preparation of Samples (To be done in Dublgcgjg)

_ Standards
v, To three 15 ml capped test tubes add 50, 100, and 200 ul ‘of

an ethanolfc sol%tion containinguo.s mg/m} of lithocholic, deoxy-
cholic, chenodeoxycholic and cholic acids. . .
2. Similarly add 50, 100, and 200 ul of a 0.4 mg/ml methenolic -
solution of cholesterol. . - |
3. Add 100 ul of a 2 mg/ml ethanolic solution of 7-ketodeoxycholic
" acid as an taternal standard.

Tonjugated Standards

. 1. To a single capped test tube add l’ ul each of a 2 mg/ml solut-

ion .of glycocholic and taurochenodeoxychclic acids.
2. Evaporate to dryness in a 60°C water bath, blowing with nitrogen
3. Add 1 m1 sodium acetath buffer pH 5.6, 0.1 M.

Specimens - - Regoveriese

1. Dilute specimen by adding 100 ul to- 3 ml lceute buffer.

2. Add 1 ml dilute bﬂe to three capped test tubes #1, 2. and 3.

3. 100&1 eich of the 2 mg/ml otMnoHc solutions of glycochoHc

"y and taurqdnnodwxycholic acids to tube 02 ve i
D . :
e .“', 165
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Add. 100 u1’ cholestarol to tube #3.

W Add{tional . A S
Pnpan dilute bﬂe es above and qdd 1ml toa singlc cappod test

tube. Repeat for as many samples as mecessary.

Hydrolysis

Preparation of E‘nxymc

1.

3. Ruct fn 2 37°C water bath for 4 - § hours.
. Pﬁ‘ th extraction add 200 ul of the 0.5 mg/ml solutfon of free

4
1.
2.
o,
!
¥

For each specinen plus the conjugated standards, grind 10 mg

“ClostridTum welchi{, :&tgne powder (conuinin cholylglycine/
hydrolase) with 10 mg alumina in ;g. nomr. Add 4 wg disodiuk .

EDTA and dissolve in 1.5 ml acetate buffer. Add 0.15 ml of,a

0.1 M solutiqn of Bﬂrcaptoethaﬁol. Centrifuge at 2000

a few nimus. and retain supcmunt ﬂ '
Add 1.5 m1 enzyme solution to mm containing Spee!
enjugated mmrd; ' .

bile ucids te specimen recovery tuhe #3

_ Extraction of Free Bile Acids
Acidify to pH 1 by sddfng 1 m1 6N HC}.
Add 5 m)] ether and rum on shaker ‘for 5 minutes. Centrifuge at

2000 RPM for one .m and pipetto wumaunt into a capped
‘test tube to mcn m bm m 100 1l of a 2 mg/m) solution of
o ?-ketodeoxycholic u“. hult utrut' three additional times.

Evaporate to dryness 1Q‘Q‘C ﬂﬂ‘ “. Nﬁn with Mtrogen

y 4
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{Mithylation B |

To each test tube (standards and: tests) add 1 m1 of a 5:1 mixture of
T ethey ntmml. o |
'Preparation of Diasamethane
1. Stopper two 50 ml test tubes and connect with glass tubing
projecting 2 cm into the top of the reaction tube and projecting
to the bostom of the c'ollect’ion tube. A secalﬂ piece of tubing
(N2 inlet) goes tnrougb the stopper to the botto- of t.ho reaction

'ucts g ‘o tnrough the
'

2. Distﬂlation apparatus is placed in a well ventﬂated f

tube, and 2 third piece (N, outlet)

stopper of the collection tube.

and the collection tube is immersed in a beaker containing 1ca‘ 3
3. Add 15 m] ether to the collecting tube and 7 ;l‘ ether to trp, ,
reaction tube. :
4. Add 0.5 gn Diazold and 2 ml of alcohoifc KOH (1.5 gm KOH/30 m)
" ethanol).” Stopper tubes and bubble N2 through, until reaction
tube becomes whitish (20 minutes). - |
5. Add 1.5 ml diazomethane and react (lo ninuus) until there is a
persistent 1ight yellow colour. Tightly cap tubes.
6. Place fn a 60°C water bath and evaporate to drynegs by blowing
with N,. ' B

-

. Md 0.3 m triflumutic M .nd tfﬁtly cap tubes.. React

» mum with nitmnn
18,200 @) mmim




Gas-11guid Chromitography

Preparation oj"‘ a Coliom - *
1. Stlamizatién S |
a. A g,hss column 1/8" x 3 ft. is washed with 50 m] of oxw. ’
methanol, acetone, chlorofom, and toluene, then silaniud
under a vacuum with 80 ml 2% dimthyl&lomsﬂane in toiume
(DMcS).

Rinse with 200 ml -thanol and leave under vacam until dry.
6 hours. | - P |

M4

c. Glass wool. Soak in 1/20Q -photdeO/Hzo for three hours,
dry, and dry at room témperature. N
"2. Packing .
a.. P?‘act asmall plug of QN‘I in the ouflet.?nd under
,. Mgour small amunts‘_gf QF-1 (1.5% on chmsorb W AW- -
DMCS 80 - 1oa mesh) into the-inlet’ m funsel and tubing. . ‘
® Pack by tapping column with a pescil covered with rubber : w
Svur“ng. FI11 to 5 om below fnlet. *
b. Protect inlet with a small plug of sial‘tnizod glass wool,

[

C. Keep on vacuum overnight. RN Y
% Column Conditioning
a. Condition at 240°C (QF-1 temperature 1imit 250°) for a minimum
of 48 hours, with the outlet disconnect:od and the carWer gas
i flouing at w half normal nte. " .
Analyeis Conditions. ‘ R QRS o
rmctor mex . e

. A - L 3 . » L e A
. ) v . X o R v,
IS - vt - PR o4

e

[
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| ol s
Manifold  290° I T
Column 200° x 1 nfu&ﬁ. increase by Mnr -mu’& 230° |
N$trogen 50 mmn» ' ' | | . o
‘Inject 1 u) samples. «
3 Lo L '
. egulg - Calculations , .

]

Peaks from the fwr free:. Mh Icu ,standards \ﬂn allow construct-
fon of a standard graph for uph bﬂe acid 1f desired. They can

also be us&d to program an in-str%such as the Hewlett- Packard
‘5830 GC to talculate the amounts of the individee) bile acids in

-

a sample.

Percent recovery: extraction can be ‘determined for free bile
acids and cholestero) from recovery specimens #1 'mﬁs ﬁunt;.
’ e . .

i.e.,

" Bile + standard (#3) - - Bile (#1) ,"00
stanaard

Percent recovery: hydrolysis can similarly be determisgg using
the resultsn from the conjugated standard hydrolysis m,vthe

results from recovery specimens #1 cand iz. i.e.,

If percent recoveries are acceptable, additional specimen results
may be used without further verification 1f duplicates ahree.

’ .o ” - ) o ) o :
) a 4 ,w Q_. 2% o f o . .’ - .
‘ .

- o . TR
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» APPENDIX E g
¢ .o . ' ' S
* o~ *- »POOL SIZE DETERMIMATION o A
o»’ f'b ‘ oy, ‘ i ‘*'r’

1. (lflnk tddso sil doioaiiqd nterup .35, 'L Wthyhm‘l-
hydroxide and 0.5 -aiﬂbw,z fo a’scnmnmon vial.

2. Isotope standard (c** cholic acid): add 100, 200 and 300 u) .
isotope to thm scintilhtion vialy, q.s. deteniud mater to -sotal
volume of 0.5 ll. Md 0.5 nl mnnthyh-oniu hydroxide and »
0.5 m 308 MO, . .

3. Specimens: add 100, 200 arid 300 ul of Mll'mﬁﬁto three
scintillation vials, q s. dcloniud water to total volume of 0.5 ml.
Md ‘0.5 ml tetrmthylmim hydroxide and 0.5 m1 30% HZO

4. React in a 65°C water bath unti) specimens have lost their color

(wsaty e @A), - .

5. Md 0.5m M N‘ind 0.5 m .scorbxc acid 159/100 ml to all vials.

6. Add 1S ml Unopol E-o'siﬂer (Schurz Mann) to all vials and vortex
‘Yo o
until chear. 3.

Scintt]lation | .

2

sasples a1l counted in a Nuclear Chicago #secap/300 1iquid scintillation

e

s .

‘ rcm-mtcr for 10 vliﬁutes per sasple, progremmed for C'' external

. standard rstio.




Mt

. N

2. Construct a graph Vohng vs. counts‘per minute for the 1sotope‘"

standards, vhxtrlpohte to 1 ml to '91v§ counts per ml for the'’C
cholic standard.

3, Construct a graph volume vs. coants per Mnut’r’tm specimen

dilutions and extrapolate to 1 ml to give counts *r ml #6r the

bile sample. |

A. Pool size is calculated as follgusge s, °

»

w4 ~Ysotope Standapd cpm ) 1so“t"oge injected x
R bile sample cpm x 1

(¢

= pool size (gm).

3!

‘o
v : [



' APPENDIX F

STATISTICAL NETHO%
¢

The arithmetic mean and standard deviation were calculated by the
following formulae: »

Arithmetic Mean .

X = mean % | '

L = sum of

x = obserwation . : *
wtion : :

N = number of observations

. N

Standard Deviation

SD (standard deviqtion) = the square root of the arithmetic average of
the squares of the differences between the observations and their

mean.

»

The unpaired Student's "t" test was useq to determine whether the
difference between the means of observations between two groups
was significant. The paired Student's "t" test was used to
detenn'ine the significance of the _différente between the means of
paired observations (obsqrvations before and after the supplementary
dietary fiber).

‘ 172
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Unpaired Student's "t Test

t i difference between both means
standard error of the mean difference

S d (standard error) = expected variation occurring merely by chance

¢

in samples drawn randomly from the same group.
- // 2 2
S d o= ; SD] . + SDz
' N+ N . ~ b ' ®

e S
SD;, = standard deviation of group 1

LY

SD, = standard deviation of gFoup 2

“ Ny = number of observations in growp |
N2 & number of opservations in group 2 o
t o= X - X,

X; = mean of observations in group 1

X, = mean of observations in group 2

Having calculated the "t" vqluc. the gprobability value was
obtained from the‘"t“ table for the appropriate degrees of freedom
(DF), which 1is thé number of independent random selec®ions that can
be made from a sample.

OF = (N + Np) -2 d
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Paired Student's “t" Test

SE =

- A,x\

difference between means of gaig!% %gservations
standard error of the mean erence
X, - X3

X, = mean of observations before (bran)
x; = mean of observations after (bran)

SE = standard error of mean difference between paired observations.

-

L2 2
/‘2 (Xx - Xz) - (£ Xy = X Xz)
N .. n
“n(n-1)

The probability value was again obtained from the "t" table

for the appropriate degrees of freedom.



. APPENDIX &
ocrsan}v«nou OF FECAL STEROIDS

Weigh and add 0.5 g of homogenized feces into a 50 ml glass
stoppered centrifuge Fube and add 6.0 m1 2 N NaOH.
Autoglave tubes at 120°C at 16 P. 5. I. for.90 mintes.
After autoclaving add to each tube 20 ml ethyl acetate and

shake manually for 30 seconds. “.
: > ’
Add 2 m) concentrated HCl, mix by gentle agitatigf, allow to
» 4
cool and shake mechanically for 10 minutes.

Centrifuge at 2,000 RPM*for 5 minutes. Transfer'uppei layer
to another 50 m1 tube. : N -:.‘ : ‘.‘.
Perform a second extraction using 10 ml ethyl acetate and
evaporate the combined upper phases to dryness at 65°C under

a stream of nitrogen.

Dissolve residue in 1.0 ml propanol. ‘\\Z\
Extract is now“ready for detemination of total bile acids by .
the enzymatic method as in Appendﬂx C ‘or for fractionation by

GLC follouing deriv;tizctfbn as 1n Appl@fix D. //,/f'
‘.$' -‘. . ,. . 'Q' . ; ,.". ‘.‘ . ‘, ’ 4




