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Foreword 

Once again the gastroenterologists of northwestern Canada have come out with 
a series of essays advancing important modem concepts. As indefatigable as 
ever, they bring together the latest in clinical-pathophysiological considera
tions for the clinician. The topics run the gamut from the lovely liver to HIV 
infection, from the pathophysiology of bile flow to comments on antigens in 
colorectal cancer. 

It is always easy to publish a first volume, for enthusiasm is high and 
everyone is anxious to win a place. Bringing out a second volume, the carrying 
forward of a good idea, is so much harder. In many ways this second volume 
in the series marks the coming of age of Canadian gastroenterology, as 11 of 
the 21 contributors currently reside in Canada. Still, the contributions from the 
United Kingdom and the United States make this an Anglo-American festival. 

Reading the chapters will make you appreciate the care with which the 
contributors have garnered recent references to give up-to-date practical infor
mation for us all. I enjoyed all that I read. 

My congratulations to Drs. Shaffer and Thomson for a job well done. 

Howard M. Spiro, M.D. 
New Haven, Connecticut 
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Preface 

This book is based on papers presented at the third symposium on Recent Ad
vances in Gastroenterology held by the Canadian Association of Gastroenter
ology. The proposed audience for this volume is the internist and the general 
surgeon, as well as those in the specialties of gastroenterology and hepatology. 
In addition, this publication will be of use and benefit to senior medical resi
dents preparing for subspecialty examinations in internal medicine, general sur
gery, and gastroenterology. 

The rate of change of medical practice and the growth of its scientific and 
information base are intimidating. This is particularly true of gastroenterology, 
which has major specialty divisions of its own. Through the generous support 
of Glaxo Canada Ltd., and with the organizational assistance of the Royal 
College of Physicians and Surgeons of Canada, the Canadian Association of 
Gastroenterology is pleased to undertake its commitment to the advancement 
of science and the improvement in the care of patients with diseases of the 
gastrointestinal tract. We are fortunate in having a distinguished group of con
tributors from North America and Europe. Their subjects are diverse, impor
tant, and topical. 

It gives us special pleasure to acknowledge the considerable assistance 
from Glaxo Canada, and the support of Dr. Geoffrey Houlton, Vice President 
of Medical Affairs. 

We would also like to express our appreciation to Mr. Frank M. Sabatino 
of Glaxo Canada for his enthusiastic support of this project. 

Edmonton and Calgary 
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Alan B. R. Thomson 
Eldon A. Shaffer 
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1 

The Clinician Looks at Fatty Liver 

Sheila Sherlock 

1. INTRODUCTION 

Fatty liver is now being diagnosed more often than in the past. The diagnosis 
may follow a clinically suspicious condition, e.g., unexplained hepatomegaly, 
but increasingly it accompanies the use of special techniques such as comput
erized tomography (CT), ultrasound, and liver biopsy. I In some instances the 
cause of fatty liver is obvious, such as alcoholism or obesity. In other instances 
the fatty change is a small part of another condition such as non-A, non-B 
hepatitis or Wilson's disease. It may be an integral part of a widespread meta
bolic abnormality such as Reye's syndrome. Finally, there remains a large group 
for whom the cause of the fatty liver is never determined. 

2. MECHANISMS 2 (FIG. 1) 

Fatty liver may be defined as an accumulation of fat, largely triglyceride, 
exceeding 5% of liver weight. Fat metabolism will be summarized to allow the 
clinician to understand how fatty liver develops. 

Triglyceride fat is formed in the liver from fatty acids. These may come 
from dietary fat (triglyceride), which forms chylomicrons which are hydrolyzed 
in adipose tissue and the fatty acids returned to the liver. Some triglyceride is 
hydrolyzed at the hepatocyte membrane. Medium-chain triglycerides in the in
testinal contents are hydrolyzed and the fatty acids so produced travel to the 

Sheila Sherlock. Department of Surgery, Royal Free Hospital School of Medicine, London, 
England NW3 2QG. 
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Figure 1. Factors in hepatic steatosis (fatty liver). 

VLDL 

liver in the portal vein. Adipose tissue is the major source of fatty acids which 
are carried to the liver bound to albumin. 

Within the liver, fatty acids may be synthesized from carbohydrate. The 
primary step takes place in the mitochondrion with the formation of acetyl 
CoA. Later stages take place in the cytoplasm. 

Fatty acid oxidation takes place in the mitochondrion by f3 oxidation. Ul
timately, the fatty acids are degraded to acetyl CoA, which is oxidized to car
bon dioxide and water within the mitochondrion via the citric acid cycle. 

The fatty acids are esterified to triglyceride within the smooth endoplasmic 
reticulum of the hepatocyte. This is packaged with an apoprotein formed in the 
rough endoplasmic reticulum, phospholipid and cholesterol, to form very-low
density lipoproteins (VLDL). These are transported to the cell surface as secre
tory vesicles, ultimately to be excreted into the sinusoid. 

Thus, on theoretical grounds, fatty liver could result from increased deliv
ery of fatty acids to the liver, increased synthesis of hepatic fatty acids, de
creased oxidation of hepatic fatty acids, or impaired removal of hepatic triglyc
eride as VLDL particles, often due to the failure of synthesis of apoprotein. 

3. DEMONSTRATION OF FATTY LIVER 

3.1. Ultrasound 

This shows fat as bright areas of increased echogenicity but of normal 
attenuation. The sensitivity of the technique is 94% and specificity 84%.3 
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Even mild degrees of fatty change may be recognized. The identification 
of fibrosis is not nearly as satisfactory. 

3.2. CT Scanning 

This shows the liver with a lower radiological density than normal (Fig. 
2). Attenuation values are considerably less than those of the spleen (Table 1). 
The portal vein radicals appear particularly prominent. An enhanced, dynamic 
CT scan (after intravenous iodinated contrast material) is of particular value in 
diagnosing fatty liver and focal hepatic masses. 4 Attenuation values are reduced 
in acute fatty liver pregnancy, 5 but the technique is relatively insensitive to 
small amounts of fat. 

Monoenergetic CT may be used to assess liver fat content. 6 Results agree 
with chemical and hepatic histological assessment of liver fat. However, this 
technique is not generally available. 

The spin-echo technique of proton spectroscopic imaging may be useful 
in detecting fatty liver and in excluding metastases. 7 In the normal liver, the 
lipid signal is less than 10% whereas with fatty liver it exceeds 10% and is 
usually greater than 20%. 

Figure 2. CT scan shows fatty liver. The liver is much less dense than the spleen and kidneys. 
In a scan unenhanced by contrast the blood vessels stand out as much more dense than the liver. 
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Table 1. CT Attenuation Units: Relationship of Normal Fatty Liver to 
Fatty Infiltration 

Unenhanced 
Liver 
Spleen 

Enhanced 
Liver 
Spleen 

Scan 

Spleen minus liver attenuation 
differences 

Precontrast 
Postcontrast 

Attenuation values (HU) 

Normal liver (SD) 
(n = 103) 

55.2 (8.1) 
48.2 (7.4) 

97.4 (16.4) 
109.4 (22.5) 

7.0 (5.8) 
12.0 (11.7) 

Liver with 
fatty infiltration (SD) 

(n = 23) 

18.5 (21.8) 
46.0 (8.0) 

45.4 (27.9) 
95.5 (14.6) 

27.5 (19.3) 
50.1 (26.0) 

Note: Values are expressed in Hounsfield units. Significant differences (SD) are shown in parentheses. 

3.3. Liver Biopsy 

Histologically, two types of fatty change may be recognized: macrovesi
cular (large droplet) and microvesicular (small droplet)8 (Fig. 3). Occasionally, 
the two types may be combined. 

In formol-fixed hematoxylin-stained sections, fat appears as punched-out, 
empty vacuoles. It is essential, especially with minor degrees of fatty change, 
to confirm the presence of fat by the use of a specific stain, such as oil red 0, 
on frozen sections. Connective tissue stains are also essential to the determi
nation of the existence of zone III fibrosis or of cirrhosis (Fig. 4). 

4. MACRO VESICULAR FAT DISEASES (TABLE 2) 

Histopathology 9 (Fig. 5) 

The macrovesicular fat is present as one or two large globules, pushing 
the nucleus of the hepatocyte to one pole with margination of the cytoplasm. 
The fat deposited is neutral triglyceride and is usually most marked in zone III 
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Macrovesicular Microvesicular 

Figure 3. Diagram showing the differences between macrovesicular and microvesicular fatty liver. 

(centrizonal) hepatocytes. Organelles in the displaced cytoplasm do not show 
ultrastructural damage. 10 

Some patients will also show steatohepatitis (fatty liver hepatitis). This is 
marked by zone III, perisinusoidal, pericellular, and perivenular sclerosis, with 
or without intracellular deposits of Mallory's hyaline. Micronodular cirrhosis is 
a very rare accompaniment. The relationship of the fatty change to steatohep
atitis and to cirrhosis is obscure. Steatohepatitis is the essential lesion if cirrho-

Figure 4. Zone 3 (centrizonal) collagenosis is 
associated with severe liver injury and is precir
rhotic. 

HV 

PV 
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Table 2. Etiology of Large Oroplet 
(Macrovesicular) Fatty Liver 

Nutritional conditions 
Kwashiorkor 
Gastrointestinal disease 
Pancreatic disease 
Obesity 
Intestinal bypass 
Prolonged parenteral nutrition 

Metabolic diseases 
Diabetes mellitus 
Galactosemia 
Glycogenoses 
Fructose intolerance 
Wilson's disease 
Tyrosinemia 
Hyperlipidemias 
Abetalipoproteinemia 
Wolman's disease 
Weber-Christian disease 

Drug-related conditions 
Alcoholism 
Corticosteroid toxicity 
Direct hepatotoxicity 

Viral infections 
Non-A, non-B hepatitis 
Fever 
Systemic disease 
Cryptogenic 

SHEILA SHERLOCK 

sis is going to develop. It does not complicate all fonns of macrovesicular fatty 
change. It does not seem simply to be due to steatosis, and an additional factor 
causing hepatocyte injury seems necessary. 

Lipogranulomas are ill-defined cellular accumulations due to rupture of 
fatty cysts in adjacent hepatocytes with a surrounding cellular reaction. 11 Fatty 
liver may be symptomless or the patient may complain of dragging pain on the 
right side of the abdomen, presumably due to the hepatomegaly. Biochemical 
changes include a modest increase in serum transminases, alkaline phosphatase, 
bilirubin, and y-glutamyl transpeptidase. Portal venous pressure may be slightly 
increased, presumably due to interruption with sinusoidal blood flow by the 
overdistended hepatocytes. 
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Figure 5. Liver biopsy showing macrovesicular fatty change. The large globules are displacing 
the hepatocyte nucleus. Stained HE X42S . 

5. ALCOHOLIC FATTY LIVER 

5.7. Histopathology 

The picture is of macrovesicular fat. Occasionally, some microvesicular 
steatosis may also be seen and this is believed to represent fat in transition to 
large droplets. The alcoholic "foamy fat" syndrome will be discussed later. 
Alcoholic hepatitis may be seen and the cellular reaction always includes 
polymorphs. 

5.2. Clinical Features 

Clinically, the patient with simple fatty liver cannot be distinguished from 
one with mild alcoholic hepatitis. Needle liver biopsy is essential for the 
distinction. 

The prognosis is good . If the patient is abstinent, within about 6 weeks 
the fat disappears from the hepatocyte. However, some 15% of alcoholic pa
tients initially with noncirrhotic liver damage will develop cirrhosis during a 
follow-up period of at least 10 years. 12 Those with the liver biopsy appearances 
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of perivenular sclerosis (steatohepatitis) have a worse prognosis than those with 
simple fatty change. 

Sudden death may be associated with fatty liver. 13 The possible causes are 
multiple and include alcohol withdrawal, pulmonary fat embolism, and hypo
glycemia combined with lower serum magnesium levels. 

5.3. Treatment 

Treatment consists of stopping alcohol and implementing a good balanced 
diet. No drug is of any proven value. 

6. OBESITY 

Steatosis is found in 68-94% of persons with body weight more than 73% 
above ideal. 14 In one series, 59.7% of obese patients showed steatosis; in 28% 
of these, disease was moderate to severe, involving more than half the hepa
tocytes. 15 In addition, 8.7% showed an alcoholic hepatitis-like picture and 2.7% 
cirrhosis. Other workers have confirmed steatohepatitis and cirrhosis.16 The 
fibrosis and cirrhosis have been attributed to factors other than obesity, such as 
alcohol excess, bacterial overgrowth, and concomitant use of drugs. 14 How
ever, as hepatic fibrosis and steatonecrosis have been reported in obese chil
dren,17 a simple relationship to obesity seems likely. 

Analysis of liver biopsies shows fatty acids and triglycerides to be high, 
indicating a preferential incorporation of unsaturated fatty acids into triglycer
ides. 18 Increased lipolysis from depots increases triglyceride synthesis. There 
is also an imbalance between protein and calorie intake, further increasing li
pogenesis. Hepatic steatosis is proportional to body weight and reflects in
creased total body stores of fat. 19 

Clinically, there may be mild hepatomegaly with modest changes in bio
chemical tests including an increase in serum transaminases, alkaline phospha
tase, and y-glutamyl transpeptidase. 20 Treatment is by weight reduction. 

7. DIABETES MELLITUS 

Approximately 50% of patients with type II (maturity onset) diabetes will 
show steatosis. It is unusual with type I unless diabetic control is very poor. 
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Figure 6. Fatty liver in type II diabetes is related to insulin deficiency and glucagon excess. 

9 

Insulin deficiency or glucagon excess, the essential defects in diabetes 
mellitus, inhibit glucose uptake and enhance triglyceride lipolysis, so increas
ing plasma free fatty acids (Fig. 6). These fatty acids are taken up by the liver. 
Within the hepatocyte, insulin deficiency or glucagon excess increase glycogen 
degradation and gluconeogenesis while inhibiting glucose utilization. 21 As a 
result, the requirement for hepatic oxidation of fat is enhanced. The liver can 
dispose of the fat only by forming triglyceride and this excess is stored in the 
hepatocyte. Obesity adds to the problem by increasing lipolysis and fatty acid 
transfer to the liver. 

Occasionally, in addition to fatty liver, steatohepatitis and cirrhosis may 
be present. 22 It is unknown why and how often steatohepatitis develops and 
how frequently it is followed by cirrhosis. In addition to steatosis and steato
necrosis, hepatocytes may show nuclear vacuolation and polymorphs are ab
sent. 22-24 These give clues to the diabetic association. 

Clinically the liver is enlarged and may be tender. Biochemical changes 
include increases in transaminases, alkaline phosphatase, and y-glutamyl trans
peptidase which may rarely be found with an increase in serum bilirubin. 

The hepatomegaly and fatty liver hepatitis may precede the development 
of glucose intolerance. 25 Prediabetes should always be suspected in a patient 
with unexplained fatty liver. Treatment is by better control of the diabetes and 
attention to maintaining ideal body weight. 

8. JEJUNO-ILEAL BYPASS 

Two percent of patients having a jejuno-ileal bypass to control morbid 
obesity will die from the procedure, usually with liver failure. 26 Steatohepatitis 
is the commonest underlying hepatic lesion. Toxic products of bacterial metab
olism absorbed from the blind loop may be responsible. The condition is much 
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more common if the obese patient had pericellular, zone III fibrosis 
preoperatively.27 

9. COMPLICATIONS OF PARENTERAL NUTRITION 

Hepatic steatosis is usually related to protein-carbohydrate imbalance. Thus, 
fatty infiltration has been observed in patients receiving intravenous infusions 
with large amounts of dextrose as the only calorie source. Rates of carbohy
drate infusion above the hepatic oxidative capacity promote fat synthesis. 28 
Increased activities of rate-controlling enzymes of triglyceride synthesis are 
combined with diminished apolipoprotein production and consequent failure of 
triglyceride export from the hepatocyte. 29 Infusion of fat emulsions also in
crease triglyceride, cholesterol, and phospholipid in liver. 29 If total parenteral 
nutrition is balanced as regards protein, carbohydrate, and fat, then abnormal
ities of liver function tests, particularly serum transaminase increases, are com
mon but fatty infiltration is not seen. 30 

10. KWASHIORKOR 

The fatty deposition is gross and most marked in zone III. Analysis of 
hepatic lipid shows an increase in triglyceride, phospholipid, and a normal 
cholesterol content. Kwashiorkor is marked by dietary protein depletion with 
adequate calories, largely provided as carbohydrate. 

Two factors are involved in the hepatic steatosis. There is increased mo
bilization of fatty acid from depots and decreased synthesis of VLDL apopro
teins preventing excretion of triglyceride from the liver3l (Fig. 7). 

In children, the fatty change is reversible and steatohepatitis and cirrhosis 
are not complications. 32 

11. ABETALIPOPROTEINEMIA 

This rare, autosomal recessive disease is marked by the accumulation of 
large quantities of lipid droplets of all sizes within the hepatocyte. Fibrosis and 
steatohepatitis are not seen. Scanning electron microscopy shows acanthocytes 
in sinusoids. The serum shows mild increases in transaminases. 

In abetalipoproteinemia, defective apolipoprotein B synthesis prevents as
sembly of lipoproteins that can be excreted through the intracellular communi-
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Figure 7. In these conditions fatty change is related to impaired synthesis of VLDL apoproteins 
preventing excretion of triglyceride from the liver. 

cating tubular network. Consequently, fat accumulates in the cytoplasm of the 
hepatocytes due to failure of export from the liver. 33 

12. DRUGS 

Macrovesicular fat in the liver is a common accompaniment of many he
patic drug reactions. I It is seen particularly in the direct, dose-dependent, me
tabolite-related hepatotoxicity group. Causes include carbon tetrachloride or ac
etaminophen overdose and occasionally as a reaction to halothane. 

Some drugs produce an hepatic histological picture closely resembling that 
of viral hepatitis. However, fat, an unusual accompaniment of viral hepatitis, 
is usually present and this gives an important clue to drugs as the cause. 8 

Some drugs cause a histological picture in the liver identical to that of 
acute alcoholic hepatitis. These drugs lead to a striking increase in lysosomal 
phospholipid not only in the hepatocytes but also in Kupffer cells and periph
eral nerves. 34,35 The relation of the phospholipidosis to the fatty liver is not 
known. Perhexiline maleate, an antianginal drug, now withdrawn, has been 
associated with this picture in the liver. 34,35 Patients developing the reaction 
lack a specific gene, the debrisoquine gene necessary for oxidation of the anti
hypertensive drug Debrisoquine.36 Somewhat similar hepatic reaction is asso
ciated with Amiodarone, an effective antiarrhythmic drug. 35,37 Amiodarone and 
its major metabolite, N-desethyl amiodarone, are present in the liver for several 
months after stopping the drug. 35 Cirrhosis can develop. Electron microscopy 
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shows pleomorphic lysosomal inclusions in the liver, resembling those de
scribed in phospholipidosis. 37 

Massive doses of synthetic estrogens, given long term to treat prostatic 
cancer, may lead to hepatomegaly, increased serum y-glutamyl transpeptidase, 
and a histological picture of steatonecrosis. 38 

The reaction to cytotoxic drugs such as methotrexate is largely fibrotic; 
however, they can all lead to steatosis, maximal in zone I. Corticosteroid ther
apy can lead to a fatty liver with droplets scattered in all zones. This is due to 
mobilization of fatty acids from adipose tissue. 

13. MISCELLANEOUS DISEASES 

It is not unusual to find fatty change in the liver in patients with miscel
laneous infections and wasting diseases, and it is a frequent finding at autopsy. 
Multiple factors are involved, including obesity, infections, starvation, sys
temic disease, and unsuspected alcoholism. Fat may even develop in the liver 
after death, for in congestive heart failure liver biopsies show little fat, whereas 
at autopsy the typical yellow (fat) and red (zone III hemorrhage) nutmeg ap
pearance is noted. I Mechanisms include depressed mitochondrial function with 
inhibition of fatty acid oxidation and failure of apoprotein synthesis. Starvation 
leads to increased delivery of fatty acids from adipose tissue to the liver. Nu
tritional factors may contribute. In the rat, choline- and methionine-deficient 
diets lead to deficiencies of lipotropes (labile, methyl groups) and to zone III 
fat fibrosis, fatty cysts, and Mallory's hyaline fatty cysts (fatty liver hepatitis).39,40 

In fulminant ulcerative colitis. steatosis may be marked. The incidence is 
higher when autopsy, rather than biopsy, material is used for diagnosis.41 Wedge 
liver biopsies from patients undergoing surgery for ulcerative colitis show 77% 
with significant histological changes, 35% with fatty liver.42 Severe steatosis, 
resembling kwashiorkor, may develop in adults with intestinal disease, usually 
with a blind loop or after partial gastrectomy. 43 This is related to ineffective 
utilization of dietary protein due to increased enteric bacterial colonization. 

Steatosis may accompany pancreatic disease such as cystic fibrosis. This 
is analogous to the situation in the pancreatectomized dog. Deficiencies of in
sulin and glucagon contribute. 

Many inherited metabolic diseases of the liver are accompanied by hepatic 
steatosis. This is exemplified by the glycogenoses, galactosemia, glutaric aci
duria (type II) and hereditary fructose intolerance. Steatohepatitis is a feature 
of Weber-Christian disease. 44 

In many instances, steatosis forms part of the histological pattern of that 
particular disease. The presence of fat, however, may give away the diagnosis. 
In Wilson's disease, fatty change is usual with accompanying ballooned cells, 
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clumped glycogen, and glycogenic vacuolation. Such appearances in a young 
person with chronic active hepatitis or cirrhosis should always suggest Wilson's 
disease. 

Steatosis with acute hepatitis suggests the non-A, non-B type. 45 Occasion
ally, severe steatosis may be associated with mild chronic hepatitis. 46,47 Serum 
transaminases may be increased. The fatty change is so marked it tends to 
obscure the underlying chronic hepatitis with round cell infiltration in the portal 
tracts, piecemeal necrosis, and some lobular necrosis. The course is benign. 

Familial cirrhosis has been described in association with steatosis. 48 Stea
tosis was also found in family members who did not have cirrhosis. 

14. MICROVESICULAR FAT DISEASES 

14.1. Histopathology 

The liver architecture is normal. The hepatocytes are swollen. The fat 
accumulation is maximal in zone III and, in hematoxylin and eosin-stained 
sections, it has a foamy appearance (Fig. 8). Frozen sections stained for fat 
may be necessary for diagnosis if the fat deposition is minimal. Nuclei with 

Figure 8. Microvesicular fat. The hepatocytes show a foamy appearance with prominent centrally 
placed hepatocytes. Stained HE x 350. 
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prominent nucleoli are centrally placed in the hepatocyte. Inflammation and cell 
necrosis are absent or minimal. 

Electron microscopy shows mitochondria to be swollen, pleomorphic, and 
varying in shape. The smooth endoplasmic reticulum may be fragmented and 
lost. The rough endoplasmic reticulum is distorted and dilated, and ribosomes 
are detached. 

14.2. Mechanism 

The fat is deposited as fatty acid in acute fatty liver of pregnancy (Fig. 9) 
and as triglyceride in Reye's syndrome and other members of the group. 

The fatty change is probably related to mitochondrial injury with depres
sion of fatty acid oxidation. In addition, depression of synthesis of the apopro
tein of very-low-density lipoprotein impairs the exit of lipid from the liver and 
triglyceride accumulates. 

Increases in blood ammonia combined with low citrulline values can be 
related to reduction of mitochondrial Krebs cycle enzymes. The serum amino 

Figure 9. Acute fatty liver of pregnancy. The appearances are those of microvesicular fat. He
patocytes appear as empty, resembling plant cells. Stained HE x 150. 
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Table 3. Microvesicular Fat Diseases 

Acute fatty liver of pregnancy 
Reye's syndrome 
Vomiting disease of Jamaica 
Sodium valproate toxicity 
Congenital defects of urea cycle enzymes 
Alcoholic foamy fat syndrome 
Delta hepatitis in northern South America 

15 

acid profile shows high glutamine, alanine, and lysine levels. Hypoglycemia is 
frequent and inhibition of the citric cycle enzymes may contribute. 

The mode of initiation of this family of diseases is diverse and in most 
instances not fully understood. Viral, toxic, and nutritional factors have been 
implicated. 

Certain diseases may be grouped together on the basis of finding micro
vesicular fat in the hepatocytes. These diseases can be regarded as a family 
that has similarities but differs in various respects among its members. 49 The 
diseases include acute fatty liver of pregnancy, Reye's syndrome, sodium val
pro ate toxicity, tetracycline toxicity, congenital defects in urea cycle enzymes, 
the foamy fat cholestatic syndrome of alcoholics, and South American hepatitis 
delta virus infection (Table 3). They all show the same general pattern (Table 
4). The onset is marked by fatigue, nausea, vomiting (often severe and persis
tent), with variably jaundice, impairment of consciousness, and coma. Seizures 
may occur. Renal failure and disseminated intravascular coagulation may be 

Table 4. Features of the Microvesicular Fat Diseases 

Vomiting 
Variable jaundice 
Coma 
Disseminated intravascular coagulation 
Renal failure 
Rise in blood ammonia values 
Hypoglycemia 
Rise in serum fatty acids 

Liver biopsy 
Microvesicular fat 
Necrosis and cellular infiltration not 

prominent 
Electron microscopy 

Mitochondrial abnormalities 
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complications. The liver is not usually the only organ involved and triglyceride 
accumulation may be found in the renal tubules and occasionally in myocar
dium and pancreas. Liver failure is not the usual cause of death. Coma may be 
related to increases in blood ammonia levels or to cerebral edema. Bleeding is 
due to disseminated intravascular coagulation rather than to failure of the liver 
to synthesize blood-clotting factors. 

15. ACUTE FATTY LIVER OF PREGNANCY (TABLE 5) 

Acute fatty liver should be suspected in a woman presenting between the 
30th and 38th week of pregnancy with nausea, repeated vomiting, and abdom
inal pain followed by jaundice.50 In some patients, hypertension, edema, and 
proteinuria suggest an overlap with toxemias of pregnancy and eclampsia. Raised 
serum uric acid levels and a characteristic blood picture with neutrophilia, 
thrombocytopenia, normoblasts, giant platelets, and basophilic stippling are points 
of distinction from preeclampsia and viral hepatitis. The mortality, both for 
mothers and babies, is diminishing with recognition of less severe cases51 and 
with earlier termination of pregnancy. 52 

CT scanning may be a useful noninvasive alternative to liver biopsy as an 
indicator of hepatic fat accumulation. 5 ,6 

Histopathology 

In addition to the microvesicular fat, the liver may show lobular disarray, 
patchy hepatocellular necrosis, lobular inflammation, and reticulin condensa
tion. Abnormal fat is not seen in other organs. 

Table 5. Diagnosis of Acute 
Fatty Liver of Pregnancy 

Vomiting last trimester 

High serum uric acid 
Blood film 

Neutrophilia 
Thrombocytopenia 
Normoblasts 

Liver biopsy 
? Transjugular 
Frozen sections 

CT scan for fat 
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Figure 10. Biochemical changes in Reye's syndrome. 
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Electron microscopy shows the mitochondria to be swollen, pleomorphic, 
and varying in shape. 53 Dense bodies are seen; these are absent in Reye' s syn
drome. The ribosomal pattern in the rough endoplasmic reticulum is also ab
normal. The cause is unknown. The condition does not recur in subsequent 
pregnancies and an inherited metabolic defect seems unlikely. 

16. REYE'S SYNDROME 

The sufferer is usually less than 14 years old. Three to seven days after 
an acute viral-type illness, the child develops vomiting and progressive neuro
logical deterioration. 54 In severe cases, medullary coning and brain death result 
within 4-60 hr. Milder cases may remain undiagnosed. 55 The syndrome has 
followed almost any known viral disease, and salicylate administration has been 
incriminated. 56 

Blood ammonia and transaminase values are increased (Fig. 10). Hypogly
cemia is a feature of the seriously ill, especially those less than 2 years old. 

The disease is not confined to the liver and, indeed, death is usually due 
to cerebral edema. The liver shows microvesicular fat which is also seen in 
proximal renal tubules and myocardium. 

Electron microscopy shows widespread mitochondrial changes with expan
sion of the matrix thickness, flocculation, and granularity. Mitochondrial dense 
bodies are not seen. 53 

The fatty change is related to depression of apoprotein synthesis. Mito
chondrial injury would also depress oxidation of fatty acids. A block in the {3 
oxidation of fatty acids has indeed been shown in the liver of patients with 
Reye's syndrome.57 Plasma free fatty acids are increased. The activated form 
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of the long-chain fatty acids in the liver, the coenzyme A (CoA) esters, exhibits 
inhibitory effects on mitochondrial function. 58 

17. TETRACYCLINE TOXICITY 

Large doses of intravenous tetracyclines produce a micro vesicular fat syn
drome. In the 1960s this was believed to be the explanation of acute fatty liver 
of pregnancy. 59 However, it was soon realized that tetracycline had the same 
effect on the liver and other organs in the nonpregnant. 60 

Tetracycline binds to transfer RNA in the hepatocyte and impairs protein 
synthesis including that of the apoprotein of VLDL. Mitochondrial oxidation 
of fatty acids, formation of triglyceride, and hepatic uptake of fatty acids may 
also be impaired. 

18. SODIUM VALPROATE TOXICITY 

This drug reaction is one of the few to affect children, with 69% of suf
ferers less than 10 years old. 61 The patient has usually been taking the drug for 
more than 1 month and less than 6 months. Onset is with vomiting, abdominal 
discomfort, convulsions, and sometimes hypoglycemia. Jaundice is late. Dis
seminated intravascular coagulation may be a complication. 

Hepatic histology shows microvesicular fat with hepatocellular (usually 
zone III) necrosis of variable degree, a finding unusual in the other microvesi
cular fat diseases. 62 

Multiple metabolic defects have been seen in experimental animals and 
humans taking valproate. Toxic metabolites of valproate include I-propyl-4-
pentenoic acid, which is structurally related to hypoglycin A, a toxic metabolite 
of Ackee apples that has been incriminated in Jamaican vomiting sickness, 
another disease associated with microvesicular fat. 61 

19. CRANIOCEREBRAL TRAUMA 

Microvesicular fat may be seen with sudden death in childhood, e.g., from 
head injury or drowning. 63 

20. UREA CYCLE ENZYME DEFECTS 

Congenital defects in urea cycle enzymes are associated with high blood 
ammonia values and microvesicular fatty change in the liver. It has even been 
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suggested that sufferers from acute fatty liver of pregnancy may have bile de
fects in these enzymes. This seems unlikely since acute fatty liver does not 
recur in subsequent pregnancies. However, in one family with carbamoyl trans
ferase deficiency, a fatality seemed to be associated with valproate therapy. 64 

21. ALCOHOLIC FOAMY FAT DECENERA TlON 

Occasionally, the alcoholic patient presents a cholestatic picture with deep 
jaundice, hepatomegaly, and increased serum alkaline phosphatase, transami
nases, and cholesterol. 65,66 Functional renal failure is usual. This is often the 
first episode of hepatic decompensation. The prognosis is very variable. 

Liver biopsy histology shows a normal liver architecture, microvesicular 
fat predominantly in zone III, giant mitochondria, cholestasis, foci of liver cell 
necrosis, mild perisinusoidal fibrosis, and variable portal zone edema with some 
neutrophil inflammation. 

Electron microscopy66 shows changes in the smooth and rough endo
plasmic reticulum and mitochondrial changes varying from giant forms to atro
phy and loss of matrix and cristae, The Golgi apparatus is altered. Disse's 
space contains some collagen fibers and sometimes loss of bile canaliculi. 

22. DELTA HEPATITIS INFECTION 
IN NORTHERN SOUTH AMERICA 

Intense microvesicular steatosis of the hepatocyte has been reported with 
fetal delta virus hepatitis in indigent populations of hepatitis B carriers in north
ern areas of South America, particularly the Amazon Basin. The outbreaks 
have involved Yucpa Indians in Venezuela.67 ,68 In Brazil, the condition is termed 
Labrea fever,69 and in northern Colombia, Santa Marta hepatitis. 7o Steatosis is 
accompanied by conspicuous eosinophilic necrosis of hepatocytes and portal 
inflammation. Hepatic delta antigen can be detected in the liver. Delta hepatitis 
seems to differ from hepatitis B in that virtual cytotoxicity is more prominent 
than lymphocytotoxicity. The micro vesicular steatosis is best explained by a 
severe cytotoxic reaction. 

23. FOCAL FATTY LIVER 

Focal deposits of fat in an otherwise normal, or nearly normal, liver have 
been described as a clinical,71 histological,n and radiological73 entity. The in
creased use of imaging has led to its more frequent recognition. The focal fat 
may simulate mass lesions such as metastases. 74 The lesions are multiple, non-
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Figure 11. Focal fatty liver. CT scan shows two angular subcapsular lesions of decreased 
attenuation. 

spherical, and often angular and subcapsular; they vary in number (Fig. 11). 
They show decreased attenuation on a CT scan 75 and are hyperechoic on son
ography.76 Occasionally they have a segmental or lobular distribution. Some
times there is a central core of higher density. 77 The lesions may persist or 
disappear only to return to other areas of the liver. 

Radionuclide scans show appearances that do not differ from normal. The 
xenon-I33 scan shows the isotope to be taken up by the fat and the picture 
recorded matches that of the CT scan. 78 If necessary, the nature of the lesion 
can be confirmed by guided liver biopsy. 

A vascular basis for the lesions is suggested by the distribution which 
matches the lobar and segmental divisions of the hepatic arteries and portal 
veins. 79 

Focal fatty liver has many associations, particularly with diabetes, alco
holism, obesity, hyperalimentation, Cushing's syndrome, and corticosteroid 
therapy. These are associations similar to those of diffuse fatty change in the 
liver. 

Occasionally, fatty change extends throughout the liver with the exception 
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of small flattened portions of less affected parenchyma called "skip areas. "80 

These areas are often subcapsular and may be supplied by systemic venous 
blood from the capsule of the liver and the gallbladder rather than by splanch
nic venous blood through the portal vein. 

24. "CRYPTOGENIC" FATTY LIVER 

Liver biopsy and imaging procedures such as ultrasound and CT scanning 
are resulting in many patients being identified with excess fat within the liver 
(steatosis). When common causes such as obesity, alcoholism, and diabetes 
have been excluded, a hard core remains with no obvious etiology. Some pa
tients may be prediabetic. In the absence of steatohepatitis, this is probably of 
little clinical significance. Patients usually have no symptoms other than anxi
ety. Serum transaminases and y-glutamyl transpeptidase levels may be slightly 
increased. Treatment is by reassurance and avoiding overinvestigation. 
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Surgical Treatment of Portal 
Hypertension 

B. Langer 

1. INTRODUCTION 

2 

Portal hypertension occurs commonly in patients with liver disease and by itself 
is of little clinical significance. Only when the major life-threatening compli
cation-bleeding esophageal varices-{)ccurs does it become clinically impor
tant. At that point, the attending physician must have a good understanding of 
the pathophysiology of elevated portal venous pressure, the associated compli
cating factors in patients with chronic liver disease, the therapeutic choices 
available (both for the acute and for the long-term management of the bleed), 
and the results of treatment one can expect so that the best decisions can be 
made in the individual patient's situation. This chapter will deal mainly with 
the surgical options but I will also touch on nonsurgical therapy (in as objective 
a fashion as possible) in order to put surgery into what I consider its proper 
perspective. 

2. PATHOPHYSIOLOGY 

Portal hypertension occurs when there is obstruction to flow in the portal 
venous system. It may result from postsinusoidal disease (hepatic vein throm
bosis or veno-occlusive disease), presinusoidal disease (portal vein thrombosis, 
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portal triaditis from schistosomiasis), or hepatocellular disease, including he
patic fibrosis or cirrhosis. The most common cause of cirrhosis is either alcohol 
or viral infection. Although even minor degrees of alcoholic liver injury may 
increase intrahepatic and thereby portal pressure, it is usually only after consid
erable hepatocellular injury and fibrosis have occurred that the portal pressure 
becomes high enough for esophageal varices to form and for bleeding to occur. 

Normally, the portal vein provides 70-75% of total hepatic blood flow at 
low pressure (under 10 mm Hg). The hepatic artery provides the remaining 
25-30% of the hepatic blood flow at systemic pressure (120 mm Hg). As pro
gressive fibrosis in the liver occurs, the resistance to flow increases and portal 
pressure rises. Two other phenomena also occur: decrease in total hepatic blood 
flow and development of collateral portal systemic communications. 

In the early stages of cirrhosis, the decrease in portal inflow may be com
pensated for by an increased hepatic arterial flow. This compensatory phenom
enon varies between individuals and is usually lost late in the disease, so that 
significant decreases in total hepatic blood flow and loss of hepatic function 
may be present in advanced cirrhosis. 

Collateral circulation around the liver occurs at many sites (retroperito
neal, umbilical, inferior mesenteric-pelvic), but the most important in terms of 
bleeding complications are collaterals in the submucosa of the gastric fundus 
and distal esophagus. The specific initiating factor(s) in rupture of these veins 
is not known, but bleeding appears to be more likely when pressures are very 
high. 

3. GENERAL PATIENT CONSIDERATIONS 

The general condition of the patient and the associated liver function is a 
major influencing factor in management and in predicting outcome following a 
variceal hemorrhage. Unlike the patient with a bleed from an ulcer who may 
otherwise be in perfect health, the cirrhotic patient often has a number of com
plicating conditions that add to the risk from both the acute bleed and any 
interventional treatments that might be used. These include: 

1. Abnormal blood coagulation as a result of impaired hepatic synthetic 
function. The platelet count may also be low from congestive spleno
megaly, but patients uncommonly bleed from thrombocytopenia alone. 

2. Poor nutritional state from advanced liver disease associated with a 
decreased ability to deal with infection and resulting in impaired wound 
healing. 

3. Impaired respiratory function from tense ascites and poor muscle func
tion. These patients are also more susceptible to postanesthetic and 
postoperative atelectasis and pneumonia. 
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Table 1. Clinical and Laboratory Classification of Patients with Cirrhosis in Terms 
of Hepatic Functional Reserve 

A B C 

Serum bilirubin (p.g%) <2.0 2.0-3.0 >3.0 
Serum albumin (g%) <3.5 3.0-3.5 <3.0 
Ascites None Easily controlled Poorly controlled 
Neurologic symptoms None Minimal Advanced 
Nutritional state Excellent Good Poor 

4. Impaired renal function. Advanced liver disease can be associated with 
sodium retention and oliguria, with renal failure occurring despite the 
kidney being anatomically normal, termed "hepatorenal failure." The 
latter may be related to decreased renal blood flow especially to the 
cortex, but there is also increased susceptibility to acute tubular necro
sis. 

5. Hepatic encephalopathy resulting from decreased hepatic function and 
spontaneous portasystemic shunting, and aggravated by a gastrointes
tinal bleed that may precipitate coma. 

The degree of impairment of liver function has been shown to influence 
both the risk of dying from any given bleeding episode and the risk of treatment 
interventions, particularly surgical procedures. The Child classification I or one 
of its modifications, is widely used to stage such patients when selecting their 
treatment. 

4. CLINICAL TRIALS VERSUS CLINICAL EXPERIENCE VERSUS 
CLINICAL BIAS 

Hardly any field of medicine has available more treatment options, more 
opinions and biases, and more controversy than the management of bleeding 
varices. Fortunately, the need to carry out rigorous clinical trials in this disease 
was recognized over 20 years ago. In the intervening years, this ultimate tool 
has been widely applied so that many of the proposals for treatment have been 
subjected to rigorous scrutiny. 

In reading the literature it is important to keep the following in mind: 

1. The treatment considerations are different in different groups of clinical 
situations, such as (a) the patient with proven esophageal varices who 
has never bled (prophylactic therapy), (b) the patient who is in the 
middle of a significant variceal hemorrhage (emergency therapy), and 
(c) the patient who has survived a bleed and is currently stable (elec-
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tive). This last classification may be further subdivided into (i) ur
gent-immediately postbleed, and stable, (ii) true elective fully re
covered from bleeding, with regained optimum prehemorrhage liver 
function and general status. 

2. Liver status (Child classification plus or minus another classification) 
and general status have an important bearing on outcome. In comparing 
treatment options, stratification for severity of liver disease is essential. 

3. Etiology of the liver disease is important. There is some evidence that 
alcoholic liver disease carries a worse prognosis than nonalcoholic cir
rhosis following certain types of shunt. 2 Therefore, comparing popu
lations of patients that differ as to etiology may produce bias in analyz
ing the results of different treatments. 

4. General supportive care, especially the development of ICU care for 
patients with bleeding varices, has improved over the last two decades, 
thus creating a significant bias if one compares the results of one treat
ment in the 1980s with another in the 1960s. 

5. SURGICAL TREATMENT OPTIONS 

Operative approaches to management of portal hypertension and bleeding 
varices can be classified into two broad groups: 

1. Portasysternic shunting, which is aimed at diverting portal blood around 
the critical esophagogastric area which bleeds, and 

2. Devascularization procedures, which include either directly or indi
rectly interrupting the blood flow to the region which bleeds, but with
out shunting 

All of these procedures involve the general risks of operating on patients 
with compromised liver function in addition to certain specific risks related to 
each operation. 

6. END-TO-SIDE PORTACAVAL SHUNT 

This operation was the earliest procedure aimed at dealing with the prob
lem of portal hypertension. Based on experimental work done by Pavlov and 
Eck in the late 18oos, it involves ligation of the hepatic end of the portal vein 
and anastomosis of the distal end to the inferior vena cava. Following the work 
of Whipple and others in the 1940s,3.4 it became the standard operation in the 
1950s and 1960s. The operation was used not only in the emergency manage
ment of bleeding and as elective therapy for patients whose bleeding had stopped, 
but because of its obvious lifesaving effect in some patients who would other-
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wise have exsanguinated, end-to-side portacaval shunt came into use as pro
phylactic therapy in cirrhotic patients with varices who had never bled.5 

At about this time, a number of centers began to evaluate the portacaval 
shunt prospectively. Randomized controlled trials were set up to examine its 
effectiveness in both elective therapeutic and prophylactic settings. Regretfully, 
no randomized trials comparing portacaval shunt to standard medical therapy 
in the emergency situation were done then or since. 

The results of these trials are now well known. In the elective therapeutic 
studies, portacaval shunt proved to be an effective method of preventing recur
rent variceal bleeding, but all three North American trials failed to show a 
statistically significant improvement in survival following portacaval shunting, 
although each trial showed a trend toward an advantage to shunt surgery. 6--8 

Combining the data from all three trials just reached statistical significance. If 
one includes the French trial,9 the combined data do not show an advantage for 
shunting. It should be noted, however, that in each trial shunting remained a 
bailout option for patients who failed medical therapy by rebleeding. 

The trials of prophylactic shunting were uniformly disappointing. IO,1I Again, 
portacaval shunting was effective in reducing the incidence of subsequent var
iceal bleeding, but there was no significant difference in survival between the 
shunted and nons hunted patients; the leading cause of death in the nonshunted 
patients, bleeding, was replaced by hepatic failure in the shunted patients. Shunted 
patients also had a higher incidence of portasystemic encephalopathy than non
shunted patients, presumably as a result of total diversion of portal venous 
perfusion. This change in portal circulation was also felt to be responsible for 
the higher incidence of late hepatic failure. 

The conclusions drawn from these prophylactic and therapeutic trials were 
as follows: (1) portacaval shunting is effective in lowering portal pressure and 
reducing the incidence of subsequent variceal hemorrhage; (2) portacaval shunt
ing is associated with increased incidence of posts hunt encephalopathy and late 
hepatic failure; and (3) further improvement in surgical therapy would have to 
be brought about by either (a) identifying factors that predisposed to postshunt 
encephalopathy and excluding those patients from that treatment,or (b) devel
oping other operations that are not associated with the same problem of post
shunt encephalopathy. 

Because of its ease of construction in most patients, the end-to-side 
portacaval shunt has been widely used in the emergency control of variceal 
bleeding. In a sequential study, Orloff in 1967 12 showed a marked reduction 
in mortality rate when using this operation in all bleeding patients rather than 
persisting with conservative therapy. Our own experience 13 suggests that many 
patients can be controlled during the acute bleed without major surgical inter
vention. In the course of this, their general and hepatic status improves so that 
should they require surgery later, the operative risk would be less. When acute 
bleeding could not be controlled, we have used this shunt as a lifesaving mea-
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sure, as have many groups including some doing prospective trials of other 
therapies. 14.15 

7. SIDE-TO-SIDE PORTASYSTEMIC SHUNTS 

A number of other operations were developed that did not involve a com
plete interruption of the main portal vein. Some were developed because of 
technical ease of execution, others because of the belief that leaving the portal 
vein patent would allow continued portal perfusion, while at the same time 
permitting shunting of blood to the systemic circulation and lowering the portal 
pressure. Three of these operations are worth mentioning: side-to-side portaca
val shunt, proximal splenorenal shunt, and interposition mesocaval shunt. 

(1) Side-to-side portacaval shunt is usually a more difficult technical pro
cedure than end-to-side portacaval shunt. It has a theoretical advantage in pa
tients with troublesome ascites because it allows for reversal of blood flow in 
the portal vein and hepatic sinusoidal decompression. Whether this portal per
fusion, which is achieved by hepatic areterial inflow exiting via the portal vein 
in the cirrhotic liver, provides effective hepatocellular perfusion is as yet un
proven. The studies of Orloff and others have, however, convincingly shown 
that this operation is very effective in the treatment of both cirrhotic ascites 
and the Budd-Chiari syndrome. 16--18 

(2) The proximal splenorenal shunt was preferred by authors such as Linton 19 
because it allowed splenectomy and relief of thrombocytopenia as well as portal 
decompression. No controlled trials of this operation have been carried out. It 
is now rarely done. The reasons for the good survival and low incidence of 
portasystemic encephalopathy in previous reports may relate more to patient 
selection and a higher incidence of shunt occlusion than to any physiological 
advantage of the shunt itself. 

(3) The interposition mesocaval shunt was first described by Clatworthy 
et al. 2o in infants with portal 'vein thrombosis. Originally, it involved ligation 
and division of the vena cava in order to reach the superior mesentery vein. 
This was modified by Lord 21 using an interposition graft. Drapanas 22 reported 
enthusiastically on this procedure in cirrhotic patients with bleeding varices. In 
an uncontrolled study, he observed a low incidence of encephalopathy and good 
survival, and concluded that the design of the shunt permitted both continued 
portal perfusion of the liver plus portal venous decompression. These observa
tions have not been borne out by other studies. Fulenwider et al. 23 showed how 
postshunt angiograms can be misinterpreted, and described the phenomenon of 
"pseudoperfusion" in which portal vein filling could be obtained by hepatic 
artery injection after mesocaval shunting and represented hepatofugal rather 
than hepatopedal flow. In our institution,24 careful postoperative angiographic 
studies in mesocaval shunt patients have shown that in the vast majority of 
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patients portal perfusion is lost following this operation, thus supporting War
ren's contention that the mesocaval shunt totally diverts portal flow. Further
more, comparison of the incidence of postshunt encephalopathy, rebleeding 
rates, and long-term survival in nonrandomized but comparable groups of pa
tients undergoing either portacaval or mesocaval shunts has failed to show any 
significant difference in any of these outcome measurements. 24 A prospective, 
randomized controlled trial of the therapeutic interposition mesocaval shunt us
ing the saphenous vein was carried out by Stipa et al. 25 This trial too failed to 
show any significant difference in either encephalopathy or survival. 

A very small trial of the mesocaval shunt compared to portacaval shunt 
carried out in the emergency situation showed a slight advantage to portacaval 
shunt, but the operative mortality reported was higher than in most other re
ported series and may not be representative. 26 Our own experience with emer
gency mesocaval shunting 27 in uncontrolled studies shows no difference in op
erative mortality, rebleeding, or encephalopathy rates. 

A number of authors have suggested that ascites is less frequent after any 
type of side-to-side shunting than end-to-side portacaval shunt. Mesocaval shunt 
has therefore also been used as the preferred method of total shunting in pa
tients with massive ascites associated with bleeding varices. Not all reports 
support this contention. 

The Dadron mesocaval shunt has been reported to have a higher occlusion 
rate than the portacaval shunt, up to 30% at 2 years. 28- 30 Not all authors report 
this high occlusion rate, and there are no good data to suggest that it has a 
significant effect on either late rebleeding or survival. It has been suggested by 
Rypins et al. 31 that deliberately using a narrow diameter mesocaval shunt re
sults in less encephalopathy, but these studies are uncontrolled and have been 
disputed by other authors. 

In summary, there does not appear to be any major advantage of mesoca
val over portacaval shunt. Both function as total shunts and are associated with· 
the same problems of encephalopathy and late hepatic failure because of loss 
of hepatic portal perfusion. Where a total shunt is indicated, the choice would 
seem to rest on the individual surgeon's experience, local technical considera
tions, and possibly the presence of severe ascites or demonstrated preoperative 
hepatofugal flow in the portal vein. 

8. SELECTIVE SHUNTS 

Two operations have been devised to provide portasystemic shunting of 
blood from the gastroesophageal region where bleeding occurs while at the 
same time maintaining pressure and normal flow in the main portal system to 
permit continued portal perfusion of the liver. These are the Inokuchi shunt 
anastomosing the distal end of the left gastric vein to the cava 32 and the Warren 
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shunt anastomosing the distal end of the splenic vein to the renal vein. The 
former has been little used outside of Japan, whereas the Warren shunt has 
been widely used and carefully studied. 

The Warren procedure (or distal splenorenal shunt) involves careful dis
section of the retropancreatic splenic vein, ligation of its proximal end, and 
anastomosis of its distal end to the left renal vein. This allows portasystemic 
shunting from the spleen and upper gastric and esophageal region. Careful in
terruption of communications between this left side of the portal system and 
the main system by ligating the gastroepiploic, left gastric, umbilical, and pan
creatic veins helps maintain high pressure in the main portal system and portal 
perfusion. Both angiographic and functional studies have shown that this op
eration can be carried out with a high degree of technical success and that it is 
effective in protecting individuals against subsequent variceal hemorrhage. 34-36 

The operation is more difficult to do and therefore has a longer learning curve 
and higher start-up cost in terms of complications and operative mortality. In 
experienced hands, however, the complication rate and operative mortality and 
the incidence of posts hunt encephalopathy are significantly lower after distal 
splenorenal shunt than total shunts. This is associated with improvement in the 
quality of life as measured by functional status in postshunt patients as well as 
frequency of readmission to hospital. 34 Controlled trials of this operation, how
ever, have not yet demonstrated a significant improvement in long-term sur
vival compared to that from total shunts. The data from the Atlanta group, 
however, stratified for alcoholic and nonalcoholic patients has shown that sur
vival of nonalcoholic patients treated by the distal shunt is not only better than 
those patients treated by total shunt, but is also better than alcoholic patients 
treated by distal splenorenal shunt. 35 

Unique complications of this operation are as follows: 

I. Portal vein thrombosis, which may be partial or complete, occurs in 
about \0% of such patients and is occasionally the cause of postoper
ative death. 37.38 Usual manifestations are ascites with or without ab
dominal pain. 

2. Ascites may also occur as a result of division of retroperitoneal lym
phatics with leakage of lymph into the peritoneal cavity. The fact that 
venous hypertension continues in the portal mesenteric system also fa
vors the formation of ascitic fluid rather than its absorption, as might 
occur with total shunting. 

3. Reformation of collateral circulation with the development of late en
cephalopathy has been described. 39,40 The usual sites are in the retro
peritoneum, particularly around the pancreatic veins. Warren and col
leagues have described both angiographic and surgical techniques for 
interruption of these collaterals with reversal of encephalopathy, 41 and 
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currently recommend a modification of the distal splenorenal shunt that 
includes division of pancreatic collateral veins at the time of the origi
nal operation. 42 

9. OTHER SHUNTS 

A large number of other shunt operations have been described, limited 
only by the imagination of the surgeon and availability of vessels. None of 
these have any specific benefits over those described above. Attempts to coun
teract the deleterious effects of total shunting by arterialization of the remaining 
intrahepatic portal system have had occasional enthusiastic supporters 43,44 but 
have not met with sufficient success to be widely applied. 

Studies of either hepatic function, hepatic perfusion, or other liver or pa
tient factors have failed to find any reliable predictors of postshunt encephalo
pathy, so that a selection process might be applied to shunt only those patients 
whose compensatory mechanisms will allow them to tolerate portal diversion 
without adverse effects. 

10. DEVASCULARIZATION PROCEDURES 

The general term "devascularization procedure" is applied to operations 
that attempt to control variceal bleeding by either a direct surgical obliteration 
of the distal esophageal veins or an indirect reduction of blood flow to the area 
by techniques other than creating portasystemic anastomoses. 

Transesophageal varix ligation was first described by Boerama in 194945 

and Crile in 1950.46 This operation is carried out through a short thoracotomy, 
and involves opening the esophagus longitudinally and oversewing the esoph
ageal veins under direct vision to induce their obliteration. It is a straightfor
ward, simple procedure that can be carried out by most surgeons and does not 
require the special technical skills needed to perform shunt surgery. For this 
reason it was widely used in the 1940s and 1950s in the emergency situation, 
and some, like Linton,19 considered it a first step in a two-step approach to the 
control of variceal bleeding, the definitive operation being a portasysternic shunt. 
This approach indicates what is recognized as a major problem with transeso
phageal ligation. Although it is effective in stopping acute bleeding, there is a 
high incidence of reformation of varices and rebleeding. This was well shown 
by Marshall Orloff in his sequential studies of transesophageal ligation and 
portacaval shunt in the emergency treatment of bleeding varices. 12 Taking the 
approach of using surgery as the primary treatment of virtually all corners who 
presented with variceal hemorrhage, Orloff reported no significant difference in 
operative mortality and early survival between portacaval shunt and transeso-
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phagealligation. However, transesophagealligation had a much higher rebleed
ing rate and poorer long-term survival. Most surgeons now no longer consider 
transesophageal ligation a useful procedure since its operative risk is equivalent 
to emergency shunting and its rebleeding rate is high. In addition, newer tech
niques, such as injection sclerotherapy, offer similar benefits at much less risk. 

11. ESOPHAGEAL AND GASTRIC TRANSECTION 

Esophageal transection is an extension of the principle of transesophageal 
ligation but guarantees that all submucosal veins are obliterated at least at the 
site of transection. This is an old operation, championed in 1964 by Milnes 
Walker.47 It can be carried out through a transthoracic or transabdominal ap
proach. Originally, it carried a high mortality, but the technique was modified 
in the 1970s using the end-to-end stapler. Current advocates of the operation, 
including 10hnston48 and Wexler,49 use the procedure as an alternative to 
portasystemic shunting. They emphasize its advantage of producing less porta
systemic encephalopathy than total shunts and of being performable by sur
geons without special training in shunt surgery. However, the complication of 
esophageal stenosis and leak is higher than simple transesophagealligation, and 
the available data, though uncontrolled, suggest that the operative mortality of 
esophageal transection is at least as high as that of portacaval shunt,50 the 
rebleeding rate is much higher, and there is no good evidence that long-term 
survival is any better. 

Gastric transection was proposed by Norman Tanner in the 1950S 51 as an 
alternative to shunting and involved an abdominal approach in which the stom
ach was transected and reanastomosed just below the cardia. A more difficult 
operation than esophageal transection, it appears to have no advantage in terms 
of operative risk or outcome, and currently it is not recommended. 

12. SPLENECTOMY 

Splenectomy is the operation of choice in patients with portal hypertension 
due to splenic vein thrombosis with a patent portal vein. In such cases where 
there is regional portal hypertension only (also called "left-sided portal hyper
tension"), removal of the spleen lowers blood flow to the esophagogastric ve
nous system sufficiently to prevent rebleeding. Splenectomy is also the treat
ment of choice in cases of primary portal hypertension due to primary splenic 
abnormalities resulting in high portal inflow through the spleen and the result
ing high portal pressure (Banti's syndrome). This diagnosis is uncommon and 
is difficult to make since there may be associated histological abnormalities in 
the liver secondary to the high inflow portal hypertension. 
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Removing the spleen reverses the hypersplenism commonly seen in pa
tients with portal hypertension from any cause. It is virtually never necessary, 
however, to carry out splenectomy to treat hypersplenism by itself. Splenec
tomy has been advocated by the Wittes 52 for the treatment of portal hyperten
sion and bleeding in some cirrhotics. Although splenectomy does reduce blood 
flow to the entire portal system, it does not adequately lower portal pressure to 
provide long-term protection from variceal bleeding. 

13. EXTENSIVE DEVASCULARIZATION 

Because of the shortcomings of esophageal transection and splenectomy 
by themselves, attempts have been made to more extensively devascularize the 
gastroesophageal region. Hassab 53 used a combination of splenectomy and gas
tric devascularization to treat a population of patients who have mainly presi
nusoidal portal hypertension due to schistosomiasis and who are particularly 
susceptible to postshunt encephalopathy after total shunts. Because liver func
tion in these patients is usually good, the operative mortality is low, but there 
is a significant incidence of late rebleeding. 

Another method of extensive devascularization has been proposed by Sug
iura. 54 The Sugiura operation includes esophageal transection, splenectomy, 
and gastric devascularization. It can be carried out in two stages-(l) transthor
acic esophageal transection, and (2) abdominal splenectomy and gastric devas
cularization-or, alternatively, in one stage using a thoracoabdominal ap
proach. Sugiura has also included vagotomy as part of the operation and 
emphasized the importance of leaving the paraesophageal veins intact to pre
vent reformation of varices and bleeding. The value of these latter two com
ponents of the operation is as yet unproven. 

Sugiura and Futagawa 55 in uncontrolled studies in a Japanese population 
of 671 patients, mainly with postnecrotic cirrhosis, reported an operative mor
tality of 4.3%, lower than the 16.5% mortality in his portasystemic shunt ex
perience done in a similar population. Postoperative encephalopathy rates were 
also extremely low. It must be noted, however, that these patients were largely 
a very good risk group of patients (36% Child A and 37% Child B) and that 
30% of the operations were carried out as prophylactic therapy in patients who 
had never bled from their varices. 

The role of the Sugiura operation in the predominantly alcoholic cirrhotic 
Western population of portal hypertension remains to be determined. Ginsberg 
and colleagues,56 using a one-stage thoracoabdominal operation, found a low 
operative mortality in good risk patients when done electively, but 100% mor
tality in Child C patients operated on as an emergency. Gouge and Ranson 57 
reported 9.5% operative mortality in the complete operation in good-risk pa
tients, but 53% mortality in urgent, emergency, and high-risk patients, which 
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was higher than their previous experience with shunt procedures. In addition, 
they had a 37% late rebleeding rate. Our own experience is limited to its use 
in noncirrhotic, nonshuntable patients with portal vein thrombosis in whom 
early results are good. 

14. SELECTION OF SURGICAL PROCEDURE 

If there is a role for major surgical procedures in the treatment of portal 
hypertension, which operative procedure should be used? The answer to that 
question is in part based on controlled trials, but must also reflect experience 
and bias since not all the necessary trials have been carried out to date. 

(1) Prophylactic surgery. controlled trials of the portacaval shunt have 
shown convincingly that this operation has no place in cirrhotics with varices 
who have never bled. Another recent report of a prospective trial of surgery 
versus medical therapy 58 showed no difference in survival but claimed im
proved quality of life in operated patients. The study, however, is flawed by 
mixing a variety of procedures in the operated group and ignoring sclerother
apy. There are controlled trials of other prophylactic therapy which have shown 
a decrease in the expected rate of variceal bleeding after prophylactic sclero
therapy and a suggested decrease in the late mortality resulting from this inter
vention. 59 At present, however, we must conclude that major surgery has no 
place in prophylactic therapy. 

(2) Emergency surgery. In patients with active bleeding, nonsurgical ther
apy has improved in recent years with the addition of injection sclerotherapy, 
so that most acute episodes of bleeding can be controlled by methods short of 
major surgery. If the acute bleeding episode can be controlled in this way, 
patients can often achieve improved liver function and general condition so that 
subsequent surgery, if necessary, can be carried out at a lower risk. The ap
proach still advocated by Orloff, emergency shunt surgery for all bleeding pa
tients, has little to recommend it. If emergency surgery is to be used for pa
tients who fail to stop bleeding despite excellent conservative treatment including 
sclerotherapy, which operation is to be preferred? The uncontrolled data avail
able suggest that the operative mortality of any major operation in acutely bleeding 
patients, most of whom are alcoholics classified as Child C, is 40 to 50% and 
sometimes higher. The Sugiura procedure and the Warren operation will likely 
have a higher mortality in most surgeons' hands because of the complexity and 
length of the procedure. Esophageal transection alone is a fairly simple proce
dure which most surgeons can do, but its operative mortality rate is similar to 
total shunting, and the rebleeding rate much higher. Our preference, therefore, 
is for a total shunt in this situation, which can be carried out quickly and with 
a mortality rate of 30% to 50%, a low rebleeding rate, and acceptable long-term 
survival. 
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(3) Elective surgery. Trials of elective portacaval shunt in the 1960s showed 
only a slight advantage of portacaval shunt over continued medical therapy in 
patients who had survived a variceal bleed. There have been several trials of 
the distal splenorenal shunt compared to total shunt,34.35.60,61 which have con
firmed the superiority of distal splenorenal shunt over total shunt in terms of 
postshunt encephalopathy and quality of life, but have as yet failed to show a 
survival advantage, except for the small group of nonalcoholic patients. The 
current interest in injection sclerotherapy has meant that one can no longer 
carry out trials of shunt surgery in comparison with no treatment but rather 
with the best nonsurgical treatment, which currently includes sclerotherapy. 
The Atlanta group has recently reported such a trial 62 and concluded that over
all sclerotherapy provides better survival than distal splenorenal shunt, provid
ing that shunt surgery is used liberally as an alternative for patients who rebleed 
in the sclerotherapy arm (30% in the Atlanta trial). Furthermore, distal spleno
renal shunt may be the preferred treatment in non alcoholics and in those alco
holics who have life-threatening first bleeds and in whom there are other con
siderations that make long-term sclerotherapy impractical. 

Other trials comparing sclerotherapy to shunt surgery are in progress. Cello 
et al. 63 compared portacaval shunts and sclerotherapy as emergency treatment 
and showed no survival difference, but did show an advantage for sclerotherapy 
in terms of total health care costs. Sclerotherapy, however, is here to stay, and 
it is likely to remain the primary method of management of most patients with 
variceal bleeding, both acute and long-term, simply because of its relative safety, 
wide availability, and what is already known about its effectiveness. Surgery, 
especially shunt surgery, still has a limited but important role to play in the 
emergency situation for the management of persistent life-threatening bleeding 
and as an alternative for sclerotherapy failures, as well as the primary treatment 
for certain patients such as nonalcoholics and those in whom long-term follow
up may be difficult. 
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Ibrahim M. Yousef 

1. INTRODUCTION 

In its broadest sense cholestasis may be defined as a decrease or failure of bile 
formation and/or secretion. This results in the hepatic and systemic accumula
tion of certain components that are normally secreted into bile, such as biliru
bin, bile acids, cholesterols, and liver enzymes. I --4 Although bile flow is af
fected when the biliary tree is obstructed, the term cholestasis is increasingly 
reserved for those conditions in which anatomic and functional integrity of the 
biliary tree and gallbladder is preserved. 

Normal bile is a complex mixture of bile acids, unesterified cholesterol, 
phospholipids (mainly lecithin), bile pigments, vitamins of the lipid-soluble 
(vitamin D2) and water-soluble (vitamin Bl2 , folic acid, pyridoxine) variety, 
steroid hormones, inorganic ions, and a variety of proteins (enzymes, transport 
proteins, immunoglobulins, and hormones).5 The exact metabolic role played 
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by some of these components remains to be elucidated. However, it is obvious 
that bile secretion is not only a means of transfer and removal of a number of 
unwanted molecules, but also conservation of others: note the highly efficient 
enterohepatic circulation of bile salt molecules that leave the biliary tree, tra
verse the gut, and return via the portal circulation to the liver. The recycling 
of bile salts ensures that these biological detergents perform a number of im
portant solubilization, transport, and regulatory functions. 6 Interruption of this 
continuous flow of bile salt molecules through a decrease in the formation and/ 
or secretion of bile has far-reaching effects. 

This chapter will provide an overview of current understanding of bile 
formation in the light of information generated during the past decade by re
search carried out in our unit on bile acid-induced cholestasis. 

2. BILE FORMATION 

2.1. Bile Acid Secretion and Bile Flow 

Bile acids are synthesized in the liver, conjugated, and secreted into bile 
before reaching the small intestine through the biliary tree. Reabsorption of bile 
acids and of their bacterially modified forms occurs in the jejunum, but pre
dominantly in the ileum and, to a limited extent, in the colon. After passage 
across enterocytes, bile acids return to the liver via the portal circulation. Since 
>95% of bile acids remains in the enterohepatic circulation with each cycle, 
about 100 mmoles is removed by the human liver. These molecules are the 
major determinant (or stimulus) of bile production. 7 From experiments per
formed in bile fistula dogs 100 years ago, it was recognized that bile contains 
various choleretic agents. 

Under normal circumstances, bile acids are the principal organic compo
nent of bile. Sperber8 originally proposed that the active transport of bile acids 
across the hepatocyte establishes an osmotic gradient that promotes the flow of 
water into the canaliculus. Although the osmotic activity of bile acids may be 
reduced by self-aggregating to form micelles, accompanying ions, especially 
the counterion N a +, promote bile flow. 9 Infusion of bile acids promotes bile 
flow. There is a linear relationship between the amount of bile salt and the rate 
of bile flow, thereby suggesting that bile salts promote canalicular bile flow. 
Recently, doubt was cast on the reliability of erythritol secretion as a measure 
of canalicular bile flow, but in most animal species the relationship between 
erythritol clearance and bile salt secretion rate is linear. 5•7 

When the line relating erythritol clearance and bile flow is extrapolated to 
the ordinate from the lowest rates of secretion obtained, the intercept defines 
the canalicular bile flow that would be present in the theoretical situation of 
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zero bile acid secretion. This flow is tenned "canalicular bile acid-independent 
flow" (BAlF). The size of this component varies between animal species from 
2 to 70 ILl/min/kg body weight. 5,7 Thus canalicular bile flow is influenced in 
part by bile acids, bile acid-dependent flow (BADF), as well as by the BAIF. 
However, both components of canalicular bile flow are closely interrelated. The 
uptake of bile acids is dependent on Na + cotransport by the hepatocyte second
ary to the sodium gradient generated by the "sodium pump" Na+, K+
ATPase. This transport membrane protein actively pumps Na+ out of the cell 
to maintain the high extracellular Na + and the low intracellular Na + concen
trations. 5 Canalicular secretion of other ions or even organic compounds may 
contribute to the BAIF, which has also been attributed to the activity of Na+, 
K+ -ATPase. 

2.2. Lobular Uptake of Bile Acids (Fig. 1) 

Bile acids reach the liver predominantly via the portal vein and to a much 
lesser extent via the hepatic artery. The hepatocytes are arranged in sheets one 
cell thick between the venous and arterial supply (afferent supply) and the ve
nous drainage (efferent supply). The cells close to the portal vein radicals are 

SYNTHESIS ____ ........ 
(.2 - .6g/d) 

~OO~ m-4 1 

~rn"'" 
UPTAKE 
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(>95%of biliary secretion) 
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Figure 1. Quantitative aspects of the enterohepatic circulation of bile acids that are more exten
sively taken up by hepatocytes closest to the apparent blood supply (zone I). Modified after 
Paumgartner G., Enterohepatic circulation of bile acids. In: Hepatology: A Festschrift for Hans 
Popper (Brunner H., Thaler H., eds.), Raven Press, New York, 1985, pp. 329-334. 
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exposed to incoming blood containing higher oxygen tension than the cells 
close to the central vein. This concept led to the suggestion that hepatocytes 
can be classified into three zones: zone I, close to the portal vein; zone 3, close 
to the central vein; and zone 2, between zones I and 3.10 Morphological and 
biochemical evidence suggest that the roles of these zones in biliary secretion 
differ. II After biliary drainage, periportal canalicular size is reduced compared 
to controls or to bile acid-infused animals, suggesting a predominant role of 
the cells in zone I for bile acid uptake. Layden and Boyer l2 ,13 found that the 
diameter of canaliculi in the vicinity of the portal vein was 0.84 J-tm versus 
0.70 J-tm in the zone around the central vein. Infusion of bile acids increased 
the diameter of the canaliculi around the central vein, so that the lobular dif
ferences no longer existed. They concluded that at physiological concentra
tions, bile acids are largely removed by hepatocytes in the portal vein area 
(zone I). When large quantities of bile acids are presented to the liver, more 
molecules are removed closer to the central vein, thereby suggesting that these 
zone 3 cells constitute a reserve area for bile acid uptake and may be more 
involved in BAIF. Using methods for the selective destruction of zone I by 
alkyl alcohol and zone 3 by bromobenzene, Gumucio et ai.14 reached similar 
conclusions. 

The lobular gradient of bile acid uptake has also been demonstrated using 
a bile salt analog. 15 Of interest is the recent demonstration that the BAIF is 
very low in newborn animals 16 and that this is associated with the absence of 
the lobular gradient. 17 

2.3. Hepatocyte Uptake of Bile Acids 

The various events leading to the uptake of bile acids by liver cells involve 
the anatomical structure of the liver (lobular gradient uptake of bile acids), the 
binding of bile acids to albumin and to other plasma proteins, secondary active 
Na + -dependent transport as demonstrated for taurocholic acid (TCA) as well 
as Na + -independent uptake as shown when the bile acid Km is exceeded, and, 
finally, interaction of bile acids with membrane receptors. I- 5,7 Although some 
of these steps have been demonstrated experimentally using various techniques, 
many are still speculative. 

The uptake of bile acids is rapid with a half-time as short as 2-12 min. 18--20 

There is a small difference between the different bile acids, the dihydroxy bile 
acid, chenodeoxycholic acid (CDCA), being taken up more rapidly than trihy
droxycholic acid (CA). However, there is no difference between the free form 
and the different conjugates of the same bile acid (TCA = GCA = CA). In hu
mans, the uptake of bile acids varies between 12 J-tmollmin in the fasting state 
and 57 J-tmollmin postprandially. There is experimental evidence that the up
take is saturable with a greater V max for trihydroxy than for dihydroxy bile 
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acids. 21 The uptake is competitive in that taurine-conjugated CDCA inhibits 
TCA uptake. 22 Furthermore, countertransport has been shown since TCA ac
cumulates in the cell against an electrochemical gradient and requires energy. 
All characteristics of the carrier-mediated transport have therefore been shown: 
saturation kinetics, competitive inhibitions, and countertransport. 7 

At physiological concentrations, there is little uptake of cholate by 
erythrocytes 23 and thus presumably more than 95% of bile acids in blood are 
normally present in plasma. Bile acids in plasma are associated with serum 
proteins in order to reduce their membrane detergent properties, which can 
bring about lysis of erythrocytes. The binding of bile acids to plasma proteins 
depends on the structure of the bile acids: CA < CDCA < LCA. 24 Albumin is 
the major carrier of bile acids 25.26 but there is a disagreement as to the number 
of bile acid-binding sites on each albumin molecule. The Km value for the 
binding of conjugated cholate is in the order of I, though some workers have 
detected other sites of low affinity. More recently, other plasma-binding pro
teins have been identified, in particular apoprotein B. 27 Cholate appears to be 
more than 95% bound to plasma albumin leaving only 5% in free solution. It 
has been assumed that this small percentage of free bile acids determines the 
rate of uptake. 28,29 However, recent studies suggest that albumin exerts an im
portant role in hepatic uptake and that uptake does not depend on the concen
tration of free bile acids in plasma. 3o In these studies, the amount of free bile 
acid was reduced by increasing the albumin concentration, but this had no 
significant effect on uptake. The interaction of albumin with cell membranes in 
the immediate vicinity where bile acid uptake is taking place results in confor
mational changes in the albumin molecule that reduce the binding affinity of 
bile acid to albumin. This increases the concentration of free bile acids avail
able for uptake at the cell membrane level. In hepatocytes, the membrane
binding capacity of bovine serum albumin to bile acids may be a saturable 
process. 31 A similar mechanism may exist for the transport of bilirubin and 
BSP. 32 

Once bile acid molecules reach the sinusoidal membrane, they may be 
transported through the sinusoidal membrane to the cellular cytoplasm by what 
is known as secondary active transport. This transport process is energy-depen
dent and requires the presence of a chemical gradient of ions (mainly Na +) 
that cotransport with bile acids. Thus the uptake of bile acids, although satur
able, depends on cotransport with Na + .33 The primary energy source is Na + , 
K+ -ATPase, located on the sinusoidal membrane (68 sitesIJLm2), directing the 
movement of Na+ out of the cell. 34 Because uptake is saturable, bile acid 
translocation across the membrane likely involves a specific carrier as identified 
by Accatino and Simon. 35 This specific carrier is reduced by cycloheximide 
treatment 36 and is increased through the recruitment of unused carrier sites by 
increasing the bile acid pool.37 
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2.4. Cellular Transport 

The vectorial transport of bile acids through the hepatocyte to the canali
cular membrane is not well understood. However, binding to cytosolic proteins 
and to cellular membranes has been proposed as well as vesicular transport of 
bile acids. Because the preparation of cytosol destroys any in vivo compart
mentation, transcellular transport is more difficult to study than membrane 
transport. Substantial amounts of bile acids are present in liver homogenates 
(~200 fLM).38-40 For each bile acid tested, more than 50% of that in the ho
mogenate was found in the cytoplasm. These studies may not be accurate be
cause of methodological problems in obtaining cellular fractions without bring
ing about a redistribution of molecules between organelles or cytoplasm. They 
do, however, suggest that bile acids are not all located in the cytoplasm. 

Strange et al. 40,41 proposed the following model for distribution of bile 
acids in the cytoplasm: 

Mitochondria 
Microsomes 

Bile acid in free solution 
Nuclei 

Cytosolic protein 

Using this model, they showed experimentally that 22% of CA, 33% of 
CDCA, and 70% of LCA in the cytoplasm was bound to cytosolic proteins, 
whereas II % of CA, 4% of CDCA, and I % of LCA were in free solution. The 
rest was bound to mitochondria, microsomes, and nuclei. This model indicates 
that the relative amounts of free and protein-bound bile acids differ from one 
bile acid to another. The cellular proteins involved in bile acid binding have 
been studied by Strange et al. 42-44 The binding of GCA, CA, CDCA, and LCA 
to cytosolic proteins by equilibrium dialysis shows, as expected, that the less 
polar bile acids, CDC A and LCA, demonstrated more binding capacity than 
CA and GCA. It was further shown that bile acids were bound to proteins of 
the same molecular weight as the X and Y fractions. 45 However, the affinity 
of the binding to X was significantly lower than to Y (1:100). Other experi
ments showed that in the Y fraction, the glutathione-S-transferases were re
sponsible for bile acid binding.46,47 It is therefore possible that binding of bile 
acids to glutatione blocks and back-diffusion of bile acids into plasma rather 
than modulating the transport of bile acids in the cell. A similar suggestion has 
been made with regard to the binding of glutathione to bilirubin. 48 

Recently, two proteins unrelated to glutathione-S-transferase were found 
in the Y fraction of rat liver and shown to bind a variety of bile acids. 49•5o 

Binding of bile acids to cytosolic proteins reduces free bile acids in the hepa
tocytes to concentrations similar to those observed in plasma. This would result 
in a gradient favorable for the uptake of bile acids. Other studies with labeled 
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bile acids showed binding of bile acids to cellular fractions in vitro and sug
gested that bile acids through their hydrophobic- hydrophilic properties are in
serted in the bilayers of the membranes 39 rather than bound to membrane pro
teins. However, cautious interpretation is in order in view of difficulties that 
can occur during the formation of bile acid-lipid micelles. Some of the bile 
acids could precipitate during the binding studies. This difficulty can be cir
cumvented by reducing the binding through the inclusion of protein and cho
lesterol in phospholipid vesiclesY 

The evidence that subcellular organelles are involved in vectorial vesicular 
transport of bile acids has been suggested by morphological studies. 52-58 

Both the smooth endoplasmic reticulum and the Golgi apparatus have been 
implicated. 

2.5. Canalicular Secretion of Bile Acids 

2.5.1. The Carriers 

Bile salts must cross canalicular membranes for biliary secretion to take 
place. It is doubtful that the electrochemical gradient is the only factor control
ling bile acid secretion since the concentration of bile acids in liver is around 
0.2 mM and greater than 2 mM in the canaliculus. Because the resting cell 
membrane potential is about -40 m V, there will be substantial movement of 
negative bile acids down this electrical gradient into the canaliculus, but against 
a significant concentration gradient. Thus, there is a need for an energy-requir
ing secretory system and/or a carrier transport system. Recently, Meier et a/. 
identified bile acid protein carriers in purified canalicular fractions. 59 Moreover, 
pericanalicular microfilaments may have a mechanical function in canalicular 
bile formation. 60--64 

2.5.2. Role of Biliary Phospholipids on Bile Acid Secretion 

Recent evidence has suggested that the secretion of bile acids may depend 
on the output of biliary phospholipids. A hypothetical model was proposed in 
which biliary lipid-containing vesicles are transported from the hepatocytic in
tracellular site to the canalicular membrane. These vesicles could then fuse with 
the membrane forming highly fluid lipid microdomains that would preferen
tially be solubilized by bile acids. 65 •66 Further experimental evidence showed 
that if the supply of biliary phospholipids is exhausted, bile acids then solubil
ize the bile canalicular membrane and cause a defect in the secretion of bile 
acids as well as in bile flow. We therefore suggested that the supply of biliary 
phospholipids could be an important determinant of the maximum secretion rate 
of bile acids. 67 
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2.6. Bile Salt-Independent Bile Flow 

2.6.1. Na+, K+-ATPase 

CLAUDE C. ROY et al. 

It would be hazardous to rely on bile acids as the only generating system 
for bile flow because of the variability of bile acid flux through the liver. Bile 
acid-independent bile flow (BAIF) has been demonstrated in many species. 
Na + , K + -ATPase was originally suggested as playing a role in the formation 
of this component of bile flow. 68 In general, there is a good correlation between 
bile flow and Na+, K+ -ATPase activity. The concept is based on the ion pump 
being situated in the canalicular membrane and resulting in active sodium 
movement into the canaliculus or lateral spaces with passive movement of water 
and electrolytes to maintain osmotic and electrical neutrality. This theory came 
into question after histochemical studies showed that in hepatocytes Na + , K + -
ATPase was located on the sinusoidal (basolateral) part of the membrane. 69,70 
Thus, various hypotheses were put forward to explain the correlation between 
Na+, K+ -ATPase activity and bile flow. It was suggested that the enzyme on 
the sinusoidal membrane maintains high-extracellular, low-intracellular Na + 
necessary to drive and accumulate substances into the cell prior to their metab
olism or secretion in, as noted earlier,5 bile. This may also be true for other 
substances, such as Cl- and HC03 - or organic substances. 34 Second, extru
sion of sodium into the lateral space would be followed by passive diffusion 
through the tight junction (paracellular pathway).71 Finally, accumulation of 
substrate energized by the Na + gradient would be followed by extrusion of that 
substrate into bile. Although these suggestions are probably correct, Na + , K + -
ATPase has been found by monoclonal and ferritin antibody conjugates to be 
also located on the canalicular membrane and even at much higher concentra
tion, in terms of units per micrometers than on the sinusoidal and basolateral 
membrane. 7I- 74 Thus, the direct role of Na +, K + -ATPase in the BAIF is ten
able in addition to its secondary role on bile acid uptake. 75 

2.6.2. Bicarbonate and Bile Salt-Independent Bile Flow 

The high content of bicarbonate in bile can be explained by the presence 
of a bicarbonate transport system similar to that found in other organs.76-80 The 
Na + JH + antiport may provide sufficient anions to combine with CO2 produced 
via carbonic anhydrase activity within the cell and produce HC03 - for secre
tion in bile. It has been suggested that the Na+JH+ antiport is located on the 
sinusoidal membrane. 81 The contribution of Cl- to the formation of BAIF re
mains unclear. Although a Na + ICI- transport system has been postulated, studies 
showed that neither the rate of entry nor the equilibrium concentration of CI
was affected by the intracellular Na + or by the Na + gradient. It can therefore 
be concluded that Cl- passively distributes across the plasma membrane and is 
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not involved in the production of the BAIF. Klassen 82 suggested the existence 
of a putative choleretic anion in rat bile. He found that the sum of Na + and 
K + was greater than that of CI- and HC03 -. In addition the cation-anion gap 
varied with changes of bile flow and could reach 30 mM. The fact that it 
exceeded the bile acid concentration raises the possibility of another osmoti
cally active anion in rat bile. Klos et al. 83 suggested the presence of at least 
two choleretic components in bile: one is bile acid and the other an anion of 
molecular weight < 1000. 

2.7. Role of Cytoske/etal Proteins 

The high pressure necessary for driving bile through the ductular system 
has been difficult to explain simply on the basis of hydrostatic pressure. It must 
result from coordination of contractile forces analogous to the contractile sub
units of muscle. This phenomenon has recently been established by identifying 
a microfilamental network surrounding the canalicular pole of the hepato
cyte. 84•85 The role of these microfilaments in bile formation was suggested by 
experiments with agents such as cytochalasin B or phalloidin which cause mi
crofilamental disorganization and reduce bile flow. 86,87 Using isolated couplets 
of hepatocytes, Oshio et al. observed that bile canalicular structures contract 
and that this contractile activity is increased when cholic acid is added. 88.89 

Furthermore, for contractions to take place, the coordinated activity of two 
neighboring hepatocytes is required. Contractions are coordinated and segmen
tal, suggesting that they are involved in the forward movement of bile in the 
canalicular system. 90 

2.B. The Paracellular Pathway 

Differences in the biliary tree permeability for water and ions may account 
for differences in bile flow. The permeability to water and ions of the canali
culus is controlled by the permeability of the canalicular membrane itself and 
that of the tight junction. The permeability of the junctional complex between 
cells is often estimated by measuring the bile-to-plasma ratio of large solutes 
(such as sucrose, inulin, polyethylene, or glycol), which are presumed to be 
excluded from hepatocytes and other cells and thus enter bile solely by the 
paracellular pathway. It can also be examined morphologically by following 
the penetration of lanthanum into the canalicular lumen through the intercellular 
space. 91 

The paracellular pathway depends on the permeability and integrity of the 
tight junction. If Na+, K+ -ATPase is located on the basolateral membrane, 
then a degree of permeability or leakage is necessary physiologically in a sinu
soidal to canalicular direction, if Na + is important in bile secretion. The neg-
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ative electrical charge of the junctional complex is an important factor in the 
transport selectivity of the complex and in exclusion of bile acids. The amilor
ide-sensitive Na + IH + antiport found in the sinusoidal domain of the cell could 
modulate intracellular pH, influence the function of the gap junction coupling 
on the lateral domain of the membrane, and thus affect cell-to-cell communica
tion. 92 Ca2+ ions could also influence the tight junction by a direct effect on 
gap junction structure or microfilamental attachments. 93 

2.9. Cho/ehepatic Pathway 

Hofmann et al. recently proposed that free bile acids after secretion into 
the ductular system could be protonated, reabsorbed from the biliary tract, and 
resecreted into bile. Such multiple cycles through a cholehepatic shunt pathway 
would stimulate canalicular bile flow at each cycle. Bile acids known to have 
a high choleretic potential serve as proof for this "cholehepatic shunt" path
way.94--96 However, since most of these bile acids have a high critical micelle 
concentration, another explanation for their choleresis is the fact that they can 
be secreted as monomers. 

2.10. Fluid Phase Endocytosis 

The isolated perfused rat liver and in vitro rat hepatocyte cultures have 
been used to quantitate and characterize pathways of fluid phase endocytosis. 
These studies showed that each hour the hepatocyte can endocytose the equiv
alent of at least 20% of its cell volume and five times its plasma membrane 
surface area. Of the total amount of inulin endocytosed, 80% is regurgitated 
back into plasma, 18% is transported in sequestration compartments, and only 
2% is secreted in bile. These vesicular pathways do not require vesicle acidifi
cation and are unaffected by the presence of taurocholate. Intact microtubular 
function is necessary for the transport of endocytosed substrates to bile or to 
sequestered compartments, but not for their initial uptake. 97 

2.11. Bile Ductules, Ducts, and Ductular Plexus 

Canalicular bile is modified in its travels through the biliary system through 
secretion and reabsorption of water and ions. Evidence of distal bile water 
reabsorption comes mainly from the bile/plasma ratio of some inert markers, 
such as erythritol and mannitol, which are above 1. This indicates reabsorption 
of water and ions in view of the apparent inpermeability of ductular epithelium 
for these markers. In recent experiments with dogs, Tavoloni 98 calculated that 
bile water is reabsorbed in the ductular system at a rate of 0.2 JLlImin/g of 
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liver tissue, possibly through a sodium-coupled chloride transport mechanism 
similar to that of the gallbladder. 

Furthermore, Yamamoto and Phillips 99 using scanning electron micro
scopy of biliary casts identified a complex of portal bile ductular channels. 
They suggested that these structures (ductular plexus) could be involved in 
modification of canalicular bile by secretion or reabsorption of solutes and water. 

3. BILE ACID-INDUCED CHOLEST ASIS 

3.1. Mechanisms of Cho/estasis 

Since cholestasis is a defect in bile formation and/or secretion, an abnor
mality in any of the steps involved in bile formation theoretically could induce 
cholestasis. Therefore cholestasis can be due to either impaired solute and water 
transport or enhanced bile "reflux" (Table 1). 

3.2. Clinical Relevance of Experimental Bile Acid-Induced 
Cho/estasis (Table 2) 

Since bile acids appear to be the major driving force in bile formation, it 
is not surprising that an abnormality in bile acids transport leads to cholestasis. 
The exact role of bile acids as a cause of some cholestatic conditions in humans 
is controversial. However, in neonates, toxic bile acids may play an important 
primary role in the pathogenesis of cholestasis. 1oo There is some evidence that 
in patients on total parenteral nutrition (TPN) lithocholic acid, a well-studied 
cholestatic agent, may be responsible. 101 This monohydroxy bile acid, found in 

Table 1. Mechanisms of Cho/estasis 

Impaired solute and water transport 
Altered uptake (carriers, penneability, viscosity, Na+, K+ ATPase) 
Impaired BADF (altered bile acid synthesis or cellular transport) 
Defective BAIF (ion pumps, BCM, and tight junction penneability) 
Interference with fonnation of biliary lipids (bile acids, hypolipidemic agents) 
Alterations of cytoskeleton (cytochalasin, phalloidin, N.A. Indian cirrhosis) 
Lack of cellular ATP (hypoxia, TPN) 
Alterations of BCM (bile acids, drugs, obstruction) 

Enhanced bile "reflux" 
Altered membrane and tight junction penneability (drugs, sex, honnones, bile acids) 
Injury to bile ducts (inflammation, hypoplasia, atresia, SC, PBC, stones) resulting in the abnonnal 

reabsorption or secretion of water and/or electrolytes 
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Table 2. Clinical Relevance of Experimental 
Bile Acid-Induced Cholestasis 

Neonates 
t Serum bile acids 

Synthesis of monohydroxy bile acids 

Inborn error of bile acid metabolism 
THeA 

TPN 

t LeA 
t Sulfated LeA 

Medical dissolution of gallstones 
Liver injury related to LeA and to the extent of its sulfation 

Cystic fibrosis 
Increased LeA with a high glycine/taurine ratio of conjugated bile acids 

high concentrations, correlates with the liver injury which can be prevented by 
antibiotics suppressing the intestinal microflora and hence LCA production. 102 
Of patients receiving CDCA for dissolution of gallstones, LCA-type morpho
logical lesions have been identified in a small percentage. 103 Finally, there is a 
familial type of cholestasis in which an abnormal (possibly cholestatil) bile acid 
(THCA) has been identified. 104 In addition, abnormal bile acid composition, 
especially an increase in LCA content and an increase in the glycine/taurine 
ratio of conjugated bile acids, was found in patients with cystic fibrosis. 105 
However, unknown is what relation, if any, these abnormalities may have with 
the focal and multilobular biliary cirrhosis seen with increased frequency in 
these patients. 106 Furthermore, in all forms of cholestasis, an increased concen
tration of bile acids is noted with an increased proportion of sulfated bile 
acids. 107- 109 Therefore an understanding of bile acid-induced cholestasis may 
lead to the prevention and/or treatment of many cholestatic conditions in hu
mans. 

3.3. LCA-Induced Cholestasis 

Lithocholic acid is a natural bile acid present in trace amounts in the bile 
of humans, 110 rats, 111-113 and several other mammalian species. I 14.1 15 The ma
jor route for the formation of LCA is 71-dehydroxylation of chenodeoxycholic 
acid, 116 but it can be formed directly from cholesterol in the liver by a pathway 
involving 26-hydroxylation of cholesterol. The latter pathway has been dem
onstrated in animals 117,118 and in humans,119 

Lithocholic acid causes cholestasis in all experimental animals. 120-124 The 
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mechanism originally proposed for LCA cholestasis was the formation of pre
cipitates in the bile canalicular lumen and the subsequent mechanical obstruc
tion of the lumen. 122 However, electron microscopic studies failed to document 
the presence of crystalline precipitates as a uniform observation in this form of 
cholestasis. Thus, the obstruction of bile flow by precipitation of LCA may be 
only a contributing factor to the overall picture. 124 However, all microscopic 
studies were uniform in demonstrating specific ultrastructural changes in the 
bile canalicular membrane (BCM) and the pericanalicular region with no sig
nificant morphological alterations in the subcellular organelles. 123- 127 There
after, the suggestion was made that the BCM is the primary target organelle in 
this form of cholestasis. About 10 years ago Yousef, Kakis, et al. I 28-l3l in a 
series of experiments, demonstrated that LCA cholestasis is associated with a 
dramatic increase in cholesterol content of the BCM which resulted in an in
crease in the cholesterol-to-phospholipid ratio. These authors suggested that 
changes in the composition of the membrane are the cause of the cholestasis, 
since the increase in the cholesterol phospholipid ratio is expected to influence 
membrane viscosity, permeability, and enzymatic activities. 132-134 Further stud
ies showed that the cholestasis was associated with increased cholesterol syn
thesis in the hepatocytes 135 and increased transport of cholesterol from the mi
crosomes to the BCM. 136 Interestingly, newborn guinea pigs were less susceptible 
to LCA cholestasis. This observation appeared to be due to the absence of any 
increase in cholesterol and consequently of less incorporation of LCA and cho
lesterol in the BCM as a consequence of less binding of LCA to cytosolic 
proteins. 13? Thus, understanding these mechanisms provided strategies for pos
sibly preventing the development of this form of cholestasis, either by inhibit
ing cellular binding of LCA to cytosolic proteins,138 or by reducing cholesterol 
synthesis 139 or its cellular transport to the BCM 140 (Fig. 2). For example, use 
of cycloheximide to inhibit protein synthesis and consequently reduced LCA 
binding to cytosolic protein prevented LCA cholestasis. 138 When mevinolin (a 
cholesterol synthesis inhibitor) or clofibrate (a hypolipidemic agent), which also 
reduces cholesterol synthesis, were used, cholestasis was also prevented. 139 Fi
nally, colchicine, a microtubule-disrupting agent which inhibits cellular trans
port of cholesterol, also prevented LCA cholestasis. 14o In all cases where pre
vention of cholestasis was observed, the cholesterol content of BCM and the 
cholesterol phospholipid ratio in the membrane were normal, suggesting that 
normal membrane composition is necessary for preservation of its functional 
and normal bile flow. 

3.4. LeA-Sulfates 

Some have claimed that LCA-induced cholestasis may not be significant 
in humans because the human liver is capable of efficiently sulfating and hence 
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Figure 2. Model of proposed mechanism of lithocholic acid-induced cholestasis. (I) Inhibition of 
cholesterol synthesis (mevinolin, clofibrate) offers partial protection against cholestasis. (2) Inhibi
tion of protein synthesis (cycloheximide) completely prevents cholestasis. (3) Cholic acid infusion 
inhibits the incorporation of LCA into the canalicular membrane and then increases cholesterol 
content, which leads to an altered cholesterol/phospholipid ratio. [Modified from Tuchweber B., 
Weber A., Roy C. c., Yousef I. M. Mechanisms of experimentally induced intrahepatic cholesta
sis. In: Progress in Liver Diseases (Popper M., Schaffner F., eds.), Vol. 8, Grune and Stratton, 
Orlando, 1986, pp. 164-178.] 

detoxifying this compound,141.142 increasing its secretion in urine and feces. 
However, there is little support for increased secretion in urine and feces acting 
as a significant protective mechanism. First, urinary excretion of sulfated bile 
acids is small relative to the bile acid pool, even if 50-85% of urinary bile 
acids are sulfates. 143 Second, fecal excretion is not a very effective sequestering 
mechanism. Increased levels of sulfated bile acids have been demonstrated in 
plasma after meals. Finally, a recent study has shown that the intestinal absorp
tion of lithocholic acid sulfate is as efficient as that of non sulfated LCA.144 
Detoxification of LCA by sulfation was assumed to be related to the increased 
solubility of sulfated bile acids. However, Carey et al. 145 demonstrated that the 
solubility of sulfated glyco-LCA (G-LCA-S) was similar to that of the non sul
fated G-LCA and only the solubility of tauro-LCA-S was better than that of 
tauro-LCA. Since sulfated bile acids such as LCA are well absorbed from the 
intestine, are not secreted in the urine in appreciable amounts, and form con-
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jugates in the liver with glycine and/or taurine, it was imperative to test exper
imentally the effect of LCA-S on bile flow and to determine any cholestatic 
potential. 

Experiments performed in our laboratory demonstrated that, in fact, G
LCA-S is cholestatic, but tauro-LCA-S is not. 146 Although the mechanism of 
G-LCA-S cholestasis is not yet fully understood, the evidence shows that it 
involves the cellular transport of this compound 146 and may also bring about 
changes in the permeability of the tight junction. 147 However, the observation 
that tauro-LCA-S does not induce cholestasis provides a mean of possible pre
vention of LCA-S cholestasis by conjugation of the bile acid with taurine. Taurine 
is a preferred substrate for conjugation of bile acids 148; thus supplementation 
of taurine in the diet would increase the proportion of tauro-conjugated bile 
acids. 149,150 

The guinea pig conjugates its bile acids mainly with glycine. lSI Thus in
fusion of LCA-S induced cholestasis because the majority of the infused bile 
acids were conjugated with glycine. However, supplementation of taurine in 
the drinking water of these animals changed the conjugation to taurine and 
prevented LCA-S-induced cholestasis. 152 Taurine prevented the cholestatic ef
fect of LCA-S in guinea pigs. Patients with cystic fibrosis lose large quantities 
of bile acids in their feces and have bile acids predominantly conjugated with 
glycine, which are precipitated in the acid milieu of their duodenums. Feeding 
taurine to these patients improved fat absorption by improving the duodenal 
bile acid glycine/taurine profile. 153,154 However, the role of taurine in prevent
ing liver disease in cystic fibrosis is still under investigation. In addition to the 
role of taurine in prevention of LCA cholestasis, the influence of taurine on 
bile acid secretory maximum was investigated. 155 Taurine supplementation given 
LV. or P.O. increased the secretory maximum (SRm) in guinea pigs, in cor
relation with the extent of conjugation with taurine. Thus we concluded that 
taurine modified the conjugation pattern and increased the SRm through its 
effect on canalicular secretion. ISS 

The amino acid content of TPN solutions has been entertained as a cause 
of TPN-associated cholestasis. 156 The addition of taurine may prevent the de
crease in bile flow and in bile acid secretion rate. 157 The protective effect of 
taurine remains to be elucidated, but could be mediated by its effect on the 
conjugating pattern as well as by its role in membrane protection. 158 

3.5. Cholestasis Induced by High Concentration of Bile Acid and 
the Control of Secretory Rate Maximum 

When bile acids are infused into experimental animals in stepwise increas
ing doses, further administration of the bile acid above its maximum secretory 
rate results in a decline of both bile flow and bile acid secretion. 159-162 This 



56 

GI ... 
III 
0:: 

C 
o 
;:; 
GI 
I. 
U 
GI 

II) 

'C 
u « 
~ 
a:l 

"Nonsulfated BA" 
SRm 

"Sulfated BA" 
r--------- Tm 

Increasing Amounts 

of I nfused SA 

CLAUDE C. ROY et al. 

Figure 3. The concept of a secretory rate maximum for bile acids only applies to nonsulfated bile 
acids. After reaching a plateau (SRm) , there is a progressive decrease in the secretion rate as 
opposed to the sulfated acids where a transport maximum (Tm) is achieved. 

differs from the accepted classical definition of "transport maximum" (Tm) in 
which the secretory rate remains constant despite an increasing delivery of a 
particular substance above this level. The secretory rate maximum (SRm) of 
bile acids differ from one bile acid to the other, being inversely related to the 
detergent strength of the bile acid. 162 The cause of the difference between the 
SRm and the classical Tm is not known. The reduction in bile acid secretion 
and bile flow that occurs after reaching the SRm of normal bile acids cannot 
be simply explained by general systemic toxicity. 161 

A recent study with various common bile acids has confirmed the drop in 
bile flow achieved after reaching the SRm. The dynamics of secretion differ 
when similar experiments are carried out with the sulfated forms of these bile 
acids. As noted in Fig. 3, with increased bile acid infusion, sulfates are ex
creted at a constant rate (Tm) , as opposed to nonsulfated bile acids which 
peaked at a SRm.163 

Recent evidence has suggested that the secretion of bile acids may also 
depend on the output of biliary phospholipids.l64 A hypothetical model was 
proposed in which biliary lipids are transported from specialized hepatocytic 
intracellular sites to the canalicular membranes. These lipids fuse with the can-
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alicular membrane forming microdomains that are preferentially solubilized by 
bile acids 164,165 (Fig. 4). Since the SRm is related to the detergent strength of 
the bile acids, it was speculated that bile acids, when infused in higher concen
tration, would lead to depletion of the intracellular and/or canalicular biliary 
phospholipids, Through this mechanism, membrane structure and function could 
be altered to modulate the SRm and eventually interfere with bile acid secre
tion. During the initial stages of bile acid infusion, bile flow with the secretory 
rate of bile acids, phospholipid, and cholesterol were increased. Phospholipid 
secretion reached a maximum secretion first, followed by the SRm of bile acids 
coupled with cholesterol. The SRm of bile acids correlated inversely with their 
detergent strength CA> CDCA > DOCA, In contrast, maximum secretion of 
phospholipid was similar for all bile acids. After reaching the maximum secre
tion, the secretion of phospholipids decreased and the decline became more 
marked after the bile acids reached their SRm. Although the major phospho
lipid species secreted was phosphatidylcholine, the secretion rate of phosphati
dylethanolamine and sphingomyelin was increased after the bile acids reached 
their SRm, This change in the biliary phospholipids secreted was also reflected 

Biliary 
Phospholipid 
Pool 

BILE SALT CBS) 

BS 

BS Membrane 
Phospholipids 
Solubilized 
by Bile Salts 

Plasma 
Plasma Membrane (PM) 

MICROSOMES 

Bile Canalicular 
Membrane (BCM) 

I ChoI/PL; 0,30 I 

Figure 4. Phospholipids and the SRm of bile acids. In situations where large amounts of bile 
acids deplete a hypothetical biliary phospholipid pool, membrane and particularly BCM phospho· 
lipids are solubilized leading to an increase in the cholesterol/phospholipid (ChoI/PI) ratio, a de
crease in the fluidity of the BCM, and a drop in the bile acid secretion rate. (Modified after Lowe 
P. 1., Bamwell S. G., Coleman R. Rapid kinetic analysis of bile salt-dependent secretion of phos
pholipids, cholesterol, and plasma membrane enzymes into bile. Biochem J 1984;222:631-637.) 



58 CLAUDE C. ROY et al. 

in an increased percentage of long-chain fatty acids, which are characteristic of 
the fatty acid constituents sphingomyelin and phosphatidylethanolamine. 

These findings suggest that the available pool of biliary phosphatidylcho
line becomes depleted with increasing doses of bile acid infusion. The deple
tion of phosphatidylcholine (biliary) results in the secretion of abnormal phos
pholipids into bile. The origin of these phospholipids was investigated in 
preliminary studies. After cholic acid infusions at 1, 2, 3, and 4 JL mollminl 
100 g body weight (each dose infused for 30 min), the total phospholipid in 
canalicular membranes was significantly reduced without affecting cholesterol 
content. As a result, there was an alteration in the cholesterol-to-phospholipid 
ratio which, as previously shown, was also observed with LCA-induced cho
lestasis. 130 This suggested that the sphingomyelin and phosphatidylethanolam
ine secreted in the bile after their SRm may originate from canalicular mem
branes as well as other cellular membranous phospholipids. The increase in 
cholesterol-to-phospholipid ratio in these membranes may well influence the 
viscosity and fluidity of the membranes, and could result in dysfunction of 
membrane transport and the reduction in bile formation noted after the SRm of 
the bile acids had been exceeded. Thus solubilization of cellular membrane 
phospholipids could regulate the SRm of bile acids and the SRm of bile acids 
would be inversely related to their detergent strength, since deoxycholic acid 
(DOC A) solubilizes more phospholipids than CDCA and CA,163 and conse
quently DOCA has the lowest SRm of the bile acids tested. In view of the fact 
that 99% of circulating bile acids have to be taken up and secreted by hepato
cytes with higher concentrations after and during cholestasis after meals, inves
tigating the protective role of sulfation proved interesting. 

Sulfation has been regarded as a detoxification mechanism for bile 
acids. 168,169 However, little information is available on the physiochemical and 
physiological properties of sulfated bile acids. We prepared sulfated bile acids 
of CA, CDCA, and DOCA using sulfur trioxide trimethylamine as the sulfur 
donor and investigated their physiochemical properties as well as their effect 
on bile formation, The complete sulfation abolishes the detergent properties of 
the bile acids in that they cannot solubilize phospholipid or cholesterol in vitro, 
In addition, all bile acids showed a pKa of 4,8 and a very high CMC between 
20 and 40 mM, a 5- to lO-fold increase compared to the nonsulfated form, 168 
When the bile acid sulfates were infused in stepwise increasing doses they 
exhibited Tm characteristics, but a plateau was lower than for non sulfated bile 
acids (Fig, 3), In addition, they significantly reduced the secretion of phospho
lipid and cholesterol. The "choleretic potential," defined as the amount of bile 
secreted per unit of bile acid secreted, is significantly higher than for nonsul
fates. 59 Thus, sulfation may protect from the cholestatic effect of high concen
trations of bile acids by virtue of their high choleretic potential as well as by 
reducing membrane damage resulting from the absence of detergent properties, 163 
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4. CONCLUSION 

Intense study of the many different aspects of bile formation using a va
riety of probes and experimental models has resulted in an enormous amount 
of information. Important leads offer the prospect of considerable improvement 
in our understanding of bile formation and secretion. Much progress has been 
achieved by the creation of cholestasis in animals by a variety of endogenous 
and exogenous compounds, particularly monohydroxy bile acids. 

Bile acid-induced cholestasis may have clinical relevance because of the 
abnormality in bile acid synthesis in newborns and the presence of cholestatic 
bile acids in patients receiving TPN and CDCA or ursodeoxycholic acid for the 
gallstones. In addition, bile acid abnormalities are associated with various liver 
diseases; a high concentration of bile acids is a hallmark of cholestasis. Inves
tigations on lithocholic acid-induced cholestasis have uncovered several poten
tial means of prevention, i.e., taurine supplementation, hypolipidemic drugs, 
and sulfation. Whether these measures will prove of beneficial use in the high
risk groups of patients described previously remains unknown. 
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Causes and Management of Ascites 

L. M. Blendis 

1. INTRODUCTION 

Ascites is a major complication of cirrhosis, the other two complications being 
variceal hemorrhage and portasystemic encephalopathy. Yet it receives rela
tively little attention in the literature, being mistakenly regarded as less of a 
threat to life. Although the patient with bleeding varices and encephalopathy 
can present more dramatically, ascites and edema represent as great, if not 
more insidious, a threat to life. Indeed, Powell and Klatskin1 showed that the 
appearance of ascites in a cirrhotic patient was associated with a significantly 
reduced 5-year survival rate. 

Ascites and edema also form an important prognostic index for alcoholic 
liver disease. 2 The two major causes of death directly related to ascites are 
spontaneous bacterial peritonitis3 and the hepatorenal syndrome,4 which is often 
precipitated by overaggressive diuretic therapy. Ascites has also been impli
cated in predisposing to variceal hemorrhage by increasing gastroesophageal 
reflux, but this remains controversial. 5 Certainly overly aggressive therapy can 
also precipitate portasystemic encephalopathy. In addition, ascites results in a 
generalized deterioration in health, reduced mobility, and decreased appetite 
leading to malnutrition and loss of muscle mass. This is exacerbated by un
pleasant or frankly intolerable low-salt diets. The patient becomes cachectic 
and the quality of life deteriorates. Thus, the pathogenesis of this complication 
of cirrhosis is worth eliciting since its prevention would result in a prolonged 
and better life. 

L. M. Biendis • Department of Medicine, Toronto General Hospital, University of Toronto, 
Toronto, Ontario, Canada M5G 2C4. 
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2. PATHOGENESIS 

2.1. The Affector Side 

2.1.1. Portal Hypertension 

L. M. BLENDIS 

The derangement of Starling forces within the peritoneal capillary bed is 
responsible for the localizing of fluid in the peritoneal compartment. Yet the 
peritoneal capillary and lymphatic system is extremely efficient in reabsorbing 
peritoneal fluid, especially in the region of the diaphragm.6 So why does the 
system fail in cirrhotics? In short, because the patient becomes waterlogged as 
a result of being in prolonged positive salt and water balance, the pathogenesis 
of which remains complicated and almost certainly multifactorial. 

Over the last few years it has become clearer that portal hypertension is a 
key factor in the pathogenesis of salt and water retention. The classical expla
nation is that portal hypertension causes pooling of blood in the splanchnic 
circulation, resulting in a decreased effective circulating blood volume or "un
derfilling" of the circulation. This in tum leads to a decreased renal blood flow 
and glomerular filtration rate, elevated plasma renin activity and serum aldoste
rone levels, sodium and fluid retention, and ascites. This in tum causes an 
incremental rise in portal pressure and further splanchnic pooling, creating a 
self-perpetuating vicious cycle. 7 The arguments against the so-called underfill
ing theory include the fact that total blood volume is invariably increased in 
these patients (so that the patients are never underfilled). There are therefore 
no grounds for invoking a reduction in effective circulating blood volume. Cru
cial to this argument is that a deceased effective circulating volume should 
result in a reduction of renal blood flow. Certainly in the early stages of ascites, 
renal blood flow is usually normal8•9 together with plasma renin activity and 
serum aldosterone levels, to.11 which may actually be reduced. 12 

In canine models of cirrhosis, Levy et al. elegantly demonstrated what the 
sequence of events was: cirrhosis with portal hypertension and normal plasma 
volume; positive sodium balance with an increased plasma volume; and finally 
ascites, but without any decrease in renal blood flow and therefore effective 
circulating blood volume. 13.14 Further studies showed that cirrhosis, in the ab
sence of portal hypertension as a result of a side-to-side portacaval anastomo
sis, did not result in ascites. Such animals were able to escape from DOC A in 
contrast to cirrhotics with portal hypertension or those whose portacaval shunts 
had blocked. 15 These authors confirmed in a chronic model, while Campbell et 
al. confirmed in an acute model of hepatic vein constriction,16 the well-recog
nized clinical observation that sinusoidal rather than presinusoidal is associated 
with ascites and sodium retention. 

Thus, sinusoidal portal hypertension appears to send a message to the kid-
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neys to retain sodium. How this message is sent is still unknown. However, 
experimental evidence in animals indicates that an increase in hepatic vein pres
sure results in increased nervous activity from both the portal vein and the 
kidneys. Thus, the possibility exists of a nervous reflex arc from the hepatic 
sinusoids to the nephron, stimulated by sinusoidal hypertension, and resulting 
in sodium retention. 17 Only a minority of cirrhotic patients have ascites at any 
one time. This is presumably due to the fact that the majority maintain the 
ability to "escape" from the tendency to retain fluid. When the patient loses 
this normal physiological response, ascites develops. 

Is the height of the portal pressure a factor in the development of ascites? 
That is, do the sodium-retaining signals increase as the pressure increases? The 
answer is probably "no." In a large group of patients with alcoholic liver 
disease and ascites, the mean portal pressure (as measured by the wedged he
patic portal vein pressure) was a figure not significantly different from that of 
patients without ascites. Furthermore, the small increase in pressure in the as
citic patients could be abolished by paracentesis (Blendis, unpublished obser
vations, 1987). 

2.1.2. Other Factors 

What other factors may enhance the localization of fluid into the peritoneal 
cavity? Hypoalbuminemia is theoretically important, reducing the oncotic pres
sure in the peritoneal capillaries. Yet no significant relationship between the 
plasma albumin concentration and the presence of ascites has been demon
strated. 18 Lymphatic congestion certainly occurs in postsinusoidal portal hyper
tension. Increased lymph formation drains increased plasma, and diffusion into 
the space of Disse is the result of the elevated pressure. 19 This raised lymphatic 
pressure causes increased lymph-rich fluid to weep from the liver surface and 
will affect the final ascitic protein concentration. However, there is no evidence 
that this is a major factor. The most important surface for the parietal perito
neum is probably in the subdiaphragmatic region,6 yet the ability of this capil
lary system in ascites to reabsorb excess fluid is virtually unknown. 

2.2. The Effector Side (Fig. 1) 

The patient fails to "escape" from the tendency to retain salt and water. 
Let us consider what factors are involved in renal sodium and water handling 
in cirrhotic patients. 

2.2.1. Glomerular Filtration Rate and Renal Blood Flow 

A decrease in glomerular filtration rate will lead to salt and water renten
tion. Yet ascites formation occurs in the presence of normal filtration rates and 
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Figure 1. Pathogenesis of salt and water retention 
in cirrhotic ascites. 

renal blood flow. This suggests that decreased filtration is a late rather than 
early additional factor in the development of ascites. 

2.2.2. Renin-Angiotensin-Aldosterone System 

This system has been the prime candidate for the cause of sodium reten
tion ever since the discovery that ascitic cirrhotics have secondary hyperaldos
teronism. 2D Yet up to one-third of patients with ascites may have normal plasma 
renin activity and serum aldosterone levels. 10.11 Furthermore, a study of pa
tients with "early" ascites found that the mean plasma renin activity and serum 
aldosterone levels were significantly [ower, rather than higher, than normal, 
even in the presence of an increased plasma volume. 12 This finding strongly 
supports the overflow theory. 

An important method of studying the problem is to perturbate the system, 
reversing the tendency to salt and water retention either temporarily via head
out water immersion, or "permanently" by peritoneovenous shunting. The 
pressure of the water on the body immersed in a tub of warm water (tempera
ture 34.5°C) causes a centralization of interstitial fluid into the intravascular 
compartment. In normal individuals this results in an increase in plasma vol
ume, with a resultant 5% fall in venous hematocrit and a significant diuresis 
and natriuresis. 21 This is associated with a fall in plasma renin activity and 
serum aldosterone. In ascitic cirrhotics the effects are similar but exaggerated, 
with a greater (66%) fall in plasma renin activity and serum aldosterone from 
higher baselines and in some patients a greater natriuresis and diuresis. How
ever, some patients have a blunted response with virtually no natriuresis. 22 
Furthermore, similar studies performed during aldosterone blockade with spi
ronolactone failed to blunt the natriuretic response. 23 It has been suggested that 
there is a critical level of serum aldosterone (50 ng/d!) below which the fall in 
serum aldosterone results in a natriuresis, but above which no natriuresis oc
curs.24 

The permanent improvement in sodium and water balance that occurs fol
lowing peritoneovenous shunting is also associated with near-normalization of 
plasma renin and serum aldosterone. 25 However, it is important to note that the 
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urinary changes following the peritoneovenous shunt are immediate, i.e., so
dium excretion increases from 1 JLeq/min to more than 100 JLeq/min within 2 
hr. Yet serum aldosterone levels, although decreasing by this time, are still 
markedly elevated and do not normalize until 24-72 hr postop.25 Furthermore, 
follow-up studies at 1 year in ascites-free patients with normal plasma renin 
and serum aldosterone levels showed persistent sodium retention when chal
lenged with 100 meq sodium diet. 26 

2.2.3. Serum Catecholamines and Sympathetic Nerve Activity 

In 1968, Epstein and co-workers27 demonstrated decreased superficial renal 
arterial opacification following renal arteriography in patients with hepatorenal 
syndrome. This appeared to be reversible at autopsy. The absence of any his
tological abnormality led to the suggestion that the changes were due to super
ficial vasoconstriction of the renal arteriesY This appeared to be confirmed by 
the observation that the changes were reversible, either transiently (by infusion 
of vasodilators directly into the renal artery with temporary improvement of 
renal function)28 or following transplantation of the kidney into a noncirrhotic 
recipient. 29 Further confirmation came from isotopic renography that showed 
decreased superficial blood flow in the initial excretory phase. 30,3 I These changes 
could be demonstrated early in the natural history of cirrhosis before deterio
ration in renal function. Caution is warranted as certain facets of these obser
vations remain controversial. First, due to the instability of renal blood flow, 
the isotopic observations must be treated with caution.32 Second, there is still 
no convincing evidence that redistribution of renal blood flow away from the 
superficial renal cortex leads to changes in salt and water handling by the kid
ney.33,34 Nevertheless, these changes were likely due to increased sympathetic 
nerve activity for whatever reason and there is considerable evidence that the 
renal sympathetic nervous system directly influences sodium excretion with in
creased activity resulting in sodium retention, 35 

Confirmation of the increased renal sympathetic nerve activity in cirrhosis 
had to wait 15 years until improved assay systems became available. The ad
vent of radioimmunoassays for catecholamines revealed that the plasma cate
cholamine (principally norepinephrine) levels in ascitic cirrhotics were signifi
cantly elevated above those of nonascitic cirrhotics. This was a curious finding 
since it has been known for 40 years that such patients have a hemodynamic 
circulation with increased cardiac output and low normal blood pressure, 39 and 
therefore a decreased systemic vascular resistance. That renal vein catechol
amine levels were higher than renal arterial levels in ascitic cirrhotics indicated 
that such patients had increased renal sympathetic activity, 36 although not all 
studies agreed,38 Such catecholamine data therefore suggested that these pa
tients possessed a vascular resistance to circulating vasoconstrictors, especially 
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as angiotensin levels were also elevated. II Confirmation for this decreased re
sponsiveness had already been provided, both in patients40 and in experimental 
animal models of liver disease,41,42 as a decreased hypertensive response to 
increased endogenous catecholamine secretion43 or exogenous vasoconstrictor 
infusion.40-42 The mechanism of this decreased response, whether due to ab
normalities in receptor number or function,44 or to circulating vasoactive com
petitors, such as the false neurotransmitters,45 awaits clarification. Furthermore, 
the role of systemic vasodilation in the pathogenesis of sodium retention and 
renal vasoconstriction remains intriguing. 

Perturbation of the system by water immersion resulted in either a 
decrease46,47 or no change48 in plasma catecholamine levels, and a variable 
natriuresis. However, combining water immersion with exogenous intravenous 
norepinephrine infusion resulted in a universal rise in blood pressure and a 
natriuresis, indicating that moderate intravascular volume expansion plus rever
sal of the peripheral vasodilation results in a significant reversal of sodium 
retention. Similarly, patients with resistant ascites undergoing peritoneovenous 
shunt have highly elevated preoperative levels of both free and conjugated forms 
of all the circulating catecholamines: norepinephrine, epinephrine, and dopa
mine.49 Thus, there is increased renal production of catecholamines. Immedi
ately after establishing a peritoneovenous shunt, postop during the initial mas
sive natriuresis and diuresis, renal production of norepinephrine decreased. 

This suggested a possible reduction in renal sympathetic nervous activity 
and therefore vasoconstriction, yet plasma catecholamine levels remained un
changed. Plasma catecholamine levels only normalized 2 weeks after the sur
gery. 

In summary, although increased sympathetic nerve activity (indicated by 
elevated circulating catecholamine levels) is associated with hepatic ascites for
mation, acute or chronic perturbation of the volume status of such patients has 
demonstrated a dissociation between this system and salt and water retention in 
cirrhosis. Further, although these studies suggest that the catecholamine abnor
malities occur in response to alteration in volume, they have not clarified the 
respective roles of volume and capacity due to vascular unresponsiveness. 

2.2.4. Arginine Vasopressin 

Although antidiuretic hormone (arginine vasopressin) does not have a di
rect role in renal sodium handling, inappropriate elevations of serum arginine 
vasopressin have been shown to occur in ascitic cirrhotics, particularly in those 
with hyponatremia. 50 Indeed, Bichet and co-workers5o demonstrated that such 
patients could be separated into two groups depending on their response to a 
water load. Patients who excreted greater than 80% of an I. V. load of 20 mll 
kg of 5% dextrose followed by 200 ml of water hourly within 5 hr were defined 
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as "excretors." In contrast, those who failed to excrete were defined as "non
excretors." Such patients had significantly lower serum sodium levels, lower 
24-hr urine sodium excretion, and higher plasma renin, aldosterone, and nor
epinephrine levels. Both groups had elevated plasma arginine vasopressin lev
els, but in nonexcretors the levels were significantly higher and did not sup
press with a water load. Furthermore, this group showed a highly significant 
correlation between plasma norepinephrine and arginine vasopressin levels and 
sodium excretion. 37 Nevertheless, following perturbation of the system either 
with water immersions I or peritoneovenous shunt,52 diuresis and natriuresis oc
curred in the absence of any changeS I or in the presence of an actual increase 
in plasma arginine vasopressin levels. 52 This suggests that the dominant factor 
in fluid retention in hepatic ascites is a decreased filtered load to the distal 
segment, which is corrected by volume expansion. This also suggests that in
appropriately high levels of plasma arginine vasopressin are of secondary im
portance. 

2.2.5. Urinary Prostaglandins 

The demonstration of increased urinary prostaglandin E (PGE) excretion 
in ascitic cirrhotics suggested an important role of these prostaglandins in salt 
and water retention in patients with liver disease. Again there is little evidence 
for a major role of prostaglandins in renal sodium handling, as opposed to renal 
water excretion.53 The mechanism action of PGE is thought to be both by renal 
vasodilation54 and a direct effect on distal nephron tubule function. 53 The im
portance of the PGE group in the maintenance of renal function was indicated 
first by the deterioration in renal function following administration of prosta
glandin synthetase inhibitors (such as the nonsteroidal, antiinflammatory drugs, 
termed NSAID),55,56 and second, by the demonstration of a decrease in PGE 
excretion in patients with hepatorenal syndrome. 56 

Again, perturbation of the system by water immersion significantly raises 
urinary PGE excretion along with the diuresis and natriuresis. 57 Recently, stud
ies in patients undergoing peritoneovenous shunt again confirmed the elevated 
PGE2 excretion in patients with hepatic ascites. 58 Immediately postoperative 
there was a transient increase in PGE2 excretion. However, by day 3 after 
surgery, excretion rates were lower than preoperative, and by 2 weeks they had 
decreased to within the normal range. 58 These later changes occurred in the 
presence of a persistently increased sodium and water excretion. Thus these 
results suggest that increased urinary PGE2 excretion occurs as a renal response 
to increased vasoconstrictor action on the kidney and that increased renal PGE 
production with consequent vasodilation helps to preserve renal function. Thus, 
a decrease in renal PGE production (either temporarily following NSAID inges
tion or "permanently") results in a significant deterioration in renal function, 
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as in hepatorenal syndrome. That is, renal PGE production is a secondary phe
nomenon; with improvement in the renal circulation, renal PGE production 
returns to normal. 

2.2 .6. Atrionatriuretic Peptides 

Atrionatriuretic peptides, found principally in the wall of the right atrium,59 
have a direct natriuretic action60 and vasodilate muscular arterioles61 including 
the efferent arterioles of the renal glomeruli. 62 Thus, the role of atrionatriuretic 
peptides in renal sodium and water retention in cirrhosis with and without as
cites is likely to be important. Thus far, plasma atrionatriuretic peptides levels 
have been reported to be normal, elevated, or decreased in both groups of 
patients.63 ,64 However, in a recent study by Gines and co-workers,65 the levels 
were increased and sampling from the coronary sinus showed highly elevated 
levels, indicating increased production and excretion of atrionatriuretic peptides 
from the atria of the heart in ascitic cirrhotics. Elevated levels have also been 
demonstrated by Campbell et al. 66 in patients with resistant ascites. Further
more, following peritoneovenous shunt there is a massive six fold rise in atrion
atriuretic peptide levels immediately postop, which was related to an increased 
mean atrial pressure. Such changes would help explain the immediate massive 
natriuresis within 2 hr in the presence of both a slowly falling serum aldoste
rone and unchanged plasma catecholamine levels together with further eleva
tion of plasma arginine vasopressin levels. Such changes would also help ex
plain the further vasodilation and lowering of systemic vascular resistance found 
in these patients. 49 Thus far, the findings indicate that deficiency of atrionatri
uretic peptides is not the cause of hepatic ascites; rather, a resistance to atrion
atriuretic peptides is responsible. Such resistance could be due to the circulating 
vasoconstrictors causing renal vasoconstriction and thus preventing the vasodi
latory action of atrionatriuretic peptides on the kidneys. Such patients in the 
late postoperative phase should be studied following the normalization of the 
circulating vasoconstrictors, but while renal sodium retention remains pre
served. 

2.2.7. Summary 

In summary, the cause of sodium and water retention resulting in ascites 
in cirrhotic patients is still unclear, though obviously multifactorial. More and 
more evidence points to a perturbation in both systemic and renal hemody
namics (due to an imbalance of vasoconstrictor and vasodilator activity) as an 
important, if not the major, underlying abnormality. 



CAUSES AND MANAGEMENT OF ASCITES 77 

3. MANAGEMENT OF ASCITES 

3.1. Medically Responsive Ascites 

The basic management of ascites is salt and water restriction, guided by 
clinical and biochemical findings. When the patient first presents, the physician 
will establish the cause of the liver disease and the degree of liver dysfunction. 
As far as the management of ascites is concerned, the presence or absence of 
leg edema will be seen to be important, as are the serum electrolytes, blood 
urea nitrogen (BUN), and serum creatinine. A 24-hr urine collection for total 
volume and sodium excretion on a known sodium intake (e.g., a no-added-salt 
diet will contain approximately 100 mM sodium) will also provide useful in
formation. 

3.2. Mild Ascites 

In a patient who presents with mild to moderate ascites for the first time, 
the likelihood is that the serum B UN and creatinine will be normal, and that 
the 24-hr urine sodium excretion will be between 20 and 50 mM/day. Such 
patients should respond to mild sodium restriction, i.e., no-added-salt diet, no 
fluid restriction, and small doses of "distal" diuretics. Such patients when 
challenged with a water-load-test have both a prompt diuresis and natriuresis. 
This response suggests a distal physiological abnormality. The inability to gen
erate "free water" indicates that (1) the filtered fluid load is reaching the distal 
nephron, (2) both the diluting, thick ascending loop of Henle and the suppres
sion of arginine vasopressin are functioning normally, and (3) the causes of 
sodium retention in such patients lie in the more distal parts of the distal con
voluted tubule and collecting duct. Diuretic therapy in these patients should 
begin with either spironolactone 100 mg or with amiloride 10 mg each morn
ing. 67 Spironolactone because of its long half-life takes 3-4 days before the 
accumulated dose of this slow-acting diuretic becomes effective. In contrast, 
the effect of amiloride occurs within 24-48 hr. 

Adjustment of the doses of these diuretics may be required. When there is 
an unsatisfactory response, 25-50 mg of hydrochlorothiazide may be combined 
with 25 or 50 mg of spironolatone in the form of Aldactazide® or 50 mg with 
5 mg amiloride in Moduret® for an enhanced effect. The major side-effect of 
spironolactone is painful gynecomastia, which may necessitate stopping the 
medication. Rarely it causes a tubular acidosis. Both aldactone and amiloride 
can cause hyperkalemia. It is important not to advise taking salt substitutes 
(which are usually potassium salts) with distal diuretic therapy since this can 
result in serious hyperkalemia. 
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3.3. Moderate Ascites 

In patients with greater amounts of ascites, serum BUN and creatinine 
levels may be at the upper limit of normal, or may be slightly elevated due to 
a minor reduction in creatinine clearance. Twenty-four-hour sodium excretion 
is usually further reduced to 10-20 mM sodium per day. A water-loading test 
may result in satisfactory water excretion with the formation of free water but 
with grossly impaired sodium excretion. This suggests the presence of in
creased reabsorption of chloride and sodium in the diluting segment. Such pa
tients will likely require increasing amounts of distal diuretics to maximum 
doses, i.e., spironolactone 400-600 mg daill8 or amiloride 30 mg daily. It is 
doubtful if further increases ever result in a significantly greater natriuresis. 
Instead, it is necessary to add a "loop diuretic" such as furosemide, starting 
at a dose of 40 mg daily. This powerful diuretic will result in an acute diuresis 
within 6-8 hr. Since the mobilization of 500 ml of ascitic fluid back into the 
circulation takes up to 24 hr,69 the net fluid loss and therefore weight loss 
should not exceed 0.5 kg/day. The response of such nonazotemic patients may 
depend on the extent of the elevation of renin and aldosterone: patients with 
higher levels do not respond to furosemide. 70 The exception is patients with 
associated peripheral edema who mobilize fluid more rapidly. These patients 
appear to be at much less risk of developing the complications of powerful 
diuretic therapy. 

3.4. Resistant Ascites 

Patients who develop massive ascites even on maximum diuretic therapy 
are said to have "resistant" ascites. Admitting these patients and keeping them 
in bed for a few days on strict 20 mM sodium and I-liter fluid restriction may 
often result in a diuresis, possibly related to improved renal hemodynamics and 
glomerular filtration, and decreased plasma renin, serum aldosterone, and plasma 
norepinephrine levels. 71 In patients resistant to maximum diuretic therapy, 24-
hr urine sodium excretion is less than 10 mM/day, regardless of sodium intake. 
The patient fails to produce either a natriuresis or diuresis following a water 
load, indicating maximum reabsorption in the proximal tubule. What are the 
options for further management in such patients? 

3.5. Additional Diuretic Therapy 

More powerful loop diuretics such as ethacrynic acid have been used but 
have a high incidence of serious side effects. 72 The powerful diuretic Zaroxy
Ien® 5-10 mg daily acts on the proximal tubule as well as the cortical diluting 
segment, and may be effective in some patients.73 Again, this agent must be 
used with caution, and with careful monitoring of renal function. 
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3.6. Theiapeutic Abdominal Paracentesis 

Removal of large amounts of ascitic fluid by paracentesis is the oldest 
form of therapy, practiced for hundreds of years. Until the 1950s it was still 
the main method of therapy. Then, with the advent of the newer, less toxic 
diuretics such as the mercurials and then the thiazides, paracentesis disappeared 
from the therapeutic armory in cirrhosis, possibly because of injudicious use. 
It crept back in over the years, being used in many Veterans Administration 
hospitals, and was given respectability again by careful studies monitoring sys
temic and renal hemodynamics and function as well as hormone profileS. 74 

These have shown that the removal of 5 liters or more of ascitic fluid with 
replacement of 1 unit of plasma or salt-free albumin results in no change in 
any of the above functional parameters. In contrast, with no intravenous colloid 
replacement, large-volume paracentesis results in a significant deterioration in 
serum creatinine and creatinine clearance, but a rise in right atrial pressure, 
serum atrionatriuretic peptide levels, and cardiac output. 75 The latter is presum
ably due to an improvement in venous return with reduction in intraabdominal 
pressure. In fact, a controlled trial of repeated abdominal paracentesis resulted 
in significantly less morbidity than diuretic therapy. 76 Thus, repeated abdomi
nal paracentesis (which can be continued on an outpatient basis) could become 
the routine therapy for refractive ascites. However, a small group of patients 
require increasingly frequent paracentesis, resulting in a deterioration of quality 
of life. 

3.7. Peritoneovenous Shunting 
The peritoneovenous shunting operation is not without complications. 

Therefore, patients should be carefully selected and be clearly resistant to other 
forms of therapy for their ascites. For example, patients with decompensated 
liver disease do poorly and peritoneovenous shunting is contraindicated. A re
cent history of variceal bleeding is also a relative contraindication. In these 
patients, the varices should first be sclerosed and then the patient should undergo 
shunting. In patients with a recent history of spontaneous bacterial peritonitis, 
diagnostic paracentesis is necessary to be secure that the infection has com
pletely resolved. Indeed, all patients should undergo a diagnostic paracentesis 
preoperatively to exclude an asymptomatic spontaneous bacterial peritonitis. In 
addition, any evidence of myocardial or ischemic heart disease requires inves
tigation. 

At operation, great care must be taken to correctly position the shunt. In 
addition, removal of most of the ascites and replacement with warmed Ringer's 
lactate or normal saline minimizes postoperative coagulopathy problems. Most 
patients have an asymptomatic rise in prothrombin time and a decrease in plate-
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let count. Unfortunately, 5-20% of patients develop a disseminated intravenous 
coagulation (DIC)-like syndrome. 77 .78 This can occur within the first few days 
postoperatively and can manifest clinically with the appearance of spontaneous 
bruising and bleeding. This DIC-like syndrome is thought to be due to a factor 
in the ascitic fluid (such as a procollagen 79 or endotoxin) which results in the 
stimulation of the coagulation cascade and absorption of platelets. 

Following a successful peritoneovenous shunt, the patients either have a 
spontaneous natriuresis or diuresis, or else require 10 mg furosemide I. V. to 
initiate this mobilization. The resultant disappearance of ascites, with the lib
eration of the salt content of their diet and decreased diuretic requirements, 
causes an improvement in their quality of life; their appetite improves and they 
gain true weight or lean body mass. 80 

Unfortunately, there are many possible complications with this shunt, in
cluding infection, shunt blockage, as well as the DIC-like syndrome, which 
can result in shunt dysfunction. Modification of the LeVeen shunt with preset 
loops in parts (Hakim) or with a manual pumper for the patient (Denver) have 
not significantly affected the incidence of complications. 81 Further, the perito
neovenous shunt does not materially affect liver function and therefore does not 
improve the overall mortality rate. 

More experimental therapeutic maneuvers, such as head-out water immer
sion or infusions of pharmacological doses of atrionatriuretic peptides, do not 
show any signs of being useful routine therapeutic modalities. 

4. MANAGEMENT OF THE COM PLICA TlONS OF ASCITES 

4.1. Spontaneous Bacterial Peritonitis82 

Spontaneous bacterial peritonitis is a primary infection of ascitic fluid in 
cirrhotics that is potentially lethal. The incidence appears to have increased 
over the years, especially with asymptomatic infections. 83 This is related to an 
increased recognition of the condition as well as the increasing numbers of 
paracentesis now performed, in which approximately 10% of patients are found 
to be infected. 84 The major infecting organisms are E. coli, streptococcus group 
D, and viridans. 85 The patients may present with fever, chills, and specific 
abdominal symptoms such as pain, tenderness, and decreased bowel sounds 
(Table I). Alternatively, patients may present with nonspecific symptoms, such 
as unexplained encephalopathy or deteriorating liver and/or renal function. Sus
pect the diagnosis, then confirm it by examining the ascitic fluid for the criteria 
shown in Table 2. 85- 89 Start treatment with antibiotics (an aminoglycoside plus 
either ampicillin or cephalosporin) while awaiting the cultures. If there is a 
significant increase in ascitic polymorphonuclear count in the diagnostic tap 
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Table 1. Clinical Findings in Patients with 
Spontaneous Bacterial Peritonitis 

Percent of patients 

Manifestation Study 1 Study 2 

Significant fever 54 68 

Chills 14 

Abdominal pain 51 79 

Abdominal tenderness 51 79 

Rebound tenderness 47 42 

Reduced bowel sounds 21 54 

Decreased mentation 51 54 

Asterixis 46 
Peripheral edema 72 

Hypotension 5 14 

81 

(Table 2), the antibiotics should be continued for a full 2 weeks, even if the 
culture is negative. Why? Because the prognosis in culture-negative neutrocytic 
ascites may be just as grave as spontaneous bacterial peritonitis.90 

4.2. Hepatorenal Syndrome4 

Hepatorenal syndrome is a rare complication of cirrhosis, but it occurs 
most commonly in decompensated alcoholic cirrhotics with ascites. It is usually 

Table 2. Examination of Ascitic Fluid 

Examination Finding 

Appearance Turbid 
pH 7.31 + 
Lactate 15 mg/dl 
WBC count 

Total 500/mm3 

Polymorphs 
Total 250/mm3 

% WBC count 25% 
Glucose Low 
Protein High 
Arterial-ascitic fluid gradient 

pH 0.1 
Lactate -20 mg/dl 

Usefulness 

+ 

+ 

++++ 
++++ 
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precipitated by one of a number of factors including overaggressive diuresis, 
variceal bleeding, and spontaneous bacterial peritonitis. Hepatorenal syndrome 
is defined as a development of renal failure in a cirrhotic patient in the absence 
of intravascular depletion (i.e., excluding prerenal azotemia) or parenchymal 
renal disease (e.g., acute tubular necrosis). Hepatorenal syndrome is therefore 
characterized by a steadily rising serum creatinine, low urinary sodium excre
tion (10 mM/day), a benign urinary sediment, and a normal jugular venous 
pressure. 

The prognosis in such a patient with hepatorenal syndrome is poor, with 
a mortality rate of more than 80%. There is no effective medical therapy. Var
ious renovasodilators have been tried (either intravenously or via direct infusion 
into the renal artery), but only transient improvements occur. 28,91 The use of 
peritoneovenous shunt has been expounded for years, with some positive an
ecdotal results. 92-94 Yet a recent controlled trial showed no significant improve
ment with shunting over medical therapy on the dismal mortality rate. 95 In 
contrast, liver transplantation does hold out real hope for the complete reversal 
of this fatal condition, with a reported long-term survival in four patients of 1-
4 years. 96 

5. CONCLUSION 

The development of ascites in a cirrhotic patient, who until that point 
might well have had a good life expectancy, bodes ill. A decrease in the quality 
of life from dietary restriction, the necessity of diuretic medication, plus the 
possibility of life-threatening complications are all consequences of this devel
opment. It thus behooves us to continue our quest for an understanding of 
ascites so that treatment can improve until prevention becomes a reality. 
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Hepatic Encephalopathy 

Gerald Y. Minuk 

1. INTRODUCTION 

Hepatic encephalopathy is a complex neurological disorder associated with ad
vanced liver disease of either acute or chronic nature. The etiology of this 
disorder has confounded investigators since it was first described by Hippocrates 
in 460-370 B.C. One reason why the pathogenesis has remained so elusive for 
so long is that our understanding of normal consciousness remains relatively 
incomplete. Another is that much of the research past and present has been 
carried out in animal models of acute or, less commonly, chronic liver disease 
and whether the results of these studies can be extrapolated to humans remains 
to be determined. Finally, there is tremendous compartmentation and functional 
heterogeneity throughout the brain and the sophisticated techniques required to 
study specific regions or, more precisely, the specific synapses responsible for 
disturbed levels of consciousness have yet to be developed. Despite these lim
itations, sufficient experimental data are available to state that normal brain 
function in humans is dependent on at least three important factors: (I) ade
quate oxygenation, (2) adequate glucose or nutritional support, and (3) intact 
neurotransmitter systems. Thus, disturbances in anyone of these three areas 
could conceivably result in an alteration in normal consciousness. 

The purpose of this chapter is to provide an updated account of the leading 
hypotheses for the pathogenesis of hepatic encephalopathy. In addition, new 
approaches to the diagnosis and treatment of patients with hepatic encephalop
athy will be discussed. 

Gerald Y. Minuk • Department of Medicine. University of Manitoba, Winnipeg, Manitoba, Can
ada R3A lR9. 
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2. Pathogenesis 

Very early results in experimental animals and humans revealed that he
patic encephalopathy could occur in the presence of adequate arterial oxygen
ation. I Similarly, early studies employing cross-circulation experimental pro
tocols (systemic-portal versus systemic-systemic vascular shunts in liverless rats) 
and infusion experiments in cirrhotic patients demonstrated that neither a defi
ciency in glucose nor other nutritional factors produced by the liver such as 
uridine or cytidine could be implicated in the pathogenesis of hepatic enceph
alopathy.2.3 Thus, according to these early studies, hepatic encephalopathy did 
not appear to be secondary to either hypoxemia or inadequate nutritional sup
port. Rather, the agent or agents responsible appeared to be nitrogenous com
pounds that under normal conditions are efficiently cleared and metaboli~d by 
the liver. With these findings in mind, more recent investigators have offered 
a variety of suggestions as to the nature of those nitrogenous compound(s). The 
most popular and well studied of these are ammonia, aromatic amino acids (the 
false neurotransmitter hypothesis), and 'Y-aminobutyric acid (GABA). 

2.1. The Ammonia Hypothesis 

2.1.1. Homeostatic Mechanisms 

Ammonia is an ubiquitous compound that is an essential nutrient and com
ponent of all proteins. Bacterial ureases (which convert urea to ammonia) and 
deamination of glutamine are two important mechanisms whereby ammonia is 
formed in the gut and then absorbed into the portal circulation.4 Having reached 
the liver, ammonia then serves as a substrate in the resynthesis of urea and 
glutamine. 5 Urea is subsequently excreted in the urine where it constitutes 75% 
of the body's loss of ammonia. Smaller amounts of ammonia are lost as free 
ammonia in the urine and stool; an even smaller proportion is exhaled from the 
lungs. Ammonia in the systemic circulation contributes significantly to the pro
cess of alanine synthesis by skeletal muscle. 6 In advanced liver disease of either 
acute or chronic nature, ammonia extraction from the portal circulation by the 
liver is impaired due to either functional intrahepatic shunting of blood past 
hepatocytes or extrahepatic anatomical shunts through venous collaterals. The 
net result of the shunting process is an elevation in plasma and ultimately brain 
ammonia levels.6 In cachectic patients, plasma levels are further contributed to 
by the decrease in ammonia extraction and alanine formation due to limited 
skeletal muscle mass. 

2. 1.2. Ammonia and Brain Function 

How elevated plasma ammonia levels might interfere with central nervous 
system function is not entirely clear. It is known, however, that ammonia up-
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take and/or formation by the brain is increased in the presence of advanced 
liver disease as reflected by an increase in cerebral spinal fluid glutamine lev
els. 5,6 It is also known that ammonia has a direct depressant effect on neuronal 
membrane transfer of electrolytes and water. 7 In particular, ammonia inhibits 
chloride ion extrusion from postsynaptic neurons causing hyperpolarization of 
the resting membrane potential. Ammonia also alters the cytoplasmic/mito
chondrial NADH/NAD ratio and interferes with the malate-aspartate shuttle 
thereby decreasing cell energy stores and diminishing the concentrations of ex
citatory neurotransmitters (glutamate and aspartate). 7 Which, if any, of these 
effects are important in the pathogenesis of hepatic encephalopathy remains to 
be determined. 

2.1.3. Supportive Evidence 

The ammonia hypothesis is supported by the following findings: (1) Arti
ficial elevations of plasma ammonia levels in both animals and humans (by the 
ingestion of high protein meals) or congenital abnormalities of the urea cycle 
which lead to significant hyperammonemia in children8,9 reproduce many of 
the personality and neuromuscular manifestations of hepatic encephalopathy, 
(2) Repeated infusions of ammonia salts result in Alzheimer type II astrocyte 
changes that are similar to the histopathological findings observed in the autop
sied brains of patients with chronic hepatic encephalopathy. (3) Cerebral uptake 
of ammonia is increased in hepatic encephalopathy as are concentrations of 
ammonia in the central nervous system.6 (4) Therapeutic manipulations of the 
bowel known to alter ammonia absorption are often associated with an im
provement in the encephalopathic state. 10,11 

2,1.4. Nonsupportive Evidence 

Over the past 10 years, a sufficient body of evidence has accumulated to 
suggest that ammonia does not playa pivotal role in the pathogenesis of hepatic 
encephalopathy. Some of that evidence includes the following: (l) The finding 
that hepatic encephalopathy can occur in low ammonia conditions such as germ
free rats. 4 (2) Electroencephalographic abnormalities in humans or animals with 
hyperammonemia do not resemble those found in humans or animals with well
documented hepatic encephalopathy.12 (3) One of the more important features 
of hepatic encephalopathy is the marked fluctuation in signs or symptoms and 
the total reversibility of the disorder once hepatic function is restored. Ammo
nia, on the other hand, is a dose-dependent neurotoxin that results in nonfluc
tuant and, if long-standing, irreversible impairment of central nervous system 
function. 13 (4) Pure acute ammonia intoxication as seen in children with defects 
in intermediary metabolism is a hyperkinetic excitatory state often leading to 
convulsions, whereas hepatic encephalopathy is typically a hypokinetic state 
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characterized by drowsiness, somnolence, and coma. 14 (5) Finally, blood am
monia concentrations do not correlate particularly well with the existence or 
severity of hepatic encephalopathy. Indeed, plasma ammonia levels can in
crease or remain unchanged while the patient's clinical status improves. Alter
natively, plasma levels might decrease while the patient's clinical status dete
riorates. 15 

Thus, current evidence indicates that a plasma ammonia disturbance is 
more likely to be indicative of deranged nitrogen metabolism than have etiolog
ical importance in the pathogenesis of hepatic encephalopathy, 

2.2. False Neurotransmitter Hypothesis 

2.2.1. Homeostatic Mechanisms 

The branched chain amino acids consist of leucine, isoleucine, and valine. 
The aromatic amino acids are tyrosine, phenylalanine, and tryptophan. Branched 
chain amino acids are normally metabolized by skeletal muscle (in the presence 
of insulin). Their uptake by the liver is limited. Aromatic amino acids, on the 
other hand, are rapidly and efficiently cleared by the liver and metabolized 
within hepatocytes to form glucose. Both branched chain and aromatic amino 
acids compete at the level of the blood-brain barrier for access into the brain 
via the same neutral amino acid transport system. 16 

The paradoxical finding of elevated serum insulin and glucagon levels is 
common in patients with advanced liver disease. 17 One of the many effects of 
the hyperinsulinemic component of the hormonal disturbance is a significant 
increase in branched chain amino acid uptake by skeletal muscle, and thus a 
decrease in their serum concentrations, Conversely, the hyperglucagonemia re
sults in enhanced aromatic amino acid release from skeletal muscle, and thus 
an increase in their serum concentrations. At the same time, hepatic clearance 
of aromatic amino acids is impaired, resulting in a further increase in their 
serum concentrations. 18,19 The net result of these changes is a marked increase 
in aromatic amino acid uptake by the neutral amino acid transport system at 
the blood-brain barrier. 

2.2.2. Aromatic Amino Acids and Brain Function 

Within the brain, increased levels of phenylalanine impair the normal con
version that takes place from tyrosine to dopamine and norepinephrine ("true" 
neurotransmitters), Instead, tyrosine is decarboxylated to tyramine and then fur
ther shunted toward the formation of octopamine, a relatively weak neurotrans
mitter compound. 20 The false neurotransmitter hypothesis suggests that ele
vated brain octopamine levels successfully compete with dopamine and 
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norepinephrine for their respective neuronal receptor sites and thus decrease 
"true" neurotransmission. 16 The increased levels of tryptophan in the brain 
may independently contribute to the encephalopathic state by virtue of its role 
as a precursor to serotonin which has inherent neuroinhibitory properties. 17 

2.2.3. Supportive Evidence 

Support for the false neurotransmitter hypothesis is derived from the fol
lowing findings. First, the amino acid profile discussed previously (elevated 
aromatic amino acids and decreased branched chain amino acids) is common 
in patients with hepatic encephalopathy. 20 Second, data in experimental ani
mals with coma generally show a decrease in norepinephrine and an increase 
in brain serotonin levels. 21 Third, pharmacological experiments in normal ani
mals suggest that increased serotonin-receptor binding is associated with drow
siness and sleep, whereas decreased binding is associated with arousal. 22 

2.2.4. Nonsupportive Evidence 

Unfortunately for proponents of the false neurotransmitter hypothesis, ar
tificially induced increases in brain octopamine levels to values 200,000 times 
normal have not been associated with a decreased level of consciousness, nor 
has norepinephrine and dopamine depletion in the brains of experimental ani
mals been documentedY Moreover, norepinephrine and dopamine levels have 
been normal in most human autopsy studies. 24 Finally, controlled clinical trials 
of L-dopa, a precursor of dopamine, have failed to consistently demonstrate a 
beneficial therapeutic response to this agent in patients with a chronic hepatic 
encephalopathy. 25.26 

2.3. GABA Hypothesis 

y-Aminobutyric acid (GABA) was first formally proposed as an etiological 
agent in the pathogenesis of hepatic encephalopathy by Schafer and Jones in 
1982.27 Their hypothesis was based on similarities between the electroen
cephalographic (EEG) findings of hepatic encephalopathy and the EEG changes 
observed when agents that bind to GAB A receptor sites were administered to 
experimental animals. 28 Moreover, by this time, GABA was widely acknowl
edged as the principal inhibitory neurotransmitter in the mammalian brain with 
approximately 25-45% of neuronal activity in the brain having been identified 
as being under GABAergic control mechanisms. 29 Because the GABA hypoth
esis is the most recently advanced of the three hypotheses under discussion, it 
will be considered in somewhat more detail than the others. 
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2.3 .1. Homeostatic Mechanisms 

2.3.1a. Sources of Systemic GABA. Systemic GABA, like ammonia and 
the aromatic amino acids, is largely gut-derived. 30.3 1 Both aerobic and anaero
bic bacteria of the intestine produce amounts of GABA that are proportionate 
to the luxuriance of their growth. Recently, it was also demonstrated that the 
intestinal wall is capable of producing large amounts of GABA, a finding that 
may be of particular relevance to the encephalopathy seen in germ-free rats 
with liver failure. 32 

2.3.1b. Systemic GABA Clearance. The liver is the organ primarily re
sponsible for GABA clearance and metabolism. 33,34 The kidney contributes only 
minimally and in a limited number of animal species. 33 Portal venous GABA 
concentrations are approximately twice that of systemic blood. 3o,35 A specific 
GABA transport system has been identified on the surface of isolated hepato
cytes that was not present on either Kupffer cells or endothelial cells of the 
liver. 34 This transport system is sodium- and pH-dependent35 with decreased 
GABA uptake in the presence of hyponatremia and systemic alkalosis (two 
metabolic disturbances commonly found in patients with hepatic encephalop
athy).36 

2.3.1c. Serum GABA Levels in Liver Failure. Three clinical studies have 
demonstrated an elevation in serum GABA concentrations in the presence of 
encephalopathy and advanced liver disease. 37-39 In the first, which included 
patients with acute or chronic liver disease, GABA concentrations were mark
edly elevated and significantly higher than those described subsequently in the 
two other reports. In that study, however, serum GAB A levels were determined 
by a radioreceptor, competitive inhibition assay. 37 It is conceivable that other 
amino acids that bind to the same GAB A receptor site would artificially in
crease the recorded GABA concentrations. Indeed, preliminary data would sug
gest that this was the case.40 

In the remaining two studies, one in adults with advanced chronic liver 
disease38 and the other in young children with Reye's syndrome,39 serum GABA 
levels were 5-20 times the upper limit of normal, but were within the normal 
range in patients with liver disease and no evidence of hepatic encephalopathy. 
In each of these studies, serum GABA concentrations were measured by ion 
exchange chromatography with fluorometric enhancement. 41 Determinations of 
serum GABA concentrations in animal models of hepatic encephalopathy have 
led to conflicting results with some studies reporting increased values while 
others report no change.4O-42 

2.3.1d. GABA Access to the Brain. Based on experiments in which bolus 
infusions of GABA were administered intravenously into the systemic circula-
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tion of healthy experimental animals, it is generally believed that little if any 
GABA from the systemic circulation gains access into the central nervous sys
tem. Yet when GABA is administered by a constant intravenous infusion in 
healthy dogs (an animal with cerebral blood flow that more closely approxi
mates that of man), a stepwise increase in cerebral spinal fluid GABA concen
trations has been observed.43 The amounts of GABA in the systemic circulation 
required to achieve these results, however, far exceed the levels reported in 
experimental animals or humans with hepatic encephalopathy. 

More recent studies suggest that in the presence of advanced liver disease, 
systemic GABA entry into the central nervous system is significantly enhanced. 
In one such study, using the galactosamine model of acute fulminant hepatitis 
in rabbits, cerebral uptake of the slowly metabolized, radiolabeled, GABA iso
mer [14C]a-aminoisobutyric acid was increased 5- to lO-fold in gray matter 
areas when compared to healthy controls. 44 In other experiments, intracarotid 
infusions of radiolabeled GABA in the same animal model were associated 
with significant increases in the calculated brain uptake index in all regions of 
the brain studied. 45 

2.3.2. GABA and Brain Function 

At least two specific binding sites exist for GABA on the GABA receptor 
complex: a high- and a low-affinity binding site. 46 The low-affinity site appears 
to be the more physiologically relevant of the twO. 47 The role of the high
affinity site (if any) has yet to be determined. 

y-Aminobutyric acid exerts its neuroinhibitory effects in the central ner
vous system by increasing neuronal membrane permeability to chloride ions 
through chloride ionophores located on postsynaptic membranes. 28 This results 
in increased chloride influx and hyperpolarization of the resting cell membrane 
potential. The hyperpolarized cell is thereby rendered refractory to subse
quently conducted action potentials. Benzodiazepines and barbiturates also bind 
to specific sites on the GABA receptor complex, resulting (in the case of ben
zodiazepines) in an increase in the frequency that the chloride channel is opened 
or (in the case of barbiturates) an increase in the duration that the channel 
remains open. 28 Neither benzodiazepines nor barbiturates exert these effects in 
the absence of GABA. 

In animal models of hepatic encephalopathy, various claims have been 
made regarding the status of these macromolecular GABA receptors. For ex
ample, some investigators contend that at some time during the encephalopathic 
process, perhaps even prior to the onset of encephalopathy, the density (but not 
affinity) of high- and/or low-affinity GABA receptors in the brain is in
creased. 48-50 The increase in GABA receptor density provides an attractive ex
planation for the clinical observation that patients with hepatic encephalopathy 
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are unusually sensitive to the effects of benzodiazepine and barbiturate com
pounds.51 Conversely, others have been unable to demonstrate such changes in 
GABA receptor density. 49 This conflict may in part be resolved by recent find
ings that indicate that anxiety and/or physical handling of experimental animals 
prior to sacrifice may cause GABA receptor density changes similar to those 
previously described in encephalopathic animals. 52 

2.3.3. Supportive Evidence 

Support for the GABA hypothesis can be derived from the following find
ings: (l) GABA is synthesized by gut bacteria as well as the intestinal wall 
(which, as discussed earlier, may be of particular importance in the explanation 
of the encephalopathy that accompanies liver failure in germ-free animals). (2) 
The liver is the organ primarily responsible for systemic GABA homeostasis. 
(3) Serum concentrations of GABA are increased in humans with hepatic en
cephalopathy. (4) GABA entry into the central nervous system is enhanced in 
liver failure, and (5) GAB A receptor changes may occur during the course of 
hepatic encephalopathy. (6) small amounts of GABA, when instilled into the 
brains of experimental animals, result in clinical and electroencephalographic 
changes compatible with the encephalopathic state; (7) the administration of 
GABA receptor agonists induce the same visual evoked patterns as those seen 
in animals or humans with hepatic encephalopathy53,5\ and (8) the results of 
new therapeutic approaches for hepatic encephalopathy wherein GABA recep
tor antagonists have been used therapeutically with some initial success55-58 (to 
be discussed in Section 4). 

2.3.4. Nonsupportive Evidence 

Not all studies have provided support for the GABA hypothesis. For ex
ample, in one, rats treated with galactosamine did not show an increase in 
endogenous blood GABA levels (although hepatic GABA clearance was im
paired).42 Moreover, following intravenous GAB A administration, concentra
tions of GABA in the brain were lower in comatose than in the control rats. 
Recent work in humans suggests that elevated serum GABA concentrations are 
not a uniform finding. 59 In other studies, brain GABA concentrations in ani
mals and humans who had died with acute or chronic liver failure and enceph
alopathy were either normal or even below normal when compared to healthy 
controls.60-62 Finally, instillation of muscimol (a specific GABA receptor ago
nist) into the cerebral ventricles of rats with chronic portal caval shunts did not 
induce coma (although it did hasten the development of encephalopathy in rats 
with acute liver damage following portal caval shunt plus hepatic artery liga
tion).63 The same study also showed that in the absence of muscimol, neither 
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bicuculline nor picrotoxin (GABA receptor and chloride ionophore antagonists, 
respectively) influenced the course of encephalopathy in animals with acute 
hepatic failure. 

In short, sufficient nonsupportive or contradictory evidence has accrued to 
suggest that much further work is required before the GABA hypothesis can be 
accepted as being relevant to the pathogenesis of hepatic encephalopathy. 

3. DIAGNOSIS 

3.1. Clinical Features 

There are numerous clinical findings associated with the encephalopathic 
state, none of which are specific for hepatic encephalopathy. 36 Perhaps the 
most common findings are hypersomnolence, disturbed level of consciousness, 
reversal of normal sleep patterns, decrease in spontaneous movements, fixed 
stare, and apathy. Personality changes may also occur, with some patients oc
casionally appearing childish or extremely irritable. Many of these findings, 
particularly those associated with personality changes, are relatively early signs 
of hepatic encephalopathy and may only be apparent to the patient's family or 
close friends. As the encephalopathy becomes more advanced, however, the 
signs become more marked, confusion develops, and the encephalopathy be
comes apparent to even the casual observer. By this time, abnormalities in 
spatial gnosis, as reflected by construction apraxia, are also evident. Other 
common physical signs include fetor hepaticus (an odd, sweetish smell of the 
breath thought to be secondary to increased mercaptan concentrations), hyper
active stretch reflexes, paratonia, and, ultimately, decerebrate posturing. The 
speech and cadence of the encephalopathic patient is slow, slurred, and monot
onous. Asterixis, an often sought and important clinical feature of hepatic en
cephalopathy, is tested by fixed extension of the forearms, dorsiflexion of the 
wrists, and fanning of the digits with eyes opened and then closed. A rapid, 
forward flexion of the hands with further fanning of the fingers reflects de
creased afferent (proprioceptive) input to the reticular activating system. When 
arms or hands are not available or when it is inappropriate to test these areas, 
as in the case of trauma to these regions, the neck, tongue, or eyelids can be 
used in a similar manner. Once the encephalopathy has advanced to the stage 
of coma, asterixis, like many of the other motor abnormalities, is no longer 
present. The Glasgow coma scale is used by many physicians to describe the 
more advanced clinical stages of hepatic encephalopathy. 64 

Often patients with advanced liver disease present sufficiently early in their 
course that symptoms or signs of encephalopathy are not yet apparent to any 
observer. In this setting, more sensitive tests such as psychometric testing, 
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standard electroencephalograms, or visual evoked potential responses may be 
useful diagnostic aids. 

3.2. Laboratory Tests 

There is no one laboratory test that is specific for the diagnosis of hepatic 
encephalopathy. Rather, a combination of the mode of presentation, clinical 
features, and the presence of certain laboratory findings are usually required. 
The laboratory findings that are most useful in establishing the diagnosis of 
hepatic encephalopathy and at the same time correlate well with the clinical 
course of the patient are an increase in glutamine and ketoglutarate levels in 
the cerebral spinal fluid. 65 However, these tests are rarely carried out due in 
part to concerns regarding the performance of a lumbar puncture in patients 
with potentially severe bleeding diatheses and/or increased intracranial pres
sure. More readily available, but at the same time less helpful, are a series of 
systemic biochemical abnormalities that are less specific and correlate better 
with the extent of liver disease than the stage of encephalopathy. These include 
elevated plasma ammonia, aromatic amino acids, short-chain fatty acids, and 
mercaptan levels. 24 A decrease in branched chain amino acid concentrations 
also falls into this category. 24 

Recently, much interest has been generated by the use of various psycho
metric tests in diagnosing early (preclinical) hepatic encephalopathy. 6&-68 These 
tests have also been found to be useful in following the course of the disease, 
a feature that is becoming increasingly important as new therapeutic modalities 
are being considered. Of the many psychometric tests that can be applied, the 
Reitan trail-making or number connection test has achieved the most popular
ity.69 In this test, patients are timed as they connect a series of numerical dots. 
The number patterns of the dots are changed frequently in order to minimize 
the learning effect of repetitive testing. The test is quick, inexpensive, and 
accurate. It can be carried out in the hospital or office. It is more sensitive than 
the majority of other psychometric tests including the five-pointed-star con
struction test, signature test, or subtraction-of-serial-sevens test and is easier to 
quantitate. Unfortunately, like the biochemical markers, the test suffers from a 
lack of specificity. 

The EEG abnormalities observed in patients with hepatic encephalopathy 
are also nonspecific. Similar if not identical changes are seen in patients with 
encephalopathy secondary to advanced renal disease or other severe metabolic 
disturbance. Nonetheless, the presence of low-frequency, high-amplitude wave
forms in a patient with advanced liver disease, a decreased level of conscious
ness, and no alternative explanation for the latter finding is strong supportive 
evidence for the diagnosis of hepatic encephalopathy.70,71 Moreover, the extent 
of the abnormality on EEG correlates well with the patient's clinical status, 72 
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Thus, serial EEGs may be useful in following the course of the patient's ill
ness. 

Although problems with specificity occasionally arise, EEGs are relatively 
sensitive tests of cognitive function. Indeed, abnormalities compatible with he
patic encephalopathy may be present prior to the appearance of clinical features 
and may remain abnormal once clinical features have resolved. 72 

EEG tracings may also help identify alternative causes of a decreased level 
of consciousness such as seizure activity or changes suggestive of a space
occupying lesion. 

Repeated stimulation of the visual cortex with controlled flashes of light 
elicits both excitatory and inhibitory neuronal activity within that region of the 
brain. A visual evoked response is a computerized analysis of brain activity in 
the visual cortex that averages these responses to provide a specific waveform 
with both positive and negative inflections 73. Disturbances in the character and 
dynamics of the waveform may occur early (prior to the onset of clinical fea
tures) and seem to correlate well with the clinical stage of encephalopathy. 74.75 

Although the pattern of the visual evoked response is not entirely specific for 
hepatic encephalopathy, it is more so than an EEG. Other conditions that can 
produce similar wave disturbances include postictal somnolence and the admin
istration of benzodiazepines or barbituates. 76 Indeed, the changes associated 
with these disorders are so similar to hepatic encephalopathy that a common 
pathogenetic mechanism has been suggested. Somatosensory and auditory evoked 
responses can be used in a similar manner. 

Tranquilizers, 
Sedatives, 
Analgesics 

Figure 1. Common precipitating causes of hepatic encephalopathy. 
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3.3. Differential Diagnosis 

The following disorders can be associated with clinical features that are 
indistinguishable from hepatic encephalopathy: uremia, respiratory failure, 
congestive heart failure, and hyponatremia. 36 Fortunately, laboratory and/or ra
diological investigations will often identify their presence. Other disorders that 
can mimic hepatic encephalopathy include drug overdose, Wernicke's enceph
alopathy, the presence of a subdural hematoma, occasionally alcohol with
drawal, and hypoglycemia. Here again, a high index of suspicion is often all 
that is required to exclude these possibilities. 

4. TREATMENT 

After ensuring that glucose levels and blood oxygen saturation are ade
quate, the treatment of hepatic encephalopathy consists of a search for precip
itating factors, minimizing protein absorption from the gut, and supporting or 
maximizing liver function. 

The three most common precipitating factors of hepatic encephalopathy 
are prerenal azotemia (secondary to aggressive use of diuretics and/or persistent 
vomiting/diarrhea); the injudicious use of tranquilizers, sedatives, or analgesics; 
and overt or covert gastrointestinal hemorrhage (either variceal, peptic ulcera
tion, or gastritis)77 (Fig. 1). Other precipitating factors include normal or ex
cess dietary protein intake, hypokalemic alkalosis (often secondary to diuret
ics), bacterial infection (pneumonia and bacterial peritonitis are especially 
common), and prolonged constipation. 77 

The removal of proteinaceous compound(s) from the gut is an important 
aspect of treatment for hepatic encephalopathy. 24,36 This can be achieved by 
(1) reducing (when the liver failure is chronic) or eliminating (when acute) 
protein from the diet18-8o; (2) administering nonabsorbable antibiotics, such as 
neomycin, that are effective against intestinal bacteria81 ,82; and (3) using pur
gatives such as lactulose (at a dose necessary to achieve two or three bowel 
actions daily)83-86 or magnesium sulfate/lactulose enemas. 87,88 

Whether the coadministration of neomycin and lactulose has a synergistic 
or detrimental effect on the course of encephalopathy remains unclear. 89,90 In 
contrast to theoretical concerns regarding what effect neomycin will have on 
the bacterial flora required for lactulose metabolism, at least one clinical study 
has shown a significant improvement in plasma ammonia concentration when 
both agents were administered simultaneously as compared to when provided 
on an individual basis. 91 Testing of stools to ensure that the pH is less than 5 
may help in identifying patients in whom combination therapy is unlikely to be 
of benefit. II ,90,92 

Initial enthusiasm was generated by the results of early uncontrolled stud-
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ies in which branched chain amino acids were administered either parenterally 
or enterally to patients with hepatic encephalopathy. 93-95 Subsequently, pro
spective, randomized, controlled trials, with the possible exception of studies 
using ketoanalogs, were unable to confirm these early findings. 26.96 Although 
not effective for hepatic encephalopathy, the use of branched chain amino acids 
is safe and beneficial (in terms of nutrition) in the setting of an encephalopathic 
patient with severe malnutrition who requires protein calories. 

Controlled clinical trials have failed to demonstrate that dopaminergic drugs 
such as L-dopa and bromocriptine consistently improve the encephalopathic 
state. 25 .26 The use of these agents should therefore be restricted to the rare 
patient who is refractory to all other measures and is not a candidate for liver 
transplantation. 

Metronidazole, a potent antibiotic against gram-negative anaerobic bacte
ria of the gut, is as effective as neomycin in treating patients with mild to 
severe hepatic encephalopathy.97.98 The two agents may even have a synergistic 
effect when used together. 97 Metronidazole should generally be used in the 
setting of chronic encephalopathy where the nephrotoxic and ototoxic potential 
of neomycin preclude the use of this agent beyond 5 days and lactulose alone 
is insufficient to maintain a functional sensorium. 

Sorbitol and lactitol are two synthetic compounds that are better tolerated 
than lactulose, more predictable in their effect, and cause less osmotic diarrhea 
and hypematremia. Preliminary studies in 40 cirrhotic patients with acute epi
sodes of hepatic encephalopathy indicate that these agents may be as effective 
as lactulose in improving the clinical grade of encephalopathy, EEG grade, 
number connection times, and venous blood ammonia concentrations. 99 Lacti
tol enemas were also shown to be as effective as lactulose enemas in the treat
ment of 45 episodes of acute hepatic encephalopathy. 87 Of interest, the same 
study reported that tap water enemas had no effect on the mental state grade, 
number connection test, asterixis grade, plasma ammonia level, or EEG grade. 

Sodium benzoate, sodium phenyl acetate , and zinc all increase nitrogen 
excretion. Zinc also alters ammonia and GABA metabolism. When sodium 
benzoate and sodium phenylacetate were given in a double-blind crossover fashion 
to eight male patients with chronic hepatic encephalopathy, all patients either 
improved or maintained their mental status comparable to that achieved with 
conventional therapy.loo Moreover, blood ammonia levels decreased and the 
encephalopathy index improved in all but one treated patient. Similarly, in 
eight cirrhotic patients with chronic hepatic encephalopathy, oral zinc therapy 
was associated with a significant improvement in trail-making test results while 
no improvement was seen in 12 placebo recipients. 101 Whether the positive 
results obtained with these agents will be confirmed by future studies (which 
hopefully will involve larger patient populations) remains to be determined. 

Perhaps the most exciting new development in the treatment of hepatic 
encephalopathy is the use of benzodiazepine antagonists, such as Ro 15-1788 
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and CGS-8216, which interfere with the binding of endogenous, benzodiaze
pine like ligands to their receptor sites on the GABA receptor complex. These 
agents have been shown to reverse hepatic encephalopathy in rabbits55 and 
rats. 56 They have also been reported to induce marked and rapid, albeit tran
sient, improvements in humans with chronic liver disease and encephalopa
thy.57.58,I02 The results of controlled clinical trials with these agents are eagerly 
awaited. 

5. SUMMARY 

In 1978 it was stated that "when one has finished reviewing all of the 
postulated mechanisms for the biochemical pathogenesis of portasystemic en
cephalopathy, one is left with no completely satisfying answer and a number 
of quite unsatisfactory ones." Although much of this statement remains true 
today, our understanding of the pathogenesis of hepatic encephalopathy is cer
tainly more complete now than it was ten years ago, as is our ability to diag
nose and treat patients with this disorder. Specifically, the GABA hypothesis 
has led to a more complete understanding of normal brain physiology in both 
animals and humans. It has also resulted in extensive documentation of the 
effects of advanced liver disease on amino acid neurotransmitter mechanisms. 

With respect to developments in diagnosis, the Reitan trail-making test 
and visual evoked responses have evolved as useful and convenient tests in the 
diagnosis and monitoring of encephalopathic patients. Regarding treatment, the 
emergence of new agents designed to reverse the underlying pathophysiological 
disturbance in hepatic encephalopathy marks the beginning of a new and excit
ing era of providing specific treatment for this potentially lethal disorder. 
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Recent Advances in the 
Management of Islet Cell Tumors 

Paul N. Maton 

1. INTRODUCTION 

6 

Islet cell tumors are relatively rare. They can occur as a sporadic disease and 
most of them have also been described as part of multiple endocrine neoplasia 
type I. One of the best available estimates of frequency of the occurrence of 
these tumors comes from Ireland where the incidence of insulinomas is 0.9 
case per million per year, gastrinomas 0.4 cases, and all other islet cell tumors 
less than 0.2 case per million per year. I Islet cell tumors are usually described 
as slow growing and some patients with extensive metastatic disease live for 
many years. Nevertheless, many of these tumors release biologically active 
products into the circulation that can produce symptoms out of all proportion 
to tumor bulk. Indeed, these symptoms may be life threatening in a patient 
who otherwise has a relatively good prognosis from the point of view of tumor 
growth and spread. Conversely, the abolition of paraneoplastic symptoms can 
leave the patient feeling well despite the presence of a considerable tumor bur
den. 

All islet cell tumors of the pancreas have similar histological appearances 
and the type of clinical syndrome depends on the nature of the products that 
are released into the circulation. These tumors are therefore classified function
ally into those that produce principally vasoactive intestinal peptide (VIPomas), 
insulin (insulinomas), glucagon (glucagonomas), gastrin (gastrinomas), soma
tostatin (somatostatinomas), and growth hormone releasing factor (GRFomas).2 
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Islet cell tumors may also release ACTH causing atopic Cushing's syndrome,3 
amines and other products giving rise to an "atypical" carcinoid syndromez or 
humoral hypercalcemic factors. z Rarely, tumors can produce solely neurotensin 
or pancreatic polypeptide, neither of which apparently gives rise to a clinical 
syndrome. Z These latter two tumor types are usually grouped with those tumors 
that produce no detectable products and are referred to as nonfunctioning tu
mors. A proportion of islet cell tumors contain multiple peptides as detected by 
immunocytochemistry and a small proportion release more than one peptide 
into the circulation. In these cases, the tumors are usually classified by the 
dominant clinical syndrome, though on occasion this classification may be 
somewhat arbitrary. 

When considering the management of islet cell tumors, it is necessary to 
consider both the control of the paraneoplastic symptoms and control of the 
tumor. Clearly, in patients with metastatic disease who are not curable, the 
control of symptoms is the major therapeutic goal. In patients without meta
static disease, if the primary tumor can be identified, there is a possibility of 
surgical cure. 

2. Control of Symptoms 

2.1. Introduction 

Traditional modes of therapy for symptoms caused by islet cell tumors 
include methods designed to reduce tumor bulk, such as surgery, chemother
apy, or hepatic arterial embolization (see below). But even if appropriate, such 
forms of therapy remain ineffective in a proportion of patients, particularly 
those with metastatic disease. An alternative approach for symptomatic relief 
in patients with islet cell tumors is to block the function of the target tissue on 
which circulating peptides act. This approach has been most successful in pa
tients with gastrinomas (Zollinger-Ellison syndrome) where the use of hista
mine Hz-receptor antagonists reduces acid secretion by parietal cells and thus 
effectively blocks the action of circulating gastrin on acid secretion. No com
parably specific and effective drugs have been developed for other islet cell 
tumors, though a variety of measures to control symptoms have been used 
(Table 1). Recently, however, new drugs have been developed that can control 
symptoms due to islet cell tumors. For gastrinoma, omeprazole has become 
available, which is capable of controlling acid secretion even more effectively 
than the Hz-receptor antagonists, and for other islet cell tumors a somatostatin 
analog, SMS 201-995, has proved promising. * 

*SMS 201-995 has been renamed octreotide (generic name) and Sandostatin (Sandoz) (trade name). 
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Table 1. Therapy for Symptoms Produced by Islet Cell Tumors 

VIPoma 

Gastrinoma 

Insulinoma 

Glucagonoma 

Somatostatinoma 

GRFoma 

Codeine, loperamide, lithium, indomethacin, metac!opramide, chlor
promazine, corticosteroids, fluid and electrolyte supplements 

Cimetidine, ranitidine ± anticholinergics 

Carbohydrate-rich meals, diazoxide, verapamil, diphenylhydantoin 

Topical and oral zinc, protein supplements, insulin, anticoagulants 

Cholecystectomy 

Bromocriptine, hypophysectomy 

2.2. Omeprazole 

111 

Omeprazole is the first of a new class of agents, substituted benzimida
zoles, which function as specific inhibitors of the hydrogen-potassium ATPase 
found on the luminal surface of the gastric parietal cell. Omeprazole apparently 
binds irreversibly to the ATPase and thus inhibits gastric acid secretion. 4 Onset 
of inhibition occurs within 4 hr and the inhibition lasts 2 or 3 days.4 A previous 
publication from our unit demonstrated that short-term use of omeprazole was 
safe and effective for controlling gastric acid secretion in patients with gastri
nomas. 5 However, in 1984 animal toxicity data demonstrated that long-term 
omeprazole in high dosage caused the development of gastric carcinoids in 
rats. 6 All trials in humans were stopped, the only exception being in patients 
with Zollinger-Ellison syndrome. Accordingly, we have conducted a long-term 
study of the safety and efficacy of this drug in patients with gastrinoma. 7 

Twenty-seven patients have been treated with omeprazole for up to 3 years. 
Each patient was monitored before treatment and after 6, 12, 24, and 36 months 
after starting the drug. On each occasion gastric acid secretion was determined, 
and a complete blood count, biochemical profile, and urinalysis were per
formed. In addition, each patient underwent upper intestinal endoscopy and 
gastric biopsies were taken. The dose requirement of omeprazole was deter
mined as that which reduced gastric acid secretion to less than 10 meq/hr in 
the last hour before the next dose. This criterion for determining the dose of 
antisecretory medication had been shown to be safe in previous studies with 
Hz-receptor antagonists. 8 All patients were treated with omeprazole, initially 
with one dose per 24 hr, and if the dose required was greater than 120 mg124 
hr, the dose was split into two equal doses administered every 12 hr. 

Of the 27 patients, 25 required only one dose per 24 hr, and two required 
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two doses per 24 hr. The mean dose required per day was 75 mg with a range 
of 20-120 mg. The dose of omeprazole was not related to the basal or maximal 
gastric acid secretion rate, nor to the plasma concentration of gastrin, but was 
directly related to the previous Hz-receptor antagonist dose. 

Of the 27 patients treated with omeprazole, 4 have been treated for 3-6 
months, 8 for 6-12 months, 7 for 12-24 months, and 8 for more than 24 
months. In every patient, symptoms related to gastric acid hypersecretion were 
controlled completely and there were no endoscopic features of peptic ulcer 
disease. During therapy only two patients have required an increase in dose as 
judged by acid secretion measurements. General toxicity studies showed no 
side effects and no changes in complete blood count, plasma electrolytes, liver 
function tests, thyroid function tests, or urinalysis. Furthermore, there was no 
change in plasma concentrations of gastrin. Follow-up endoscopy has revealed 
no gastric carcinoid tumors and there have been no microscopic tumors ob
served in gastric biopsies taken at the time of endoscopy. 

Thus, omeprazole offers certain advantages over Hz-receptor antagonists 
for patients with gastrinomas. All patients taking omeprazole preferred omepra
zole because of the need for fewer doses and fewer tablets per day, and none 
of the patients needed anticholinergics while taking omeprazole. Gastric acid 
secretion could be controlled in all patients taking omeprazole, including two 
in whom acid secretion was not controlled by 8 g 24 hr of ranitidine. Further
more, none of the patients with metastatic gastrinoma taking omeprazole re
quired intravenous antisecretory medication during vomiting caused by che
motherapy. If long-term studies confirm the lack of toxicity of omeprazole, it 
will become the drug of first choice in patients with gastrinoma. Since the 
animal studies first demonstrated the development of carcinoids in rats, new 
evidence has appeared suggesting that this is not a direct tumorigenic effect of 
the drug itself, but rather is due to the fact that omeprazole is capable of pro
ducing achlorhydria, which leads to hypergastrinemia. Prolonged hypergastri
nemia in tum produces an increase in mucosal enterochromaffin-like cells (EeL 
cells) and the EeL hypertrophy on occasion leads to the development of gastric 
carcinoid tumors. 9 Not only omeprazole but also ranitidine, if given in suffi
cient dosage, will increase the number of peL cells in the gastric mucosa of 
rats. 1O The EeL cell hyperplasia is prevented by antrectomy, which lowers 
circulating plasma gastrin, and the degree of EeL cell hyperplasia is directly 
related to plasma gastrin concentration. 1O The rat responds to omeprazole-in
duced achlorhydria with a 15-fold increase in plasma gastrin. Such a rise in 
plasma gastrin does not occur when omeprazole in therapeutic dosage is given 
to humans. Plasma concentrations of gastrin remain in the normal range. II 
Nevertheless, continued vigilance during the use of omeprazole in humans is 
clearly mandatory. 
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2.3. Somatostatin Analogue-SMS 201-995 

2.3.1. Introduction 
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When administered to normal volunteers, the naturally occurring peptide 
somatostatin reduces basal and stimulated plasma concentrations of many cir
culating peptides, and inhibits gastric and pancreatic secretion and intestinal 
absorption and motility by direct action. 12 Somatostatin has been infused into 
patients with islet cell tumors and has been shown to produce biochemical and 
sometimes symptomatic improvement in patients with VIPoma, insulinoma, 
gastrinoma, and glucagonoma. 13 However, natural somatostatin has a half-life 
in the circulation of about 3 min and therefore its therapeutic usefulness is 
limited. Recently, a long-acting somatostatin analog was developed with a half
life of approximately 100 min when administered by subcutaneous injection. 
This compound, SMS 201-995, has offered a new approach for symptom relief 
in patients with islet cell tumors. Because of the rarity of these tumors, and 
because different islet cell tumors have different clinical characteristics and 
natural histories, no prospective trials of SMS 201-995 have been performed. 
The strategy adopted by the drug company was to supply SMS 201-995 for 
individual patients through requesting investigators with general recommenda
tions. These recommendations were that the dose be titrated for each patient, 
starting at 50 J,Lg subcutaneously once or twice a day and increasing the dose 
on the basis of tolerability and therapeutic effects. If a therapeutic effect was 
not obtained on the maximum dose after 1 week, the drug would be stopped. 
Originally the maximum dose used was 600 J,Lg/day, but this has now been 
changed to 1500 J,Lg/day. 

2.3.2. VIPomas 

VIPomas give rise to watery diarrhea, hypokalemia, hypoehlorhydria, hy
pophosphatemia, and sometimes hypercalcemia. Case reports describe 18 pa
tients aged 43-75, all with metatastic VIPoma, who nave been treated with 
SMS 201-995. \3 All had elevated plasma concentrations of VIP and all had had 
previous therapy including surgery, chemotherapy, hepatic arterial emboliza
tion radiotherapy, and a variety of drugs prescribed for symptomatic relief. 
Treatment with SMS 201-995 was initiated at 100-450 J,Lg/24 hr, given sub
cutaneously in divided dosage every 8 or 12 hr. All 18 cases responded initially 
with a reduction of diarrhea. In those cases where the rate.gf onset of the drug 
was described, the beneficial effects of SMS 201-995 were evident within 12 
hr. In some patients the effects of SMS 201-995 were very striking (Fig. I), 
with a complete abolition of diarrhea, normalization of biochemistry, reduction 
in the need for fluid and electrolyte supplements, and transformation of the 
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Figure 1. The effect of SMS 201-995 on daily 
stool weight, oral potassium supplementation (oral 
K+), serum bicarbonate (HCOJ), and serum po
tassium (K+) concentrations. (From Ref. 16.) 

patient's existence from being in permanent hospital residence to living a nor
mal life outside the hospital. 14 Not all cases had such a good response. In three 
cases, the effect only lasted a few days and increasing the dose of SMS 201-
995 as high as 1200 J-Lg/day without beneficial effect. Many patients continued 
to be controlled on their initial dose of SMS 201-995, but in two patients the 
diarrhea was only controlled with an increase in dosage and in two others only 
with the addition of steroids. One patient became resistant to the drug after 
treatment for more than 1 year. 

Plasma concentrations of VIP fell during therapy in 16 of the 18 patients 
but fell to the normal range in only 6. 13 Symptomatic relief of the diarrhea was 
not always related to changes in plasma concentrations of VIP. One patient 
whose plasma concentration of VIP did not change during therapy had a com
plete, sustained reduction in diarrhea, and in five patients SMS 201-995 contin
ued to be efficacious despite a subsequent rise in plasma concentration of VIP. 
In some patients plasma concentrations of VIP during therapy were in the range 
that causes a secretory diarrhea when VIP is infused into normal volunteers. 15 

In at least one case it was demonstrated that the molecular size of circulating 
VIP changed to a larger, presumably less biologically active form during ther
apy with SMS 201-995 _ 16 However, it is also probable that, like natural so
matostatin, SMS 201-995 has a direct effect on the gut. 

SMS 201-995 seems effective in ameliorating symptoms in more than 80% 
of patients with VIPomas, many of whom have symptoms that are resistant to 
other modes of therapy. This drug clearly represents a significant advance in 
therapy of the symptoms due to VIPoma. 
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2.3.3. G/ucagonomas 

The glucagonoma syndrome is characterized by a unique rash, anorexia, 
weight loss, mild glucose intolerance, and, on occasion, diarrhea, neuropsy
chiatric symptoms, and venous thrombosis. Twelve patients with this syndrome 
were given SMS 201-995. 13 The patients were aged 31-76, all had metastatic 
disease, and at least nine had suffered from the rash typical of the syndrome. 
All 12 patients had elevated plasma concentrations of glucagon and all had 
received other forms of therapy including surgery, chemotherapy, hepatic ar
terial embolization, and symptomatic therapy for the skin rash including local 
or systemic zinc. 

Treatment with SMS 201-995 was instituted at 100-450 /Lg/24 hr, in di
vided dosage. The rash resolved in the eight patients who had the rash at the 
time of the starting therapy, although two patients were also taking zinc. The 
improvement of the rash occurred over several days, slower than the response 
of diarrhea in patients with VIPomas. Weight loss, abdominal pain, and diar
rhea improved in the patients with those symptoms, but SMS 201-995 appar
ently had little or no effect on the diabetes. Plasma concentrations of glucagon 
fell in nine of the 12 patients, but fell into the normal range in only one patient, 
and in one patient the rash resolved with no change in plasma concentrations 
of glucagon, amino acids, or zinc. 13 

Eight of the patients continued with SMS 201-995 for more than 6 months. 
Two of the patients required an increase in dose because of the recurrence of 
rash during therapy and in both cases the rash responded to the increased dose. 
The drug apparently continues to be effective in all patients though concentra
tions of glucagon have returned to pretreatment levels in at least two patients. 

SMS 201-995 seems to be effective in controlling the rash and possibly 
other symptoms in patients with glucagonomas, though the response of the rash 
is sometimes difficult to assess because it may improve simply on admission to 
the hospital. The fact that the rash responds slowly and in some patients the 
response is independent of the effects on plasma concentrations of glucagon 
suggests that the drug may have a direct effect on the skin. This is supported 
by the finding that SMS 201-995 improves the skin rash in some patients with 
psoriasis. 17 

2.3.4. fnsulinomas 

Insulinomas produce transient episodes of neuropsychiatric disturbance often 
associated with palpitations and sweating as a consequence of low blood glu
cose. There are reports of some 20 patients with insulinomas given SMS 201-
995 in the literature. 13 The patients were aged 33-82. In eight cases the tumors 
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were benign, in six malignant, and in six not stated. All 20 patients had had 
symptoms of hypoglycemia and at least six had received therapy with diazoxide 
and glucose, and five had received chemotherapy. All 20 patients had elevated 
plasma concentrations of insulin. Therapy was initiated with 50 p.g or more 
every 12 hr. Thirteen of the 20 patients received the drug for short periods of 
up to a week. Effects on plasma insulin were not consistent. Insulin fell by 
more than 20% in 12 patients, was unchanged in three, rose in one, and data 
were not given in the other two. Similarly, effects on plasma concentrations of 
glucose were variable and did not always reflect changes in plasma concentra
tions of insulin. In two patients SMS 201-995 did not improve the hypogly
cemia, and in at least one case it made the hypoglycemia worse. The reasons 
for this are not clear, but in normal volunteers SMS 201-995 is more potent at 
suppressing the release of growth hormone than the release of insulin. 18 If this 
were to occur in a patient with insulinoma, SMS 201-995 therapy could result 
in worsening of the hypoglycemia. 

SMS 201-995 was given to seven patients with insulinoma for more than 
1 month in doses between 100 and 1500 ILg!24 hr. Hypoglycemia was well 
controlled in six despite a return of insulin concentrations to pretreatment levels 
in one of these. Symptoms recurred in two of the six patients, and one but not 
the other responded to an increased dose of SMS 201-995. 

Although therapy with SMS 201-99-5 seems to be of benefit in about 50% 
of patients with insulinoma, this may be an overestimate. There is little evi
dence for significant clinical benefit in short-term studies, and even if SMS 
201-995 is effective in maintaining normoglycemia, 85% of insulinomas are 
localized and benign and therefore, unlike other islet tumors, amenable to sur
gical cure. Moreover, in patients not cured by surgery, diazoxide may be use
ful, and it is not yet clear what role SMS 201-995 has in the management of 
such patients. 

2.3.5. Gastrinomas 

Gastrinomas produce Zollinger-Ellison syndrome characterized by gastric 
acid hypersecretion giving rise to peptic ulceration of diarrhea or both. There 
are published reports describing 49 patients with gastrinomas treated with SMS 
201-995.13 Many of these patients had a variety of previous therapies including 
surgery, chemotherapy, arterial embolization, and anti secretory therapy. Four 
of the patients had localized tumor, 24 had metastases, 2 had no tumor found 
on laparotomy, and in 19 the extent of the tumor was not stated. All 49 patients 
had elevated plasma concentrations of gastrin, and 23 patients had documented 
elevated basal acid output. 

Short-term studies established that SMS 201-995 lowers plasma gastrin 
concentrations and gastric acid secretion. The time course and relative magni-
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tude of the inhibition of plasma gastrin and gastric acid secretion suggests that 
SMS 201-995 inhibits acid secretion at least in part by direct action on the 
stomach, and this is true in studies carried out on normal volunteers given 
pentagastrin. 19 Thirty-two patients have been treated in long-term studies, 24 
for between 1 and 6 months, and 8 for greater than 6 months. No systematic 
data are available on symptomatic responses in this group of patients because 
acid hypersecretion, the cause of most symptoms in this syndrome, was usually 
controlled by histamine Hrreceptor antagonists. However, some patients when 
given SMS 201-995 were able to reduce their intake of antisecretory medica
tion. 

Despite the finding that SMS 201-995 reduces gastric acid secretion and 
plasma concentrations of gastrin in patients with gastrinoma, the role of SMS 
201-995 in the management of these patients is likely to remain limited. For 
long-term suppression of gastric acid hypersecretion, both histamine Hrrecep
tor antagonists and omeprazole can be taken orally and will render these pa
tients asymptomatic. Furthermore, as parenteral histamine Hrreceptor antago
nists are safe and effective, it is unlikely that SMS 201-995 will be useful in 
circumstances when oral anti secretory medication cannot be taken. 

2.3.6. GRFomas 

Islet cell tumors producing growth hormone releasing factor (GRF) stim
ulate the normal pituitary to release excessive amounts of growth hormone and 
give rise to acromegaly. Three patients with GRFomas-all women, aged 15, 
25, and 60 years, and all with metastatic disease-received SMS 201-995.13 
Two of these patients had typical acromegaly and the lS-year-old patient had 
gigantism and primary amenorrhea. One patient had pituitary surgery, two had 
abdominal surgery, and one had hepatic arterial embolization. All three patients 
had elevated plasma concentrations of GRF and of growth hormone. Interest
ingly, two of these three patients initially presented with the gastrinoma syn
drome and only subsequently developed signs of acromegaly. 

All three patients were treated for more than 1 month and two for more 
than 6 months. All three patients had a good symptomatic response with reduc
tion in hyperhidrosis in the two adult patients and arrest of growth and onset 
of menarche in the prepubescent female with gigantism. In one patient the 
pituitary became smaller as judged by CT scan. 

In all three patients SMS 201-995 therapy reduced plasma concentrations 
of GRF and growth hormone, but these did not fall to within normal range in 
any. In one patient SMS 201-995 suppressed plasma concentrations of growth 
hormone while plasma concentrations of GRF were still above normal, leading 
the authors to suggest that SMS 201-995 acts directly on the pituitary to reduce 
growth hormone secretion as well as on the tumor to decrease GRF secretion. 
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This suggestion is consistent with the finding that SMS 201-995 suppresses 
growth hormone in normal volunteers and in patients with pituitary acrome
galy.20 

SMS 201-995 produced clinically significant symptomatic relief in patients 
with GRFomas who were resistant to other modes of therapy. This drug seems 
to be a significant advance in the therapy for such patients. 

2.3.7. Nonfunctioning and Other Tumors 

Four patients with nonfunctioning islet cell tumors were treated with SMS 
201-995. 13 In two there were no tumor products detectable in plasma or urine 
and the drug was given only for a potential antitumor effect (Section 3.4.2). 
The other patients had elevated plasma concentrations of pancreatic polypeptide 
and glucagon. All the patients were treated for more than 3 months. Two of 
the patients noted an improvement in fatigue and abdominal pain and a reduc
tion in plasma concentration of glucagon and pancreatic polypeptide. The other 
two patients had no symptomatic or biochemical response. 

There are no reports of patients with pancreatic islet cell tumors producing 
solely neurotensin or somatostatin who received SMS 201-995. However, in 
one patient with an islet cell tumor producing a parathyroid hormone-like pep
tide, SMS 201-995 reduced plasma concentrations of calcium. Furthermore, 
one patient with a gastrinoma that also produced ACTH giving rise to Cush
ing's syndrome showed a marked clinical and biochemical response when given 
SMS 201-995. 21 

2.3.8. Side Effects 

About half the patients receiving SMS 201-995 have noted side effects, 
but these have not been serious enough to stop therapy in any patient. Pain at 
the site of the injection can be minimized by warming the solution prior to 
administration and the hyperglycemia that occurs when starting the drug has 
been transient except in one case. 22 The most common significant side effects 
are gastrointestinal and include nausea, vomiting, heartburn, abdominal pain, 
constipation, and diarrhea. This is usually most marked at the beginning of 
therapy but may recur on occasion, and in some patients is a persistent prob
lem. Some patients given the drug experience steatorrhea. In most patients this 
is mild and transient, though occasionally gross steatorrhea occurs, and in a 
series of patients given 1500 ILg of SMS 201-995 a day, moderate persistent 
steatorrhea was a consistent findingY Inhibition of pancreatic secretion may 
contribute to this malabsorption. 

A few patients with islet cell tumors who received infusions of natural 
somatostatin experienced a rebound phenomenon when the drug was stopped. 
Plasma concentrations of peptides rose above pretreatment values and in some 
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cases there was an exacerbation of the symptoms. 13 Such a finding has been 
rare in patients given SMS 201-995, although there are reports of a patient with 
a VIPoma who developed an exacerbation of diarrhea24 and a patient with a 
gastrinoma who developed intractable vomiting after SMS 201-995 was stopped. 

2.3.9. Unresolved Issues 

The current data on SMS 201-995 remain incomplete. The most appro
priate dose of drug has not been determined and it is not known whether the 
dose should be the same for all tumor types. The mechanism of action of SMS 
201-995 in those cases where circulating concentrations of peptide do not fall 
within the normal range is not clear, nor is it understood why some patients 
seem to require increasing doses of SMS 201-995 with time whereas others do 
not. Patients with tumors producing somatostatin develop constipation, mild 
malabsorption, gallstones, and mild diabetes. 25 It seems likely that long-term 
administration of the somatostatin analog, SMS 201-995, will produce an iatro
genic form of this syndrome, and indeed the fact that the drug causes steator
rhea suggests that this may be the case. However, the mechanism, frequency, 
persistence, and magnitude of the steatorrhea in relationship to drug dose has 
not been adequately documented. Furthermore, no study has examined pro
spectively the possible occurrence of gallstones during SMS 201-995 therapy. 
Whether the development of antibodies to SMS 201-995 as a mechanism of 
acquired resistance to this drug will be clinically significant is unknown, though 
preliminary reports suggest that this is not likely to be a major problem. Fur
thermore, there are questions as to whether SMS 201-995 has any antitumor 
effects (Section 3.4.2). 

2.3.10. Conclusions 

On the basis of the published data, it seems that there is an established 
role for SMS 201-995 in both the short- and long-term management of symp
toms caused by VIPomas, glucagonomas, GRFomas, and unresectable insuli
nomas. However, the use of SMS 201-995 is likely to be limited in the man
agement of symptoms caused by gastrinomas because of the availability of 
other medications and in the management of symptoms caused by the majority 
of insulinomas that are benign and are best treated surgically. 

3. CONTROL OF THE TUMOR 

3.1. Introduction 

In considering management of the tumor in patients with islet cell tumors, 
the major determinant of therapy is whether or not the patient has metastatic 
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disease. The percentage of patients with metastatic disease at the time of diag
nosis varies widely among the different islet cell tumors. Eighty to ninety per
cent of all patients with insulinomas and about 50% of patients with gastrinoma 
do not have metastases. Thus, in the two commonest islet cell tumors a signif
icant number of patients are potentially curable by surgery. This is not true of 
the other types of islet cell tumor. About 70% of patients with VIPomas, 80% 
of patients with somatostatinomas, 100% of patients with GRFomas, and more 
than 50% of patients with glucagonomas have metastatic disease at the time of 
diagnosis. Assessment of tumor site and extent is thus an important and nec
essary step in determining the therapeutic approach. 

3.2. Tumor Localization 

In localizing islet cell tumors, upper GI series, intestinal endoscopy, en
doscopic retrograde cholangiopancreatography, ultrasound examination of the 
abdomen, and liver-spleen scans are not generally useful. Those investigations 
of at least potential usefulness are CT scan, selective abdominal angiography, 
and portal venous sampling. We have recently evaluated methods of tumor 
localization in patients with Zollinger-Ellison syndrome. 26-28 Each patient had 
an abdominal CT scan and selective angiography and those who proceeded to 
surgery for potential cure also had portal venous sampling. In each case tumor 
extent was subsequently assessed at laparotomy, at autopsy, or, in a few cases 
of patients with metastatic disease, by percutaneous biopsy. Both CT scanning 
and selective angiography were examined for their ability to detect both the 
primary tumor and metastatic disease in the liver. 

Fifty-eight patients had their liver assessed for the presence or absence of 
tumor. In 18 patients tumor was found in the liver at laparotomy, autopsy, or 
on liver biopsy and in 40 patients there was no tumor found. Of those patients 
with tumor in the liver, CT scan detected tumor in 13, the angiogram in 16, 
and the combination of both techniques in all 18. Of those with no tumor in 
the liver, CT scanning produced one false positive result but angiography pro
duced no false positives. Thus, the combination of these techniques was both 
sensitive and specific for identifying metastatic gastrinoma. 27 Similar findings 
have been noted for insulinomas. 29 

Fifty-eight patients were assessed for the presence of primary tumor out
side the liver. In 37 patients tumor was found at laparotomy or autopsy. The 
CT was positive in 21, angiography in 26, and the combination in 28 of these 
patients. Thus, the combination of these imaging techniques only detected 73% 
of extrahepatic tumors. Twenty-one patients had no tumor found. The CT and 
angiogram were both positive in one case in which tumor was not found at 
surgery. Thus, the combination of CT scan and angiography in detecting extra
hepatic gastrinomas was specific but not very sensitive. In a group of 19 pa-
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tients with insulinoma seen at the National Institutes of Health (NIH), angio
graphy detected the extrahepatic tumor in 16 cases (84%).29 

Portal venous sampling was carried out only in those patients who pro
ceeded to potentially curative surgery. Since venous sampling is only per
formed as a secondary investigation following the other imaging techniques, its 
usefulness has been assessed as an adjunct to the other imaging studies. Of the 
12 patients with tumor detected by CT scan or angiography, there was a gra
dient in plasma concentration of gastrin detected by portal venous sampling in 
11. Subsequently, at surgery, tumor was found in all 12 patients. Thus, in 
those patients in whom imaging studies had detected a tumor, portal venous 
sampling did not provide the surgeon with additional useful information. Fif
teen of the patients who proceeded to surgery had a negative CT scan and 
angiogram. Portal venous sampling detected a gradient in eight. In only two of 
those eight patients was the surgeon able to find the tumor and in those two 
patients the tumor was evident on immediate exposure of the pancreas. In the 
other six patients a detailed, lengthy examination of the area of interest in 
relation to the portal venous sampling result along with Kocherization of the 
duodenum and the pancreatic head, together with intraoperative ultrasound ,30 

failed to reveal a tumor. 31 Thus, the finding of a gradient when imaging studies 
were negative did not help the surgeon find the gastrinoma. Presumably, these 
patients had microscopic tumors that would be detectable only on serial section 
of total pancreatic resection specimens. 32 In contrast to these results, in patients 
with insulinoma in whom CT and angiography did not produce a positive re
sult, portal venous sampling has been more successful in identifying tumors 
that could subsequently be resected at surgery. 33 

The current scheme of localization of tumor in patients with the sporadic 
form Zollinger-Ellison syndrome at the NIH is shown in Fig. 2. A similar 
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Figure 2. Scheme for tumor localization and management in patients with the sporadic form of 
gastrinoma. 
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scheme is used for insulinoma. Patients with gastrinoma and negative imaging 
studies are operated on as in up to 27% of patients with negative studies the 
surgeon finds tumor (see above). This scheme has proved useful in saving some 
patients from an unnecessary laparotomy, while allowing selection of others 
suitable for curative surgery. 

3.3. Treatment of Localized Tumor 

Management of localized tumor is surgical resection. Usually tumors will 
be found in or near the pancreas, but gastrinomas have been found in the liver 
and ovary. Tumors in the tail of the pancreas can be removed as a distal pan
createctomy. Lesions in the head of the pancreas are best enucleated as this 
procedure can result in cure3l and avoids the morbidity and mortality of a 
Whipple procedure. As a result of appropriate imaging and patient selection, 
the surgical cure rate in patients with Zollinger-Ellison syndrome is now as 
high as 43% immediately postoperatively and 30% long term.3l Insulinomas 
are curable by surgical resection in more than 80% of cases. 33 

Patients with multiple endocrine neoplasia type 1 frequently have multiple 
primary tumors. Insulinomas in these patients can be resected resulting in clin
ical and biochemical cure,33 but resection of gastrinomas together with resec
tion of two-thirds of the pancreas have not led to any reports of a cure for 
Zollinger-Ellison syndrome. Presumably these patients have multiple micro
scopic tumors throughout the pancreas. As patients with Zollinger-Ellison syn
drome and multiple endocrine neoplasia type 1 cannot be cured and may have 
tumors of low potential for metastasis,8 it is arguable as to whether such pa
tients should have surgery. 

3.4. Treatment of Metastatic Tumor 

3.4.1. Introduction 

A variety of approaches have been taken to the therapy of patients with 
metastatic islet cell tumor. Many patients have undergone partial or attempted 
complete resection of tumor, both to control tumor growth and extent and in 
an attempt to produce resolution of symptoms. This approach is only appro
priate for patients who are relatively fit and in whom the bulk of the disease is 
relatively localized.34 Other patients have undergone hepatic arterial emboliza
tion. No formal trials of this procedure have been performed in patients with 
islet cell tumors, but reports suggest good symptomatic results with an accept
able morbidity and low mortality. 35 However, there is currently no evidence 
that embolization prolongs survival and further studies are required. 

Chemotherapy has been used for a variety of islet cell tumors and has 
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usually included streptozotocin, often with 5-fluorouracil and sometimes other 
agents.8.33.36.37 One study of 37 patients with a variety if metastatic islet cell 
tumors given streptozotocin and 5-fluorouracil noted a response rate of between 
60 and 85% with a duration of response lasting 17 months. 36 However, in this 
study, the definition of a response included patients in whom there was a re
duction only in plasma peptide concentration with no change in tumor size. 
The response rate expressed as reduction in tumor size was not stated. In a 
recent study in 10 patients with actively growing metastatic gastrinoma, the 
combination of streptozotocin, 5-fluorouracil, and doxorubicin caused a reduc
tion in size of tumor in only 40% and the response lasted for a mean of 7 
months with a range of 6-18 months. 37 Thus, the results of chemotherapy in 
islet cell tumors are not dramatic. 

Recently, two other potential therapies for the control of tumor growth in 
patients with metastatic islet cell tumors have become available: the somatos
tatin analog SMS 201-995 and a-interferon. 

3.4.2. SMS 201-995 

SMS 201-995 was given for more than 2 months and effects on tumor size 
were monitored, usually by serial CT scans, in 10 patients with VIPoma, 8 
with glucagonoma, 5 with insulinoma, 16 with gastrinoma, 3 with GRFoma, 
and 4 with nonfunctioning or other tumors.13 There was no standardization of 
previous therapy or SMS 201-995 dosage. Patients received between 200 and 
1500 p..g of SMS 201-995 a day. Of the 46 patients treated, it was stated that 
metastases increased in size in 20, stayed unchanged in 18, and decreased in 
size in 8 (Table 2). Reduction in size of metastases was claimed in four patients 

Table 2. Effect of SMS 201-995 on Tumor Size 

Tumor size on follow-up 

Patients Larger No change Smaller 
Tumor (N) (N) (N) (N) 

Insulinoma 5 4 0 
Gastrinoma 16 12 1 3 
VIPoma 10 1 5 4 
Glucagonoma 8 4 4 0 
GRFoma 3 I 1 I 
Nonfunct blother 4 1 3 0 

Total 46 20 18 8 
% of Total 100 44 39 17 

'Data taken from reference 13. 
b Abbreviation: "nonfunctioning" tumor. 
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with VIPoma, three with gastrinoma, and one with GRFoma. However, the 
claim that metastases decreased in size has been partially retracted in the case 
of one patient with VIPoma. In one patient with gastrinoma, one metastasis 
decreased in size while another metastasis grew during SMS 201-995 therapy. 
This has been classified as tumor growth. 

All cases where reduction in size of tumors was observed during therapy 
have probably been reported, while negative responses are less likely to have 
been published. Thus a reduction in size of metastasis in 30% of cases of islet 
cell tumors is probably an overestimate. This is supported by data from one 
study in which 22 patients were studied prospectively and tumor reduction was 
not observed in any patient. 23 Nevertheless, it is clear that in animal models of 
tumors, including islet cell tumors, pituitary tumors, and a chondrosarcoma, 
somatostatin or somatostatin analogs are capable of inhibiting tumor growth. 38 
Should it prove that SMS 201-995 has significant antitumor activity in human 
islet cell tumors, then the indications for use of the drug would change. How
ever, it is not clear from the reports whether there is a significant antitumor 
effect in human islet cell tumors or, if there is an effect, what the dose range 
is for this effect. These questions can only be answered by further studies. 

3.4.3. Interferon 

a-Interferons have been used for a variety of tumors with some success 
reported in renal cell carcinoma and malignant melanoma. One recent report 
has described the use of leukocyte interferon therapy in 22 patients with islet 
cell tumors.39 All these patients had progressive metastatic disease as judged 
by serial scanning techniques. Fourteen patients had had previous surgery, 6 
hepatic arterial embolization or ligation, 6 radiotherapy, 18 chemotherapy, and 
2 SMS 201-995. All patients had become resistant to their previous therapy. 
They were given 3-6 million IV a-interferon subcutaneously a day. Of the 22 
patients treated, tumors got larger in 2, did not change in size in 14, and were 
smaller in 6 (Table 3). The tumors got smaller in 2 of 4 patients with gastri
noma, 2 of 7 patients with VIPoma, and 2 of 9 patients with nonfunctioning 
tumors. 

It is not clear whether these results are specific to this particular center or 
to the type of interferons used. Further studies from other centers will be re
quired to fully assess the efficacy of interferon. 

4. CONCLUSIONS 

In recent years there have been a number of advances in the management 
of islet cell tumors extending to all aspects of tumor manifestations. With the 
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Table 3. Effect of Leukocyte Interferon on Tumor Size a 

Tumor size on follow-up 

Patients Larger No change Smaller 
Tumor (N) (N) (N) (N) 

Insulinoma I 0 0 
Gastrinoma 4 0 2 2 
VIPoma 7 0 5 2 
Somatostatinoma I 0 0 
Nonfunctioning 9 I 6 2 

Total 22 2 14 6 
% of Total 100 9 64 27 

'Data taken from reference 3. 

advent of increasingly powerful gastric acid antisecretory medication and the 
development of SMS 201-995, it is now possible to completely control the 
paraneoplastic symptoms and signs in a greater proportion of patients with islet 
cell tumors than ever before. Even in those patients who are not rendered com
pletely asymptomatic, a considerable number will be helped. Significant ad
vances have been made in the localization of tumors and considerable knowl
edge gained about the limitations of the techniques used, leading to improved 
patient selection and the possibility for surgical cure in patients with localized 
tumors. Finally, in patients with metastatic disease, there is some hope that the 
new agents may be more effective than the traditional therapies. 
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Clinical Pharmacokinetic 
Considerations in Gastroenterology 

Varocha Mahachai 

7. INTRODUCTION 

7 

Physiological changes in gastrointestinal and liver disease alter drug pharma
cokinetics, although the alterations are of poorly defined clinical significance. 
Quite often these changes are unpredictable, depending on the nature of the 
drug and the clinical status of the patient. In the presence of liver disease, the 
dosage of a drug metabolized by the liver is often adjusted empirically. Specific 
guidelines are lacking because the available clinical and biochemical assess
ments of liver disease are inadequate. Even less is known about the effect of 
gastrointestinal disease on drug handling. Impaired drug absorption may be
come critical when a rapid onset of drug action is required or when elimination 
is so rapid that effective plasma concentrations cannot be maintained. There
fore, the adjustment of dosage and route of administration for some drugs may 
be necessary to attain optimal pharmacological effect. 

2. PHARMACOKINETIC APPLICATION 

Pharmacokinetics may be defined as the mathematical relationship be
tween the dose of a drug and its concentration in the blood or plasma, as 
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detennined by the characteristic absorption, distribution, and elimination of the 
drug. Absorption is the process of transfer of a drug from its site of administra
tion to the systemic circulation. Distribution is the process of reversible transfer 
of a drug to and from the site of measurement; distribution depends on drug 
binding to macromolecules in blood and tissue. Elimination represents the ir
reversible loss of drug from the site of measurement, either by metabolism or 
excretion. In this chapter, the focus will be on the absorption and hepatic elim
ination processes, since they are potentially impaired in gastrointestinal and 
liver disease and are therefore of major interest to all clinicians. 

In the past, many of us have used an empirical approach in selecting a 
dosage regimen for our patients, based on subjective observations of the desired 
effects of the medication. Recent infonnation on the pharmacokinetic profile of 
a particular medication and the relationship between efficacy and drug concen
tration has led to more optimal dosage regimens. These maximize pharmaco
logical effects and lessen side effects. Ultimately, however, the value of a 
given dosage regimen must be assessed by the clinical end point, which may 
not always be clearly defined. Thus, an understanding of the pharmacokinetic 
properties of a particular agent facilitates more rapid achievement of a safer, 
more effective dosage regimen, and serves as a useful means of evaluating 
existing dosage regimens. 

Several considerations have to be made in designing a proper dosage reg
imen: (1) most important, the intrinsic phannacological properties and toxicol
ogy of the drug; (2) the pharmacokinetic properties of the drug, how the body 
handles it, and its route of administration; (3) the patient's individual profile 
including age, weight, disease state, genetic factors, and drug tolerance or de
pendence; and (4) convenience of dosage regimen and patient compliance. 

3. PHYSIOLOGICAL CONSIDERATIONS 

3.1. Gastrointestinal Absorption 

Drugs are most commonly given orally, providing the gastrointestinal tract 
with a major role in determining the rate and extent of drug absorption. The 
efficiency with which an orally administered drug is absorbed is a function of 
many variables. The drug should be sufficiently water-soluble to dissolve in the 
aqueous gastrointestinal secretions and yet be sufficiently lipophilic to diffuse 
across the lipid membranes of the enterocytes to reach the splanchnic circula
tion. The absorption of a drug is a function of its physicochemical nature, its 
fonnulation, and its interactions with various luminal components of the gas
trointestinal tract. Absorption of orally administered drug therefore depends on 
several gastrointestinal factors, including intraluminal pH, gastric and intestinal 
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transit times, gastrointestinal and pancreatic secretions, metabolic and enzy
matic activities (both in the gut wall and in the liver), intestinal uptake, and 
the splanchnic and portal blood flow. Besides, other intraluminal factors such 
as bacteria, other drugs, or food can also influence the extent of drug absorp
tion. Physiological variables can be affected in many conditions (Table 1). 
Drug absorption is therefore potentially altered in these conditions. 

The stomach is generally not an important site of absorption, except for 
weakly acidic or nonionized forms of some drugs. For example, the absorption 
of aspirin and ethanol from the stomach has been estimated to be approximately 
10 and 30% of the oral dose, respectively. 1,2 However, the rate of gastric emp
tying may influence the rate of drug absorption by determining the rate of input 
of drug into the small intestine where major absorption occurs. The small in
testine is the most important site of drug absorption. This may be because of 
its large surface area. 3 The intestinal transit determines the contact time be
tween drug and intestinal absorptive surface. Although the intestinal transit does 
not playa crucial role in the absorption of most drugs, it could become a major 
determinant of the absorption of enteric-coated and slow-release formulations. 
The colon usually serves as a reserve area for the absorption of drugs that have 
escaped absorption proximally, perhaps because of the physicochemical prop
erties of the drug or its dosage forms. Some drugs have been specially formu
lated to act or be absorbed locally in the colon, either as enteric-coated or 
sustained-release preparations, or by complexing two agents requiring colonic 
flora for the release of active moieties (e.g., sulfasalazine or the dimer of 5-
aminosalicylic acid). Colonic absorption takes place after rectal administration 
of some drugs given in the form of suppositories or enemas. 

Most drugs used in clinical practice are administered orally and they must 

Table 1. Conditions Affecting Physiological Variables 

Physiological variables 

Intraluminal events (pH, bacteria, 
secretion) 

GI motility 

Intestinal uptake 

Blood flow (portal and splanchnic) 

Intestinal and hepatic metabolism 

Drug binding 

Conditions affecting variables 

Food, drugs (antisecretory agents), diseases 
(achlorhydria, bacterial overgrowth, 
pancreatic disease) 

Food, drugs (narcotics, anticholinergics), 
diseases 

Food, diseases 

Food, drugs, diseases, posture, cardiac 
output 

Genetically determined, drugs, food 

Drug, diseases 
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traverse the gastrointestinal barrier before reaching the systemic circulation. 
The nature and characteristics of these gastrointestinal barriers are of consider
able importance in drug absorption. Most drugs are absorbed from the intestine 
by a passive process, either through the lipid or aqueous channels in the brush 
border membranes, from a region of higher concentration in the lumen to one 
of lower concentration in the enterocyte. Absorption is usually favored when 
the drug is in the non ionized and more lipophilic form. Some drugs are ab
sorbed by an active transport process whereby the substance is transported against 
a concentration gradient and utilizes metabolic energy. For example, methyl
dopa, levodopa, and penicillamine are absorbed by the amino acid active trans
port mechanisms. 4 

Drug absorption also depends on the physicochemical properties of the 
drug, such as solubility, particle size, and chemical form. The "pH partition 
theory" of drug absorption assumes that the gastrointestinal tract is a lipid 
barrier to the transport of drugs: the nonionized form of an acidic or basic drug 
is highly lipid-soluble and is therefore readily absorbed. Most acidic drugs re
main predominantly un-ionized at the low pH of gastric contents and may be 
absorbed from the stomach as well as from the small intestine. For example, 
aspirin, which is a weak acid, remains largely nonionized in the acidic milieu 
of the stomach allowing ready absorption across the gastric mucosa. However, 
aspirin and most weak acids are still well absorbed in the small intestine due 
to the greater surface area and a relatively longer residence time in this intes
tinal location. Weakly basic drugs are essentially nonionized throughout the 
intestine and are readily absorbed. The gastrointestinal luminal pH therefore is 
an important factor in drug absorption because many drugs are either weak 
organic acids or bases. Gastric pH can be altered in certain disease states such 
as achlorhydria or hypersecretory conditions. Several drugs, especially those 
used in the treatment of peptic ulcer disease, can change intragastric pH and 
may influence the dissolution, stability, and/or absorption of certain drugs. 

Lipid solubility also determines the rate of drug absorption, and this lipo
philic nature is provided by the partition coefficient between a fatlike solvent 
and water or an aqueous buffer. 5 The unstirred water layer, adjacent to the 
luminal surface of the intestinal membrane, is a potential rate-determining bar
rier in the absorption of most drugs and can influence the absorption of many 
lipid-soluble compounds. The presence of such an unstirred layer explains the 
less-than-anticipated decreased dependence of the absorption rate of certain drugs 
on lipid solubility and ionization. 6-9 

Both splanchnic and portal blood flow determine the rate of delivery of 
drugs from the intestine to the liver, where further metabolism may take place. 
The interactions between the splanchnic blood flow and drug absorption have 
not been fully explored. The dependence of intestinal absorption of drugs on 
gastrointestinal blood flow is determined by the absorbability of the medica-
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tions. Absorption of lipid-soluble molecules and molecules that are small enough 
to easily penetrate the aqueous phase is rapid and highly dependent on the rate 
of gastrointestinal blood flow. 10 In general, the rate of drug absorption is un
affected by normal variability in mesenteric blood flow. To significantly influ
ence drug absorption, there must be dramatic changes in mesenteric blood flow 
from disease or drug effects. In contrast, hepatic clearance of drugs highly 
metabolized by the liver is affected by portal blood flow. 

3.2. Presystemic Metabolism 

After oral administration, a drug must pass sequentially from the gastroin
testinal lumen, through the gut wall, and then through the liver before reaching 
the systemic circulation. A fraction of the amount absorbed may be eliminated 
before reaching the bloodstream. An oral dose of a drug may be completely 
absorbed, yet incompletely available to the systemic circulation. This process 
is often referred to as the "presystemic" or ''first-pass metabolism," which 
can occur in the intestine and/or the liver. Several drugs are known to undergo 
extensive first-pass metabolism thereby increasing the requirement of the oral 
dose in relation to its intravenous dose (Table 2). This extensive first-pass ef
fect sometimes precludes the use of a drug such as nitroglycerin as an oral 
dosage form. The extent of first-pass metabolism can be determined in relation 

Table 2. Drugs That Undergo 
Extensive First-Pass Metabolism 

f3-Adrenoreceptor blocking agents 
Aprenolol 
Labetalol 
Metoprolol 
Oxprenolol 
Propranolol 

Analgesics 
Codeine 
Morphine 
Pentazocine 
Pethidine 
Phenacetin 

Antiarrhythmic agents 
Lidocaine 

Calcium channel blocking agents 
Verapamil 
Nifedipine 

Vasoactive drugs 
Isoproterenol 
Dihydroergotamine 
Nitroglycerin 
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Table 3. Drugs That Undergo 
Intestinal Waif Metabolism 

Levodopa 
Flurazepam 
Isoprenaline 
Salicylamide 

Morphine 
Phenacetin 
Estrogen 
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to the fraction of the dose that is absorbed. Separate contributions of the gut 
wall and liver to presystemic metabolism have been studied in animal experi
ments using segmental intestinal perfusion and isolated liver perfusion tech
niques. The model of portacaval transposition has also been employed to study 
separate contributions of the intestine and the liver to this process in intact 
animals. 11 First-pass metabolism in the gut wall and liver can be differentiated 
by comparing plasma drug concentration after oral and intraportal or intraperi
toneal administration. This allows an assessment of separate contributions of 
the intestinal wall and the liver to this process. Knowledge of intestinal first
pass metabolism is less well developed than our understanding of hepatic first
pass metabolism. Examples of drugs that undergo metabolism in the intestinal 
wall are shown in Table 3. A high proportion of absorbed ethinylestradiol 
undergoes presystemic metabolism in the gut wall. 12 It has also been found in 
vitro that ethinylestradiol is extensively metabolized by human jejunal mucosa 
to sulfate conjugate. 13 Gut wall metabolism also results in changes in metabo
lite excretion pattems. For example, intravenous isoproterenol is excreted largely 
unchanged in humans. On the other hand, the sulfated conjugate accounts for 
80% of the drug in the urine after oral administration, suggesting that the pre
systemic metabolism of isoproterenol occurs in the gut wall. 14 Other drugs that 
undergo extensive intestinal first-pass metabolism are tributaline, morphine, and 
salicylamide. This is a fruitful area for future clinical research. 

Intestinal drug metabolism occurs either in the intestinal lumen by micro
organisms, or in the intestinal mucosa which contains metabolic enzymes. 15 

Phase I and phase II reactions can take place in the intestinal epithelial cells 
similar to those occurring in the liver. Phase I reactions involve oxidation, 
reduction, and hydrolysis. The microsomal enzyme system involving cyto
chrome P-450 catalyzes various oxidative and reductive processes. Compounds 
then undergo phase II reactions in which they are conjugated with sulfate or 
glucuronic acid. The rate of phase I reactions and the contents of cytochrome 
P-450 are much less in the intestinal mucosa than those in the liver. The intes
tinal cells, however, have more capability of phase II reactions (conjugation 
and sulfation) which thereby reduce bioavailability of certain drugs such as sal-
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icylamide, 16 morphine, 17 and isoprenaline. 18 Intestinal biotransformation can be 
affected by factors that influence activities of the metabolizing enzymes. 19 For 
example, the activity of cytochrome P-450-mediated enzymes can be induced 
by certain factors such as cigarette smoking or ingestion of charcoal-broiled 
meat. 20 

3.3. Physiological Significance of Intestinal Drug Metabolism 

The intestinal mucosa is exposed to a high concentration of a wide variety 
of xenobiotics contained in food and drugs. It is amazing how the gut mucosa 
can resist the damage from commonly ingested foreign chemical substances. 
The colonic mucosa is somewhat more susceptible than the small intestine to 
damage by certain carcinogens. It has been speculated that the biological sys
tem for the resistance to chemical toxic injury may be located in the micro
somal enzyme system of the enterocytes. As the intestine is the portal of entry 
of many foreign substances, it may playa most important role in the detoxifi
cation process. 

It is important to determine the factors that influence this intestinal first
pass process, and it will be of interest to determine whether this process is 
altered by gastrointestinal diseases. Intraluminal bacteria are required for the 
metabolism of certain compounds such as levodopa and sulfasalazine. 21 The 
effect of altered intestinal flora (e.g., bacterial overgrowth) on drug absorption 
is unknown. Nonspecific enzymes such as penicillin esters and dopa-decarbox
ylase, also present in the intestinal cells, may play major roles in metabolism 
of certain drugs. 

3.4. A Physiological Approach to Hepatic Drug Clearance 

The liver is a major organ of drug biotransformation as it contains many 
enzymatic pathways. Lipophilic compounds must be metabolized to more po
lar, water-soluble forms in order to be eliminated. The majority of phase I 
oxidative reaction occurs in the endoplasmic reticulum mediated by the cyto
chrome P-450 system. These phase I reactions (oxidation, reduction, or hy
drolysis) will render the compounds more soluble and available for excretion, 
or further metabolized by phase II reactions. The metabolites formed can either 
be pharmacologically active or inactive. The phase II reactions further metab
olize the phase I compounds to more polar metabolites (by glucuronidation, 
sulfation, acetylation, and conjugation). 

The efficiency of the liver in eliminating a drug is usually expressed in 
terms of hepatic clearance. Clearance is defined as the efficiency of any organ 
to irreversibly remove a drug from the perfusing medium. Clearance is ex
pressed as the volume of blood from which drug is completely removed per 
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unit time. At steady state, clearance may be estimated from organ blood flow 
and arterial-venous concentration difference across an organ such as the liver. 
Hepatic clearance (CIH) may be calculated as follows: 

CIH=Q (Ca-Cv)/Ca=QE (1) 

where Q is total liver blood flow, Ca is mixed portal venous and hepatic arterial 
concentration, Cv is hepatic venous total drug concentration, and E is the ex
traction ratio or the efficiency of drug removal by the liver. Thus, hepatic 
clearance is a function of liver blood flow which determines the rate of delivery 
of a drug to the hepatocyte mass and the ability of the liver to extract a drug 
as it perfuses through the hepatic sinusoids. In contrast to the commonly used 
pharmacological constant elimination half-life (Ty,), clearance is a more precise 
physiological measurement of the efficiency of drug elimination. For many drugs, 
the liver is the major site of elimination, and thus systemic clearance equates 
hepatic clearance. 

Biological determinants of hepatic drug elimination include the metabolic 
activity of the liver, hepatic blood flow, and the extent of drug binding in the 
plasma. Alterations in any of these factors that determine hepatic drug elimi
nation (whether caused by disease state, drug interaction, or genetic or individ
ual variation) will affect the blood concentration-time curve. The hepatic ex
traction reflects the overall activity of the elimination process as well as other 
variables such as blood flow and drug binding. These extraction ratios therefore 
provide a basis for the classification of drugs with respect to the disposition 
into high- and low-extraction compounds as shown in Table 4. 22 

If a drug has a low extraction ratio (due to a small intrinsic clearance 
relative to liver blood flow), hepatic clearance will be independent of changes 
in liver blood flow but will be highly sensitive to the hepatic metabolizing 
enzyme activity (intrinsic clearance) and proportional to the unbound drug con
centration in plasma. There will be only a small first-pass effect after oral 
administration of drugs in this class, and the dose will reach systemic circula
tion mostly intact. On the other hand, for a drug that has a high extraction 
ratio, the hepatic clearance will predominantly reflect liver blood flow. The 
clearance and half-life will be sensitive to changes in blood flow and will be 
insensitive to alterations in metabolic activity. The compounds that have ex
traction ratios between 30 and 70% fall into the category of intermediate ex
traction compounds. They will have an intermediate mixture of properties, with 
their clearance being partly dependent on liver blood flow and hepatic enzyme 
activity. 

For the majority of drugs, a plot of the blood concentration expressed as 
a natural logarithm versus time gives a straight line, indicative of a monoex
ponential process of elimination. The two independent physiological variables, 
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Table 4. Pharmacokinetic Classification of Drugs Eliminated 
Primarily by Hepatic Metabolism a 

Drug class 

Flow-limited 
Lignocaine 
Propranolol 
Pethidine 
Pentazocine 
Nortriptyline 
Morphine 

Capacity-limited. binding-sensitive 
Phenytoin 
Diazepam 
Tolbutamide 
Warfarin 
Chlorpromazine 
Clindamycin 
Quinidine 
Digitoxin 

Capacity-limited. binding-insensitive 
Theophylline 
Hexobarbitone 
Amylobarbitone 
Antipyrine 
Chloramphenicol 
Thiopentone 
Paracentamol 

"Modified from Ref. 22 with pennission. 

Approximate extraction 
ratio 

0.83 
0.60-0.80 
0.60-0.95 
0.8 
0.5 
0.5-0.75 

0.03 
0.03 
0.02 
0.003 
0.22 
0.23 
0.27 
0.005 

0.09 
0.16 
0.03 
0.07 
0.28 
0.28 
0.43 
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volume of distribution (Vd) and clearance (Cl), determine the slope or constant 
rate of elimination (Ke/): 

Cl 
Ke/= Vd (2) 

Half-life (Tv,) is a commonly used pharmacokinetic parameter that relates to 
clearance and volume of distribution as follows: 

VdxO.693 
T",=----,- Cl (3) 
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Thus, T y, is a dependent variable that can be influenced by any physiological 
changes in either volume of distribution or clearance. The volume of distribu
tion is dependent on drug binding to macromolecules in blood and tissue. Total 
clearance (Cl) is customarily used as a measure of the efficiency of the elimi
nation process. It can be estimated from 

dose 
Cl=

AUC 
(4) 

where AUC is the area under the blood concentration time curve extrapolated 
to infinity. The pharmacokinetic profile of a given drug is useful in choosing 
the proper dosage and dosing interval by knowing the fate of the drug in the 
body: the extent of its absorption, the way it distributes in the body, and the 
rate of its elimination from the body. 

4. DRUGS USED AS INDICATORS OF HEPATIC FUNCTION 

Conventional liver function tests are often a poor measure of the severity 
of liver disease. Unlike creatinine clearance in the assessment of renal function, 
these biochemical tests do not often reflect the severity of liver disease. More 
dynamic functional tests are required for the assessment of liver disease. With 
the increased understanding of the physiological factors determining drug dis
position, clearance of certain drugs has been used as a probe for the individual 
aspects of hepatic function. In choosing a drug for a test of hepatic function, 
the compound must be nontoxic, must be available for intravenous use (or, if 
given orally, its absorption must be complete and rapid), and, finally, must be 
measurable either as the parent compound or its metabolites. The drugs must 
be predominantly eliminated by the liver in order to reflect hepatic disease. 

Antipyrine has been used widely as a model drug to assess hepatic enzyme 
activity. Because antipyrine is negligibly bound to plasma protein and tissue 
and because it is eliminated almost exclusively by the liver with a low hepatic 
extraction ratio, its clearance is dependent on oxidative metabolic activity. Routine 
medical biochemical tests seem to be poor indicators of the liver's ability to 
metabolize antipyrine. The problem of using antipyrine as a functional test is 
that there are overlaps between the clearance values in patients with liver dis
ease versus normal subjects. These overlaps lead to the lack of prediction of 
the severity of liver disease at any time. 23 Despite these limitations, antipyrine 
clearance may serve as a quantitative measure of liver function and it may be 
useful as a prognostic indicator to follow the course of liver disease. 24 

Clearance of highly extracted compounds such as indocyanine green and 
galactose has been used to estimate liver blood flow. 25.26 This clearance tech-
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nique is a simple and noninvasive means of indirectly estimating liver blood 
flow. It is important to understand the limitations of this method. The extrac
tion ratio of indocyanine green and galactose is assumed to be unity (thus avoiding 
the invasive means of obtaining the true hepatic extraction by hepatic vein 
catheterization), but the extraction ratio may in fact be altered in the presence 
of liver disease, due to liver dysfunction and intrahepatic or extrahepatic shunt
ing. Accordingly, a single measurement may not give as meaningful informa
tion for blood flow estimation as if one were to use the clearance of these 
compounds as an indicator to follow the course of liver disease or to monitor 
the outcome of therapy. 

5. BIOAVAILABILITY 

The rate and extent of absorption and delivery of a drug to the systemic 
circulation is usually expressed in terms of bioavailability. Bioavailability is 
often used to measure the extent of first-pass metabolism of an orally adminis
tered drug when the drug is completely absorbed, although such determinations 
cannot differentiate between biotransformation processes occurring in the liver 
and the intestine. The bioavailability of a drug may be defined as the fraction 
of unchanged drug present to the systemic circulation after the first pass of a 
drug through the intestine and the liver. In general, drug bioavailability is ex
amined in healthy volunteers under carefully controlled conditions without any 
interference of other factors such as food, other drugs, or disease state. The 
data are used by regulatory agencies and clinicians to establish appropriate dos
age regimens for their patients. Unfortunately, in the real clinical setting other 
factors are often involved such as food, coingestion of other drugs, and disease 
state for which the drug is being taken in the first place. Other than physico
chemical and pharmacological properties of the drug, factors attributable to the 
specific patient such as age, sex, other diseases, and concomitant medication 
must also be considered. Although the clinical end point is the pharmacological 
response, the pharmacokinetic properties may be useful in the selection and 
design of proper dosage regimens. Bioavailability studies are particularly im
portant with drugs that have a low therapeutic ratio in order to design optimal 
dosage regimens, to avoid unnecessary toxicity, and to attain adequate phar
macological effects. This is also particularly important for drugs that have a 
short half-life that often exhibit fluctuations of plasma concentration and phar
macological response, and for drugs with variable or poor absorption. 

The first-pass process occurring in the intestine and/or liver must be con
sidered in bioavailability estimation as it may be responsible for the variability 
of drug bioavailability, especially with drugs that undergo extensive first-pass 
metabolism. First-pass metabolism can become saturable depending on the dose 
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and quite often is variable. Intestinal metabolism is usually capacity-limited 
because of the saturation of enzymatic activity.n The intestinal first -pass me
tabolism is responsible for the reduced bioavailability of drugs undergoing in
testinal biotransformation. 28 Because of quantitative considerations, the sys
temic bioavailability is largely dependent on the hepatic first-pass effect, since 
the liver contains a higher metabolic biotransformation capacity. 

Absolute availability or systemic availability (F) of a drug is the fraction 
or percentage of the administered dose that actually reaches the systemic cir
culation. This is determined from blood levels or urinary excretion data after 
oral administration, with reference to similar measurements made after intra
venous administration. This can be calculated from the area under the blood or 
plasma concentration time curve after oral administration (AUCpo) and that ob
tained after intravenous administration (AUCiv)' 

AUCpo 
F=-

AUCiv 

Bioavailability can also be determined on a relative basis by comparing 
the test drug in reference to the standard dosage form both given orally. Bio
availability studies usually are carried out in a crossover fashion in the same 
person to avoid the effects of intersubject variability in drug clearance. The 
standard procedure for the determination of the absolute or relative bioavaila
bility of a drug requires the administration of different formulation in a random 
order crossover study on separate occasions. The principal assumption under
lying this technique is that the drug is eliminated from the body at the same 
rate on different occasions. Unfortunately, large intraindividual variation in first
pass metabolism by the liver can occur with several high-clearance drugs. This 
problem has introduced the use of simultaneous administration of the test and 
standard dosage forms of the drug where one dosage form can be labeled with 
stable isotopes. 29•3o This technique allows simultaneous administration of dif
ferent routes or different formulations. The compound can be labeled with l3C, 
2H, or 15N. 

6. PHARMACOKINETIC VARIABILITY: EFFECTS OF DISEASE 

Information on drug pharmacokinetics is often based on the studies carried 
out in healthy, young adult subjects. In real clinical situations, drugs are used 
in persons of all ages with high prevalence of disease. It would be logical to 
try to understand the pharmacokinetics of drugs in patient populations in which 
they will be used. Disease affects various organ systems of the body and affects 
drug pharmacokinetics or the way drugs are absorbed, distributed, excreted, 
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and metabolized. Drug elimination can be directly affected by renal disease. 
Metabolism of some drugs is affected by hepatic disease. Drug binding can be 
affected by both renal disease and hepatic disease. Cardiovascular disease can 
affect drug distribution and the transport of drugs to eliminating organs. The 
next section of this chapter will focus on how gastrointestinal and liver diseases 
can affect drug pharmacokinetics. 

6.1. Effects of Gastrointestinal Disease on Drug Absorption 

Many conditions involving the gastrointestinal tract are likely to cause 
changes in drug absorption because of altered physiological functions. Little 
attention has been paid to the effect of gastrointestinal disease on drug absorption. 

6.1.1. Gastrointestinal Motility Disorders 

Any factor that accelerates gastric emptying is likely to increase the rate 
of drug absorption. Conversely, any factor delaying emptying is likely to de
crease the rate of drug absorption. Gastric emptying is delayed in certain dis
ease states such as gastric atrophy, gastric carcinoma, pyloric stenosis, gastric 
ulcer, and postgastric surgery. 31 Interestingly, there is a reported case of a 
woman with hypertrophic pyloric stenosis who retained 61 out of 66 enteric
coated aspirin tablets in her stomach. 32 

Impaired drug absorption of drugs such as acetaminophen has been shown 
to occur in the presence of delayed gastric emptying.33 ,34 On the other hand, 
rapid intestinal transit associated with diarrhea may decrease drug absorption, 
especially with enteric-coated and slow-release formulations. This effect is pos
sibly due in part to the reduced time available for absorption and in part to the 
failure of drug dissolution in the gut lumen. 35 Failure of action of oral contra
ceptives can occur during episodes of gastroenteritis, again possibly due to 
impaired absorption. 36 During acute exacerbation of inflammatory bowel dis
ease, an oral dosage form of corticosteroid usually is supplemented by the 
intravenous route on the unproven assumption that absorption is impaired. In
deed, any condition that alters gastrointestinal motility such as diabetic gastro
paresis, hypothyroidism, intestinal pseudoobstruction, and diarrheal disorders 
can potentially influence drug absorption. 

6,1.2. Diseases of the Stomach 

Drug absorption is potentially impaired in achlorhydria because of the 
changes in intragastric acidity and gastric emptying. The absorption of aspirin 
is increased in achlorhydria, even though the high gastric pH would be ex
pected to inhibit aspirin absorption (because more of the drug is in the ionized 
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form). The increase in absorption may be related to the delayed gastric emp
tying. 37 The absorption of cephalexin, penicillin V, tetracycline, or acetamin
ophen was not found to be altered in patients with achlorhydria. 38.39 Drug ab
sorption may be altered following gastrointestinal surgery because of the reduction 
in absorptive surface area or changes in gut motility and secretory patterns. 
Absorption of acidic, basic, and neutral compounds is reduced in patients who 
had undergone antrectomy with gastroduodenostomy and selective vagotomy.40 
This altered absorption may be associated with delayed gastric emptying. Ab
sorption of sulfonamide was found to be impaired in patients who had under
gone Billroth II gastrectomy as the gastric emptying is altered,41 but the ab
sorption of digoxin was not altered. 42 The unpredictable effects of gastric surgery 
on drug absorption can perhaps be related to the fact that the absorptive surface 
of the small intestine still remains intact, and these effects also depend on the 
physicochemical properties of the drugs. 

6.1.3. Diseases of the Intestine 

Studies of drug absorption in patients with small intestinal disease have 
been limited and conflicting. Some have shown impaired drug absorption in the 
presence of malabsorption,43 but others have found drug absorption to be nor
mal in such patients. 44 Absorption of digoxin tablets is impaired in radiation
induced enteritis but, interestingly, the problem is overcome when using di
goxin in an elixir form.45 This suggests that impaired absorption may be the 
result of delayed tablet dissolution rather than a defect in the intrinsic absorp
tion of the drug. Propranolol bioavailability was not found to be altered in 
patients with untreated celiac sprue,46 but direct perfusion of propranolol into 
the proximal jejunum results in a 70% decrease in absorption in patients with 
celiac disease compared to normal subjects. This suggests that celiac disease 
(which commonly involves the proximal part of the bowel) affects the absorp
tion but not the bioavailability of propranolol as the normal distal part of the 
intestine still can compensate and provide for adequate total absorption. Intes
tinal bypass surgery can also reduce bioavailability of some drugs such as oral 
contraceptives, hydrochlorothiazide, and phenytoin.47-49 Impaired drug absorp
tion occurs in radiation-induced enteropathy. 50 

In the presence of small intestinal diseases, drug absorption may be im
paired because of the reduced effective surface area for absorption. The diffu
sion process may be impaired in the presence of inflamed bowel. The changes 
in bacterial ecology in the intestinal lumen (such as bacterial overgrowth syn
drome) may alter the rate of drug metabolism in the intestinal lumen. The effect 
of Crohn's disease and celiac disease on drug absorption is variable depending 
on the activity and extent of the disease and the nature of a given drug. 51-53 
The decreased bioavailability may be due to an absorptive defect and increased 
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bioavailability may be due to increased permeability. 54.55 Absorption of pred
nisolone was found to be reduced in patients with Crohn's disease,56 and oral 
absorption may be delayed. 57 

The alteration in the absorption of propranolol in Crohn's disease may be 
due to the change in acid microclimate. 58 The bioavailability of the acidic lipid
soluble compound indomethacin is unaltered in patients with treated celiac dis
ease, and the absorption of salicylate is slightly faster than in control subjects, 
possibly due to the more rapid gastric emptying that occurs in celiac disease. 59 

Absorption patterns of antibiotics vary in patients with celiac disease. 60 In 
patients with Crohn's disease, absorption of lincomycin is decreased, absorp
tion of clindamycin or cotrimoxazole is increased, but absorption is unchanged 
with rifampicin and cephalexin.61 Possible explanations for alterations in ab
sorption of antibiotics include variations in gastric emptying, mucosal damage, 
impaired diffusion, increased permeability, and defective mucosal enzyme ac
tivity. It has been suggested that the decreased absorption of acetaminophen in 
patients with celiac or Crohn's disease may be caused by the altered gastric 
emptying in these patients rather than the absorptive defect. 62 

6.2. Drug Metabolism in Liver Disease 

The liver is the major organ of drug biotransformation. Thus, it might be 
expected that liver disease would have significant effects on drug metabolism. 
The effect of liver disease on drug metabolism has been reviewed. 63 The clin
ical significance of altered drug metabolism in patients with liver disease is not 
entirely clear. However, it would seem logical and practical to cautiously ad
minister drugs in patients with advanced liver disease as they are extremely 
vulnerable to the toxic effects of drugs, particularly those with low therapeutic 
ratio. Practically, dose administration in patients with liver disease is adjusted 
according to the patient response under close observation, as there are no defi
nite predictors of response or guidelines for dosage administration. 

The unpredictability of the effects of liver disease on pharmacokinetics 
could be due to the multiple effects of liver disease on drug-metabolizing en
zyme activities, drug binding, and on hepatic blood flow. It also relates to the 
complexity of hepatic metabolism as some enzyme systems are far more sen
sitive to the effects of liver disease than others. The clinical significance of 
altered drug metabolism in liver disease depends on the type and severity of 
the underlying liver disease and on the pharmacokinetic properties of the drugs. 

Drugs with high hepatic extraction ratio have the greatest potential for 
increased bioavailability in patients with liver disease. This is due to reduced 
hepatic extraction as a consequence of impaired metabolic capacity and the 
development of hepatic portasystemic shunt. This shunt allows drugs to bypass 
functioning hepatocytes, thus escaping metabolism. The reduced systemic 
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clearance and markedly increased systemic bioavailability often lead to in
creased toxicity. This therefore poses major problems in the administration of 
high extracted compounds such as propranolol,64 metoprolol,65 pethidine, pen
tazocine,66 and nifedipine. 67 The elimination of lidocaine, for example, is highly 
blood flow-dependent and has a low therapeutic ratio, making dosage adjust
ment in patients with cirrhosis necessary. Its clearance is markedly impaired in 
chronic active hepatitis and cirrhosis,68,69 but not in acute viral hepatitis,70 Dos
age modification of drugs with low hepatic extraction ratio (whose clearance is 
primarily dependent on hepatic metabolizing capacity) may be essential for cer
tain drugs with low therapeutic index such as theophylline,71 or diazepam, 72 

Clearance of chlordiazepoxide is also prolonged in cirrhosis,73 In contrast, the 
clearance of oxazepam and lorazepam, benzodiazepines that are glucuronidated 
to inactive metabolites, does not appear to be significantly altered in either 
cirrhosis or acute viral hepatitis. 74,75 This finding suggests that glucuronidation 
may be relatively spared in some forms of liver disease. Recent work suggests 
that ester glucuronidation but not ether glucuronidation may be impaired in 
cirrhosis,76 Delayed clearance and decreased protein binding have been dem
onstrated in patients with chronic active liver disease, Plasma protein binding 
of drugs is often impaired in patients with liver disease, possibly because of 
their reduced serum albumin concentration,77 However, the altered protein binding 
in liver disease does not always correlate with serum albumin concentration, A 
decrease in protein binding in liver disease will only substantially influence 
clearance of highly albumin-bound drugs with a low intrinsic clearance or he
patic extraction ratio, such as phenytoin or warfarin, This is because the clear
ance of both drugs depends on the unbound drug available for metabolism and 
the activity of hepatic metabolizing enzymes, The effects of liver disease on 
drug pharmacokinetics are complex and sometimes difficult to predict. 

The clinical significance of the effects of liver disease on drug elimination 
(and, more specifically, whether the dosage regimen of a drug should be mod
ified in patients with liver disease) is not clear, although the incidence of ad
verse effects to drugs is expected to be higher in this population, It would be 
ideal to have certain guidelines as to how the dosage should be modified in 
liver disease. The best advice at this present state of knowledge is to administer 
drugs to patients with liver disease carefully and to titrate the dose to the de
sired clinical response. It would appear prudent to use sedatives and analgesics 
cautiously in patients with liver disease: it is advised to titrate the dose in each 
patient to clinical response and, in selected instances, to monitor the plasma 
concentration,78 A useful comment on safe prescriptions in liver disease states 
that "little change in prescribing is necessary when liver disease is inactive, 
though dosage should be kept low and particular care should be taken with 
sedative and antidepressant drugs, When active liver disease or signs of hepatic 
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decompensation are present, it is likely that drug metabolism is deranged and 
the greatest care, indeed, should be exercised in prescribing. ,,79 

7. DRUG-DRUG INTERACTION 

When drugs are taken concurrently, drug interactions may occur on a 
pharmaceutical, pharmacodynamic, or pharmacokinetic basis. This is a com
mon phenomenon in clinical practice where multiple drugs are often prescribed, 
particularly in the elderly who are often subjected to many disease processes. 
An increased awareness of the mechanisms of drug interactions will enable the 
clinicians to anticipate and cautiously prescribe mUltiple drugs to avoid unde
sired interactions. This awareness will prompt the clinicians to monitor for 
possible interactions and possibly to measure plasma concentrations. 

Pharmacokinetic drug interactions can occur when one drug interferes with 
the absorption and disposition of another drug. Basic pharmacological knowl
edge of mechanisms of drug action on physiological variables can be applied 
to predict potential drug interactions (Table 5). An alteration in pharmacoki
netics does not necessarily lead to an alteration in clinical response or to en
hanced drug toxicity. Drug interactions become critical when drugs with narrowed 
therapeutic index or steep dose response curve are prescribed. Pharmacokinetic 

Table 5. Mechanisms of Drug-Drug Interactions 
Affecting Bioavailability 

Mechanism 

Luminal binding 

Altered GI motility 

pH effect 

Altered portal blood flow 

Altered metabolic 
enzyme activity (P-450) 

Inducer 

Suppressor 

Examples 

Charcoal, cholestyramine, antacid, fer
rous sulfate 

Anticholinergic, metoc\opramide 

Antisecretory agents 

Hydralazine, propranolol. digoxin, 
cimetidine 

Phenobarbital, phenytoin, carbamazepine, 
ethanol, rifampin. griseofulvin 

Cimetidine, diltiazem 
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drug interactions can occur during the absorption, distribution, or elimination 
steps. 

7.1. Drug Interactions Affecting Gastrointestinal Absorption 

Absorbents such as cholestyramine and activated charcoal reduce the rate 
and extent of absorption of many drugs. 8O-83 Gastric pH can be altered by 
antacids and various antisecretory agents used in the treatment of peptic ulcer 
disease. Ketoconazole absorption is impaired in patients with achlorhydria and 
in patients receiving antacids and Hrreceptor antagonists. 84 The effect of ant
acids on the absorption of other drugs is unpredictable. 85 •86 It is unknown if 
the reduction in intragastric pH by any of the potent antisecretory agents in
cluding cimetidine, ranitidine, famotidine, synthetic prostaglandin, and substi
tuted benzimidazole influences absorption of other drugs. It is unresolved as to 
whether antacids interfere with absorption of cimetidine. 87- 91 Antacids can in
teract with other drugs by different mechanisms: urinary excretion of aspirin is 
favored by the urine-alkalinizing effect of antacids, antacids also chelate drugs 
such as tetracycline,92 calcium carbonate can precipitate ferrous sulfate, and 
gastric emptying is delayed by aluminum hydroxide. 93 Most of these adverse 
interactions can be avoided by giving the drug and antacid 2 hr apart. 

The gastric emptying rate influences the time for water-soluble drugs to 
dissolve. Drugs that promote gastric emptying, such as metoclopramide, tend 
to increase the rate of drug absorption, whereas many drugs such as anticholi
nergics, narcotics, analgesics, or antidepressents may delay gastric emptying 
and reduce the rate of drug absorption. 35 .94 For example, propantheline has 
been found to significantly reduce the absorption rate of riboflavin, sulfame
thoxasole, ethanol, and acetaminophen. 35 ,41,95.96 On the other hand, the pro
motility agent, metoclopramide, significantly increases absorption rate of ethanol, 
acetaminophen, tetracycline, and ampicillin.94,96-98 Small-bowel transit time also 
plays a role in drug absorption as it determines the contact time between drug 
and absorption site. The absorption of drugs from enteric-coated preparations 
is also largely determined by the rate of gastric emptying. Intersubject variabil
ity in the rate of absorption often occurs with these preparations. Coated gran
ule preparations have been designed so that they can be emptied gradually but 
continuously into the duodenum. 

The effect of the change in gastrointestinal motility on the rate and extent 
of drug absorption may also be determined by drug formulation. For example, 
the bioavailability of long-acting propranolol is not affected by the coadminis
tration of metoclopramide.99 A combination of an Hrreceptor antagonist and a 
promotility agent or an anticholinergic agent is sometimes used in the treatment 
of peptic ulcer disease. They might also interact with each other as the anti
cholinergic agent may delay gastric emptying and the Hz-receptor antagonist, 
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cimetidine, is known to suppress hepatic oxidative metabolism. 100 When ci
metidine is coadministered with pirenzepine (an antimuscarinic agent) in pa
tients with peptic ulcer disease, there is no pharmacokinetic interaction between 
the two drugs. 101 Thus, pirenzepine in therapeutic doses may not have an effect 
on gastric emptying and the inhibition of metabolic pathways by cimetidine is 
not pertinent to the effect of pirenzepine. 

7.2. Drug Interactions Affecting Hepatic Metabolism 

Several drugs are known to induce hepatic microsomal enzyme activities 
of the cytochrome P-450-mediated pathways, including phenobarbital, phenyt
oin, carbamazepine, ethanol, rifampin, and griseofulvin. 102-109 This enzymatic 
pathway can be inhibited by cimetidine and diltiazem. 110,111 Cimetidine can 
therefore interact with chlordiazepoxide and diazepam. 112,113 Cimetidine also 
inhibits the metabolism of highly extracted drugs such as propranolol, perhaps 
also through its action in reducing hepatic blood flow. 114 Drugs that commonly 
interact with cimetidine are warfarin, lidocaine, diazepam, propranolol, labe
talol, theophylline, and phenytoin. Cimetidine reduces the clearance of indo
cyanine green, a compound commonly used to estimate liver blood flow. 114 

Cimetidine also reduces clearance and prolongs the half-life of antipyrine, 115 a 
compound commonly used to estimate hepatic enzyme activity. The inhibition 
of drug metabolism by cimetidine is not related to its H2-receptor antagonist 
properties as ranitidine does not exert a similar effect on drug metabo
lism. II 6-121 Hepatic blood flow, one of the important determinants of the clear
ance of drugs that are highly extracted by the liver, can be decreased by drugs 
that reduce cardiac output, such as propranolol which can in tum decrease its 
own clearance. 122 Propranolol also reduces the clearance of the highly extracted 
compound lidocaine, whose metabolism is highly blood flow-dependent. 123 

8. EFFECT OF FOOD ON DRUG ABSORPTION 

In clinical situations, drugs are often given to patients in the presence of 
food to avoid their irritating effect on the stomach. The variable effects of food 
on drug absorption depend on the time, amount, and constituents of the meal 
and the nature of a drug (Table 6). The absorption rate of digoxin, acetamino
phen, and sulfonamides can be reduced in the presence of food as the result of 
delayed gastric emptying. 124-126 Food can affect the rate and extent of drug 
absorption by several mechanisms. It can alter gastrointestinal functions: gastric 
emptying time, gastrointestinal motility, secretion, and blood flow. Food can 
also have a direct effect on drug absorption by forming complexes with the 
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Increased 

Griseofulvin 
Hydrochlorothiazide 
Propranolol 
Metoprolol 
Mebendazole 
Nitrofurantoin 
Spironolactone 
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Table 6. Effect of Food on Drug Absorption 

Decreased 

Digoxin 
Acetaminophen 
Sulfonamide 
Ketoconazole 
Captopril 
Tetracycline 
Ampicillin 

Delayed 

CephaJosporins 
Sulphonamides 
Quinidine 

No effect 

Digoxin elixir 
Chlorpropramide 
Tolbutamide 
Ethambutol 

compound or by acting as a physical barrier to drug diffusion. It can also affect 
the disintegration or dissolution of drugs. 

Both the rate and the extent of absorption of many antibiotics are signifi
cantly decreased after a meal.127-130 Absorption of tetracycline is reduced by 
about 50% by a meal,13l and its absorption is reduced when taken with milk 
products because of the interaction of the drug with calcium resulting in a 
poorly absorbed complex. 132 On the other hand, absorption of certain drugs can 
be promoted when given with a meal. 133,134 This enhanced bioavailability after 
a meal may relate to a longer contact time between drug and the absorptive 
surface of the small intestine. Food can also alter both systemic and portal 
blood flow, and this may have an effect on the first-pass drug metabolism of 
selected compounds in the intestinal wall and the liver. 135,136 

A number of dietary factors influence drug pharmacokinetics. Metabolism 
of drugs is reduced in patients with vitamin C deficiency. 137 Charcoal-broiled 
beef, cabbage, and brussels sprouts have been shown to induce drug 
metabolism. 138 

9. EFFECT OF AGING ON PHARMACOKINETICS 

Another important biological process that can influence pharmacokinetics 
is aging. Many drugs are used in older persons, even though most of the infor
mation on the pharmacokinetics of drugs is based on studies done in youths. 
Furthermore, multiple drugs are often used in the elderly and the prevalence of 

disease increases with age. Older persons are more susceptible to drug-related 
toxicity, partly because of altered physiological responses as well as drug 
interactions. 
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There are several possible mechanisms of the effects of aging on drug 
pharmacokinetics (Table 7). Drug absorption may be altered in the elderly be
cause of changes in physiological functions. Intragastric pH tends to be higher 
in the elderly because of the reduction in parietal cell mass. Intestinal blood 
flow is potentially reduced in the presence of atherosclerosis occurring in the 
elderly. Gastric emptying time may also be altered in the elderly. Bacterial 
overgrowth is more common in the elderly. An impaired esophageal motility 
in the elderly may result in a failure of drug absorption if the tablet were to 
remain lodged in the esophagus. It is debatable if only active absorption pro
cesses are impaired with advancing age. 139 Increased plasma drug concentra
tions of several drugs were previously demonstrated in the elderly, although 
these changes may be a function of reduced elimination rather than a change 
in absorption. 140 Aging can also lead to an alteration in drug binding, metabo
lism, excretion, or distribution. 141.142 

Other major changes in the elderly include alteration in their volume of 
distribution as a result of the reduction of lean body mass in proportion to total 
body weight, or a diminuition of serum albumin concentration as a result of 
chronic illness and malnutrition. Drugs that are highly bound or have a low 
volume of distribution are more likely to be affected with the changes of aging. 
Changes of blood flow to different organs can also affect the distribution of 
drugs. Cardiac output can decrease by up to 40% in the elderly. Organ blood 
flows (including renal blood flow, hepatic blood flow) and peripheral blood 
flow are often decreased in the elderly and can result in decreased metabolic 
and renal clearance. 143 

Hepatic drug metabolism appears reduced in the elderly although there is 
a great deal of variation. 144.145 Both liver mass and hepatic blood flow decrease 
with age. The intrinsic hepatic clearance is highly variable with age. 146 Nutri
tional deficiency may be partly responsible for the decline in microsomal en-

Table 7. Possible Mechanisms of the Effects of Aging 
on Orug Pharmacokinetics 

Changes in drug absorption 
Reduction of hepatic metabolism 
Reduction of liver blood flow 
Reduction of GFR and renal blood flow 
Reduced cardiac output 
Reduced lean body mass 
Reduced serum albumin 
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zyme function in the elderly.147 Reduced renal function is important in drug 
administration in the elderly, especially for drugs excreted by the kidneys. Renal 
clearance is generally reduced in the elderly as the kidney undergoes physio
logical and anatomical changes with aging, including the reduction in glomer
ular filtration rate, tubular reabsorption, and secretion. Besides the potential 
alteration of pharmacokinetic properties of drugs in the elderly, this patient 
population tends to be more sensitive to the effects of various drugs, resulting 
in an altered pharmacological response. In most cases, the changes in pharma
cological response are a result of pharmacokinetic alteration with aging. 

10. CONCLUSION 

In this chapter, factors that determine the relationship between drug dos
age and plasma drug concentration (pharmacokinetics) have been reviewed. 
Most pharmacokinetic data are derived from studies performed on healthy, young 
volunteers without other interferences such as disease, food, other drugs, or the 
aging process. In real clinical situations, a number of factors contribute to intra
and interindividual variability in drug pharmacokinetics. This pharmacokinetic 
variability can lead to an alteration in pharmacological response that can pose 
major problems when drugs with narrow therapeutic index are given. The 
knowledge of basic pharmacokinetic principles provides the basis for effica
cious and safe drug administration. Liver and gastrointestinal tract play impor
tant roles in determining drug availability to the systemic circulation after oral 
administration. The dosage regimen is customarily modified in patients with 
liver disease since metabolism of several drugs is impaired, although there are 
no specific guidelines for using drugs in these patients due to the lack of sen
sitive indication of the ability of the liver to metabolize drugs. Less is known 
of the effect of gastrointestinal disease on drug absorption. Impaired drug ab
sorption could become critical for drugs with a short half-life and rapid elimi
nation whose pharmacological effect is dependent on adequate plasma concen
tration. Additional factors including other drugs, food, and the aging process 
should be considered in the design of proper dosage regimen. The clinical sig
nificance of pharmacokinetic alteration depends on the nature of a given drug 
and the clinical status of the patients. Generalizations cannot be made for any 
disease or any given drug but drug administration must be individualized on 
the basis of several factors including disease state, concomitant drug adminis
tration, food, and aging. A suspicion of pharmacokinetic alteration should be a 
signal to initiate a request for plasma drug level monitoring for dosage modifi
cation in order to attain optimal pharmacological effect and minimize possible 
toxicities. Much work remains to be done in this area before specific guidelines 
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can be provided in terms of these factors. It is, however, important to appre
ciate the need to assess the dosage regimen on an individual basis. 
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Immunological Injury to the Intestine 
and Liver in Human Marrow 
Transplant Recipients 

George B. McDonald 

1. INTRODUCTION 

Over 3000 marrow transplants are now carried out yearly, a number that will 
surely increase as long-term survival after marrow grafting improves. Patients 
are returning to their community physicians having been "cured" of their orig
inal diseases but suffering the sequelae of the marrow transplant procedure. On 
another plane, it is of great interest that marrow transplantation creates intes
tinal and liver diseases that are similar to several puzzling, naturally occurring 
human illnesses. For example, acute graft-versus-host disease (GVHD) causes 
a form of inflammatory bowel disease that is most prominent in the ileocecal 
region. Chronic graft-versus-host disease in the liver looks much like primary 
biliary cirrhosis, and in the esophagus, like epidermolysis bullosa. This chapter 
will summarize the clinical presentation and pathophysiology of intestinal and 
liver injury after transplantation, especially that mediated by the immune sys
tem. 

George B. McDonald. Gastroenterology/Hepatology Section, Fred Hutehinson Cancer Research 
Center, and University of Washington School of Medicine, Seattle, Washington 98104. 
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2. MARROW TRANSPLANT METHODS 

Protocols for marrow grafting depend on the disease being treated and on 
the degree of genetic match between donor and recipient. \-5 There is also vari
ability among the over 100 transplant centers as to choice and dosage of cyto
toxic and immunosuppressive drugs, infection prophylaxis, and management of 
posttransplant problems. Table 1 lists terms and abbreviations commonly used 
in transplant centers. 

2.1. Pretransplant Conditioning Therapy 

Patients with nonmalignant conditions such as marrow aplasia are given 
pretransplant chemotherapy (usually cyclophosphamide) to ablate their remain
ing marrow in order to prevent rejection of the donor marrow graft. Patients 
with malignancy commonly receive high-dose chemoradiotherapy or combina
tion chemotherapy to eliminate malignant cells and to prevent graft rejection. 
High-dose conditioning therapy may cause liver damage (venocclusive disease 
of the liver) and a diffuse enteritis. 6.7 The liver damage may be fatal, but the 
enteritis is usually transient. 

2.2. Histocompatibility 

Most patients receive allogeneic marrow from a genetically similar donor, 
usually a sibling who shares parental haplotypes with the patient. Human leu
kocyte antigen (HLA) identity is determined by serological microcytotoxicity 
assays (for HLA-A and B antigens) and by mixed leukocyte culture reactivity 
(for HLA-D antigens).1,4 The closer the genetic match between patient and 
donor marrow, the less likely there will be a reaction against the patient by the 
grafted marrow (graft-versus-host disease). However, HLA-matched sibling 
transplants may still develop GVHD, most likely because of transplantation 
antigens not detected by current typing techniques, Alternatives to HLA-matched 
marrows are those from HLA-nonidentical family members, in whom one hap
lotype is genetically identical and the other haplotype shows phenotypic simi
larity for one or two but not all HLA determinants. Transplants have also been 
successfully performed between unrelated donors and recipients who are phe
notypically identical for HLA-A, B, and D determinants,4 

Others receive autologous (their own) marrow, aspirated and cryopre
served before intensive chemoradiation therapy is begun. Patients fortunate enough 
to have an identical twin can receive syngeneic marrow and are generally spared 
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Table 1. Commonly Used Terms and Abbreviations 

Conditioning therapy 

Chemoradiotherapy 

TBI 

Day 0 

Allogeneic transplant 

Syngeneic transplant 

HLA 

HLA-matched 

HLA-mismatched 

GVHD 

Hyperacute GVHD 

GYHD prophylaxis 

Preparative regimen given before marrow transplanta
tion in order to prevent graft rejection, eradicate ma
lignant cells, or both. Uses chemotherapy drugs alone 
or with total-body irradiation. See "Chemoradiother
apy." 

Pre transplant conditioning therapy combining chemo
therapy (usually cyclophosphamide) with total-body 
irradiation. 

Total-body irradiation, a form of immunosuppression 
and antitumor therapy. 

The day of marrow infusion. 

Donor and host are of the same species but are not 
genetically identical. Most allogeneic transplants are 
from a sibling who shares parental haplotypes with 
the patient. Synonymous with allograft. 

From an identical twin. 

Abbreviation for human leukocyte antigen, a set of 
linked genes on the sixth chromosome. Class I anti
gens (HLA-A and B) are detected by serological mi
crocytotoxicity assays. 

Donor and patient are HLA-identical. Matched sibling 
transplants may still develop GVHD in spite of HLA 
identity, most likely because of transplantation anti
gens not detected by current typing techniques. 

Donor and patient are HLA-nonidentical at one or 
more loci. 

Abbreviation for graft-versus-host disease, a symptom 
complex involving skin, liver, and intestinal mucosa 
(acute GVHD), and skin, liver, mucus membranes, 
and salivary glands (chronic GYHD). 

GVHD that occurs earlier and with greater severity 
than normal. Seen most often in HLA-mismatched pa
tients and in those not receiving prophylaxis against 
GVHD. 

Drugs given after marrow infusion to prevent or 
lessen the severity of GYHD. Usually includes com
binations of methotrexate, cyclosporine, and predni
sone. 
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from severe graft-versus-host disease. There is controversy over whether some 
of these nonallogeneic graft recipients develop less severe skin GVHD.8 

2.3. Posttransplant Immunoprophylaxis 

Because of the presumed immunological etiology of GVHD, patients re
ceiving allogeneic marrow grafts are usually given prophylactic immunosup
pressive drugs. l ,4 In order to be effective, these drugs must be started before 
GVHD becomes apparent. Methotrexate, cyclosporine, and prednisone are cur
rently used.9--12 Deleting posttransplant immunosuppression is associated with 
frequent and severe "hyperacute" GVHD, i.e., GVHD that occurs earlier and 
with greater severity than normal. 13 Another approach to preventing GVHD 
involves treating the donor marrow in vitro before infusion, to remove immu
nocompetent cells while retaining hemopoietic stem cells. 1,4 

2.4. Marrow Reconstitution 

Conditioning regimens destroy the patient's hemopoietic and immunolog
ical systems. Donor marrow cells repopulate the marrow cavities, and in 2-4 
weeks peripheral blood counts rise. 1 Over time, all hemopoietic and immune 
cells are derived from the donor marrow, including plasma cells and macro
phages. 14 Patients have pronounced immunological deficiencies for 4-5 months, 
the time required for host lymphoid tissues to be repopulated by functioning 
donor cells. I ,4,14 With chronic GVHD patients remain immunologically crip
pled, suffering from recurrent bacterial infections, Long-term survivors without 
GVHD lead normal lives without infection. 

3. OVERVIEW OF INTESTINAL AND LIVER COMPLICATIONS 

Some patients come to marrow transplantation with intestinal and liver 
diseases that may jeopardize posttransplant survival. Examples are viral hepa
titis, peptic ulceration, intestinal infection, perianal cellulitis, and fungal or 
viral esophagitis, Posttransplant, there are four causes of intestinal and liver 
disease: (I) chemotherapy or chemoradiotherapy, which causes gut and liver 
damage that becomes apparent in the first weeks posttransplant; (2) graft-ver
sus-host disease, the acute form of which usually appears between days 20 and 
60, and the chronic form from 3 to 15 months posttransplant; (3) infections 
occurring before full marrow recovery; and (4) side effects of drugs and other 
therapy such as methotrexate, cyclosporine, antibiotics, or total parenteral nu
trition, Chemoradiotherapy toxicity, infections, and the side effects of drugs 
are discussed in recent reviews, 6,7 



IMMUNOLOGICAL INJURY AND HUMAN MARROW TRANSPLANT 163 

4. ACUTE CRAFT-VERSUS-HOST DISEASE 

The syndrome of acute GVHD usually begins 3-6 weeks after transplan
tation in patients receiving prophylactic immunosuppressive therapy, but may 
occur as early as day 7 in patients not receiving these drugs. 9.13 A maculopa
pular skin rash appears on the trunk, soles, palms, and ears. Crampyabdominal 
pain, nausea, vomiting, watery diarrhea, and jaundice may then appear. 6,7,16,17 
A widely used system for grading the overall severity of acute GVHD lists 
mild skin GVHD as grade 1; grade 2 is moderate disease in multiple organs; 
grade 3 is severe disease; and grade 4 is life-threatening GVHD. 16,18 The ac
curacy of this grading system is dependent on clinical findings, exclusion of 
drug toxicity and infection as causes of tissue damage, and biopsies of skin, 
gut, and liver. Twenty-five to fifty percent of engrafted allogeneic recipients 
develop grade 2-4 GVHD; 30-60% of these patients die of GVHD or its re
lated infectious complications.9,16,19 

4.1. Acute Intestinal CVHD 

Patients with acute GVHD may have few abdominal complaints or may 
have unceasing pain, profuse diarrhea, nausea, protein loss, intestinal bleeding, 
and sepsis.6 The watery diarrhea persists in high volume, up to 10 liters daily, 
even in the absence of oral intake. The diarrheal fluid usually contains cellular 
debris, occult blood, and large amounts of exuded serum proteins.6,2o Serum 
proteins are correspondingly low. Abdominal pain increases after food inges
tion but may occur spontaneously as large volumes of fluid course through the 
intestine. Anorexia, nausea, and vomiting are common but not specific, as they 
are also manifestations of herpesvirus infection or drug toxicity.21 

Plain x rays of the abdomen and barium contrast studies of the intestine 
demonstrate widespread mucosal and submucosal edema, most prominent in 
the distal small intestine. 22 ,23 Transit is rapid, and the barium is often diluted 
with excessive luminal fluid. Mucosal ulcerations and pneumatosis intestinalis 
may be present. The high-volume diarrhea typical of acute GVHD probably 
results from both increased small intestinal secretions and reduced fluid absorp
tion, particularly in the ileum and right colon. The endoscopic appearance of 
intestinal GVHD ranges from normal (with only histological abnormalities) to 
patchy erythema to extensive mucosal friability and sloughing. These severe 
changes are most prominent in the ileum and cecum, but may occasionally 
extend from stomach to rectum. 24 Biopsy specimens of grossly normal-appear
ing stomach, duodenum, and rectum often show histological changes of acute 
GVHD if there is extensive midgut disease. 21,25-27 

Histology of intestinal mucosa from patients with acute GVHD shows ab
normalities that range from necrosis of individual crypt epithelial cells to total 
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denudation of epithelium.24-27 Many of these histological changes, though 
characteristic enough of acute GVHD to be very useful diagnostically, are not 
specific. By light microscopy, the first change is necrosis of individual cells in 
the proliferative zone of intestinal and gastric crypts (apoptosis).25.26 Debris 
from cell necrosis is enveloped in spaces at the base or side of crypts (apoptotic 
bodies). Apoptosis, as a mechanism of cell injury, is thought to be caused by 
immune mechanisms. Support for this hypothesis as it relates to GVHD comes 
from electron microscopic studies of human intestinal epithelium. 28 Viable 
lymphocytes were seen extending pseudopods toward nuclear membranes in 
crypt cells from mucosa involved with GVHD, but not from controls. 28 These 
morphological findings are consistent with T-cell-mediated cytotoxicity in which 
there is conjugation to the target membrane, activation of lymphotoxins, and 
lysis of target cells. 29 The cytotoxic lymphocyte may then detach to encounter 
other target cells. Isolated apoptotic bodies in acute GVHD are not accompa
nied by lymphocyte infiltration, in contrast to epithelial apoptosis seen in forms 
of inflammatory bowel disease. 25.3o Confounding the theory that mobile cyto
toxic lymphocytes are the cause of apoptosis in GVHD are recent studies show
ing that isolated apoptotic bodies can be found in immunocompromised patients 
with acquired immune deficiency syndrome (AIDS) and severe T-cell 
deficiency 31.32 and in patients with cytomegalovirus enteritis. 33 Perhaps apop
tosis in these situations is related to immune recognition of virally infected 
cells, as opposed to recognition of crypt cell-surface differentiation antigens in 
acute GVHD. This hypothesis remains untested. 

The lymphocytes present in rectal biopsy lamina propria of patients with 
acute GVHD show different immunostaining properties, compared to both nor
mal and non-GVHD posttransplant biopsy specimens. In marrow recipients 
without GVHD, there is a decrease in T lymphocytes in the lamina propria,34 
consistent with previous findings of lymphocyte depletion in Peyer's patches 
and mesenteric lymph nodes of allograft recipients. 35 Lymphoid atrophy is re
lated to conditioning chemoradiotherapy, not GVHD. 36 In patients with GVHD, 
T lymphocytes were increased in both lamina propria and epithelium due to an 
increase in suppressor-cytotoxic (T8+) cells. 34.37 Lymphocytes did not express 
activation markers,34 consistent with diminished functional capacity of periph
eral blood lymphocytes from patients with GVHD.14 These studies, along with 
findings that show a lower incidence of acute GVHD among patients trans
planted with T -lymphocyte-depleted donor marrow, 38.39 make cytotoxic-sup
pressor T cells the most likely effectors of crypt cell apoptosis. 

In patients with acute GVHD, there is often a progression from isolated 
apoptotic lesions to dropout of whole crypts, then groups of crypts, and even
tually denudation of the epithelium.6.24.27.35 These severe changes are most 
prominent in the ileum and ascending colon. In these later stages, the lamina 
propria and smooth muscle may be infiltrated with lymphocytes and plasma 
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cells. 27•35 There is evidence that some of the intestinal damage in acute GVHD 
is due to the "innocent bystander" phenomenon, in which allogeneic reactions 
against host lymphoid cells cause the local release of toxic lymphokines. 40.41 
There is morphological evidence for this phenomenon in humans. Electron 
microscopy of rectal mucosa and skin biopsy specimens from patients with 
acute GVHD shows damage to melanocytes and enteroendocrine cells in the 
vicinity of less differentiated cells, the probable targets of cytotoxic T cells. 28.42 
Cytoplasmic granules of both natural killer and cytotoxic T cells lack antigenic 
specificity and may damage nontarget cells. 29 

The role of microorganisms in the pathogenesis of GVHD remains uncer
tain. One hypothesis states that immunodeficiency results from a donor-host 
lymphoid interaction, allowing microbial invasion of the mucosa. 43 Studies in 
animals and humans with GVHD show enhanced survival and reduced mucosal 
necrosis when the graft recipient is germ-free or decontaminated (reviewed in 
ref. 6). Although superinfection of intestinal mucosa already affected by GVHD 
is common, many cases of florid intestinal GVHD are without clinical or his
tological evidence of infection. 26.27.35 Nonetheless, luminal organisms may per
petuate enterocolitis by several mechanisms and contribute to continued dis
ease. 44.45 

Treatment of acute GVHD is with immunosuppressive drugs, such as 
prednisone, antithymocyte globulin, and/or cyclosporine.9.10.16.19 Survival cor
relates with the severity of GVHD: 88% of patients with aplasia who achieved 
allogeneic engraftment and grade 0-1 GVHD survive, compared to 45% sur
vival in those developing grades 2-4 GVHD.46 

4.2. Acute eVHO of the Liver 

Hepatic dysfunction occurs in more than 80% of patients after allogeneic 
transplantation, of whom roughly half have acute GVHD.7.47-49 Most patients 
with liver GVHD have skin and intestinal GVHD as well, but liver changes 
typical of GVHD can be seen without other organs being involved. 

In acute GVHD, liver abnormalities include cholestasis and mild hepato
cellular necrosis.48.49 Serum alkaline phosphatase levels may increase to 20 
times their normal upper limit, with parallel increases in total serum bilirubin. 17 
Elevations of serum hepatocellular enzymes seldom exceed 10 times normal. 
Features of severe hepatic dysfunction such as clotting factor deficiency and 
encephalopathy are unusual, especially early in the course of acute GVHD. 

Histology of liver biopsy specimens shows a mild, nonspecific lobular 
hepatitis in the early phases of acute GVHD,48-50 findings that may not be 
helpful in differentiating acute GVHD from viral or drug hepatitis.50 After GVHD 
has been present for 1-2 weeks, cholestasis and characteristic abnormalities of 
the small septal and interlobular bile ducts are found. 48-5 1 These changes in-
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c1ude irregular nuclear enlargement, cytoplasmic swelling with eosinophilia, 
and segmental destruction of the duct wall. 49.5o.52 Lymphocyte content in portal 
areas varies greatly and may not be increased. Immunohistological stains show 
that portal areas contain significant numbers of natural killer cells in biopsies 
from patients with GVHD compared to both normal and non-GVHD biopsies, 
and increased suppressor-cytotoxic (T8 +) cells with GVHD relative to graft 
recipients without GVHD.53 Lymphocytes do not express activation markers or 
appear to infiltrate bile duct epithelium. 53 An electron microscopic study of 
human liver GVHD demonstrated lymphocytes with elongated processes in contact 
with cell membranes of bile duct epithelium. 54 Adjacent cells were abnormal, 
with swelling of the endoplasmic reticulum and mitochondria, and necrosis of 
basement membranes. There were also areas showing close contact between 
lymphocytes and hepatocytes. 54 These ultrastructure changes of acute GVHD 
are similar to those in pig liver allograft rejections. 55 

The "innocent bystander" phenomenon may obtain in the liver as well as 
in skin and gut. One proposed mechanism for the recruitment of cytotoxin
bearing cells involves the expression of class II major histocompatibility com
plex antigens by bile duct cells. 53 ,56--58 Expression of HLA-DR antigens is me
diated by the lymphokine y-interferon. 59,6O Normally, bile duct epithelium does 
not express class II antigens,61 but in some inflammatory states, such as pri
mary biliary cirrhosis, allograft rejection, and GVHD, bile duct cells become 
HLA-DR immunopositive. 51 ,53,62,63 However, expression of HLA-DR antigens 
in other epithelia is a nonspecific response to lymphoctye infiltration.64 The 
mechanisms for bile duct injury in acute GVHD remain poorly understood. 

Treatment of liver GVHD is the same as for GVHD in genera1.9,1O,16,19 
Resolution of the jaundice and elevated alkaline phosphatase levels occurs slowly 
with successful treatment. 

5, CHRONIC CRAFT-VERSUS-HOST DISEASE 

Chronic GVHD affects 30-50% of long-term survivors of allogeneic 
transplantation,19 In most, the signs and symptoms are an extension of acute 
GVHD, but in 25% of patients chronic GVHD develops de novo 3-15 months 
after transplantation, after a period of well_being,16,19,65,66 Common clinical 
findings include skin disease, buccal mucositis, keratoconjunctivitis, esopha
geal and vaginal strictures, chronic liver disease, and polyserositis, Patients 
with chronic GVHD have severe immunological deficiency as long as the dis
ease remains active, with an inability to mount a humoral antibody response to 
bacterial antigens. 14 

There are several independent risk factors for development of chronic 
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GVHD. These include moderate-to-severe acute GVHD, increasing age of the 
patient, and infusion of unirradiated donor buffy coat cells. 19.65,66 

Treatment of chronic GVHD with immunosuppressive drugs favorably af
fects the natural history of extensive chronic GVHD and may arrest the disease 
in one-third of cases.9,19,65 The prognosis is better among patients with chronic 
GVHD limited to the skin and liver than among patients with multisystem dis
ease. Late-onset chronic GVHD seen in older patients and in those given buffy 
coat cell infusions is generally less severe and more responsive to therapy than 
the chronic GVHD that develops after acute GVHD. 1,19 

5.1. Esophageal Abnormalities in Chronic eVHD 

Esophageal lesions include generalized desquamation of the epithelium in 
the upper half of the esophagus, webs, ringlike narrowings, and upper esoph
ageal strictures. 67 ,68 These changes are similar to the naturally occurring 
autoimmune diseases bullous pemphigoid and dystrophic epidermolysis bul
losa. 69,70 The analogy between chronic GVHD and autoimmune disease is fur
ther supported by the finding of circulating autoantibodies and immunoglobu
lin, and of complement deposits at the dermal-epidermal junction of the 
skin. 65,71,n 

Symptoms of dysphagia, painful swallowing, retrostemal pain, aspiration, 
and weight loss occur in 15-20% of patients with extensive chronic GVHD. 67,68 
Esophageal dysfunction may contribute to pulmonary disease in some patients 
who develop airway obstruction associated with chronic GVHD.73 Manometric 
studies show that patients with esophageal desquamation clear acid poorly and 
have nonspecific motor abnormalities. 67 Acid peptic reflux may cause retroster
nal pain, distal esophagitis, and strictures in these patients, who are at addi
tional risk for reflux damage because of salivary gland dysfunction from chronic 
GVHD. 

The diagnosis is made by X-ray examination of the upper esophagus, par
ticularly to demonstrate webs, rings, and strictures. 68 The shallow epithelial 
peeling evident on endoscopy is often not seen by X ray. In some patients, the 
sloughed mucosa hangs in shreds into the lumen. Endoscopy and dilation of 
strictures and webs carry a high risk of perforation in these patients. Histolog
ical findings in esophageal biopsy specimens are similar to those in skin and 
oral mucosa-infiltration with lymphocytes, neutrophils, and eosinophils; ne
crosis of individual squamous cells in the basal layer; and desquamation of 
superficiallayersy,67,68,74 Although the skin manifestations of chronic GVHD 
have been likened to scleroderma, the esophagus from patients with chronic 
GVHD does not show either muscle or neuronal fibrosis.67 

Although esophageal lesions respond favorably to immunosuppressive drugs 
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in parallel to skin and oropharyngeal involvement, residual webs and strictures 
from submucosal fibrosis may persist, requiring periodic dilation. 67 Insidious 
weight loss, particularly in children, is one manifestation of progressive upper 
esophageal stenosis. 

5.2. Chronic eVHD of the Liver 

Liver disease occurs in 90% of patients with chronic GVHD, either as part 
of a multisystem illness or as a more limited disease involving just skin and 
liver. 16,19 Most patients have fluctuating jaundice, anorexia, and weight loss. 
Typical laboratory features include elevations of serum alkaline phosphatase to 
5-10 times normal, and of serum hepatocellular enzymes to 3-6 times normal. 

Histological changes of chronic GVHD of the liver are usually quite char
acteristic: portal enlargement and fibrosis, bile duct dropout, Kupffer cell pro
liferation, and profound cholestasis.4s-50 Lymphocytes in the portal areas are 
often more prominent than in acute GVHD, perhaps because of more complete 
lymphoid reconstitution. Parenchymal inflammation and acidophil bodies are 
usually less prominent. 49•5o The most striking changes in severe, long-standing 
chronic GVHD are a marked reduction in the number of small bile ducts, sim
ilar to the histological picture in long-standing primary biliary cirrhosis.49 •5o 

Micronodular cirrhosis has been described in a small number of patients with 
chronic GVHD. 48,75,76 Without the ability to exclude non-A, non-B hepatitis 
viruses in these cases, the cause of cirrhosis cannot be ascertained. Non-A, 
non-B (NANB) hepatitis virus must be prevalent among marrow graft recipi
ents, given a 30% frequency of chronic hepatitis among patients before trans
plantation and average postgrafting blood product transfusion requirements in 
excess of 15 units. 77 ,78 

Segmental destruction of the bile duct epithelium in chronic GVHD is not 
a feature of NANB hepatitis, but bile duct cell multilayering, invasion by lym
phocytes, and epithelial vacuolization have been described with NANB hepa
titis. 79 ,80 Clinically, persistently elevated alkaline phosphatase is more consis
tent with chronic GVHD than chronic viral hepatitis. Other differential diagnoses 
include infiltrative liver diseases such as tuberculosis, drug-related liver injury 
(e,g., trimethoprim-sulfamethoxazole, cyclosporine, or azathioprine), and ex
trahepatic biliary obstruction from gallstones or biliary sludge. 7 

5.3. Intestinal Changes in Chronic eVHD 

In some patients, extensive intestinal mucosal disease of acute GVHD per
sists beyond day 100, as patients develop signs of chronic GVHD, Acute GVHD 
in these patients is relatively refractory to immunosuppressive drugs, The intes
tinal disease may progress to stenotic segments of mid- and distal ileum, lead-
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ing to partial obstruction. 24 We have resected involved segments of intestine in 
two patients, with relief of symptoms in one. 22.24 

Before immunosuppressive therapy for early chronic GVHD became stan
dard, we saw four patients with extensive chronic GVHD and malabsorption, 
diarrhea, abdominal pain, and malnutrition. 27 .?1 At autopsy, there was exten
sive fibrosis in the submucosal and subserosal areas of the intestine, along with 
hyalinization of submucosal blood vesselsY·?1 More recently, we have seen 
several patients with chronic GVHD, malabsorption, and jejunal bacterial over
growth. Bacterial overgrowth represents an intestinal manifestation of the im
munodeficiency of chronic GVHD. 14.81 

6. SUMMARY 

It is not intuitive that marrow grafting should have such profound effects 
on gut and liver, but toxicity from conditioning therapy, graft-versus-host dis
eases, and the consequences of immunodeficiency remain obstacles to long
term survival after marrow transplantation. Immunological mechanisms of damage 
in GVHD are not well understood, but both T-Iymphocyte-epithelial cell inter
action and nonspecific release of lymphokines are probably responsible for in
testinal mucosal and biliary damage in acute GVHD. An understanding of the 
mechanisms of tissue damage in this milieu may provide insight into the path
ogenesis of naturally occurring, immune-mediated disorders of the intestine and 
liver. 
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New Therapeutic Approaches to 

Upper Gastrointestinal Motility 
Disorders 

Pierre Poitras 

1. INTRODUCTION 

9 

Motility of the gastrointestinal tract has long remained an obscure area of gas
troenterological science. During the last decades, however, extensive investi
gations in animals and humans have led to a better understanding of the phys
iology of gastrointestinal motility and the pathophysiology and therapeutic 
approaches to related disorders. This chapter will focus on the motility of the 
stomach and small bowel. 

2. PHYSIOLOGY 

Motility of the human upper gastrointestinal tract may be divided into two 
phases: interdigestive (fasting) and digestive (fed). Motor activity during fast
ing is periodic, with cyclic contractions sweeping the bowel clean of residual 
debris. This interdigestive motor complex (IDMC) or migratory myoelectric 
complex is considered the basic organizational structure of this period. Four 
consecutive phases of electrical and mechanical activity constitute this com-
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plex. Phase I is a period of quiescence when no activity occurs. During phase 
II, irregular and intermittent contractions mix and propulse the intestinal chyme. 
Phase III, though brief (5-10 min), is the most active and most characteristic 
component of this complex: a strong peristaltic contraction initiated from the 
lower esophagus moves down the gastrointestinal tract to the terminal ileum, 
forcefully propelling the luminal content distally. By the time phase III reaches 
the ileum, a new one has usually begun in the upper gut. Phase IV, lasting O
W min, constitutes a transient decrease of contractile activity until a new phase 
I marks the beginning of a new complex. This sequential motor pattern will 
therefore recur cyclically unless interrupted by feeding. 

The duration of the IDMC is fairly constant (90-114 min) in the dog 
(where most physiological studies have been done), whereas a high degree of 
variability exists in humans (50-200 min). In fact, in Western man, due to 
frequent eating, the IDMC is often nonexistent during the day. 

Perturbations of the IDMC have been described in many pathological 
situations 1 and most findings still support the notion that this complex (mainly 
its phase III) constitutes an important physiological defense against stasis of 
gastrointestinal content during fasting, termed the intestinal "housekeeper" by 
C. F. Code. 

Control of gut motility is exerted at various levels, from the intestinal 
smooth muscle cell to the brain. This stratification of control includes neural 
mechanisms. 2 The enteric nervous system, including the submucosal and 
myenteric plexuses (intrinsic innervation), plays a major role in the organiza
tion and coordination of motility during fasting. Vagal and sympathetic (extrin
sic) innervation can modulate this motor activity. Initiation of smooth muscle 
contraction is primarily due to release of acetylcholine, whereas adrenergic sub
stances tend to have an inhibitory effect. Other transmitters (serotonin, purines, 
peptides, etc.) are probably also involved in neural control. Interdigestive mo
tility is also influenced by hormonal mechanisms. 3 Motilin, a peptide synthe
sized in endocrine cells of the duodenojejunal region, appears important for the 
cyclic occurrence of phase III. In the dog, initiation of phase III from the 
gastroduodenal regional is associated with sharp elevation in plasma motilin 
and is inhibited following the administration of motilin-specific antagonists. 4 

The hormonal role of motilin is not yet well established in humans. However, 
many authors reported a close association between plasma motilin level and 
gastric phase III. 5,6 Other peptides can probably influence the motility pattern 
of the gut but their physiological importance remains to be established. 

After a meal, the IDMC disappears for a variable period of time, depend
ing on what is ingested, and is replaced by a constant mixing and propulsing 
activity. This fed pattern, resembling phase II of the IDMC, propels the gastric 
content into the duodenum and along the small bowel. Ingested liquids empty 
first from the stomach. Later, digestible solids, when triturated to particle sizes 
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of less than 2 mm, pass through the pylorus. As for undigestible solids, size 
and density influence their rate of gastric emptying.7 Plastic spheres with di
ameters larger than 1.6 mm empty more slowly than 99mTc-Iabeled liver; spheres 
with density < 1 or > 1 empty more slowly than spheres of the same size but 
with a density of 1. Mojaverian et al. 8 observed that a Heidelberg capsule 
(7 X 20 mm) was rapidly (30 min) emptied from the stomach of fasting individ
uals, whereas the frequent intake of food (every 2-3 hr) delayed its gastric 
emptying for an average of over 14.5 hr. This study supports the hypothesis 
that phase III of the IDMC is responsible for the propagation of nondigestible 
material along the gastrointestinal tract. Fed and interdigestive patterns of mo
tility therefore appear both to be essential and to interact in the digestive pro
cess. From a therapeutic perspective, the role of the IDMC on the gastric emp
tying of large, nondigestible solids should be considered when designing drugs 
targeted for degradation or action in the intestine. This physiological concept 
also offers an interesting avenue to detect motility disorders. Feldman et al., 9 

using solid radiopaque markers to evaluate the gastric emptying of nondigesti
ble solids, found it a more sensitive indicator of gastric motor dysfunction in 
diabetic patients than emptying studies of digestible solids or liquids using 
radionuclide scintigraphy. Undigestible alimentary fibers leave the stomach during 
the postprandial period at a slower rate than liquids. 1O These fibers, although 
often as long as 1-5 mm, are also thin and pliable; probably for these reasons, 
they do not behave like un digestible solids that retain their solid character, like 
the plastic or metal devices discussed above. 

Duodenal receptors sensitive to osmotic and fat content will control, per
haps via neurohormonal mechanisms, the duration of the postprandial gastric 
motor activity. Recently, ileal receptors sensitive to fat have been shown to 
regulate the gastric emptying rate and the small-bowel transit time. II Whether 
the malabsorbed lipids associated with pancreatic or intestinal diseases could 
stimulate these ileal receptors, decreasing gastric emptying ("ileal brake"), is 
speculative but constitutes an attractive explanation for the easy satiety and 
vomiting sometimes found in these patients. The central nervous system also 
influences gastrointestinal motility as discussed later. 

3. PATHOPHYSIOLOGY 

Delayed gastric emptying, though present in several diseases, frequently 
has an unknown etiology.12 In many patients with dyspepsia, the diagnosis 
remains unclear despite extensive investigation (endoscopy, Xray, ultrasound, 
etc.). A motility disorder may be suspected but often cannot be substantiated. 
In only 59% of 27 patients referred for functional dyspepsia suggestive of gas
tric stasis, Jian et al. 13 confirmed delayed gastric emptying of radionuclide 
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markers. Of practical importance, therapy with cisapride (a gastrokinetic agent) 
was more effective in patients with delayed than in those with normal gastric 
emptying. 

Mechanisms responsible for abnormal emptying have been investigated by 
various authors using different techniques. Electrogastrograms sometimes re
veal abnormal electrical rhythms. Tachyarrhythmia, tachygastria, and brady
gastria were recorded in some patients with idiopathic delayed gastric empty
ing.14 Recording mechanical activity, in most hands, is more suitable. 
Malageladals studied gastroduodenal motility in 104 patients referred to the 
Mayo Clinic for functional dyspepsia. Postprandial manometric abnormalitites 
of the stomach in the form of antral hypomotility were found in 75 patients. 
During fasting, 32 exhibited an abnormal motor activity profile. Some had nor
mal IDMCs with superimposed bursts of intense contractile activity; in others, 
either no recognizable phase III activity was observed or, if present, phase III 
had an abnormal configuration or propagation. Labo et el. 16 analyzed the inter
digestive motility of 22 patients with idiopathic delay in gastric emptying rate. 
No phase III was observed in the stomach of 20 patients. In some, motilin was 
released abnormally, whereas in others a defect in the response to motilin was 
suspected since the normal cyclic increase in plasma motilin was present. Con
versely, others 17 reported an increased frequency of phase III (often propagated 
in a retrograde direction) in five patients with idiopathic gastroparesis. In 18 of 
22 patients diagnosed as having the irritable bowel syndrome, Kumar and 
Wingate l8 observed spontaneous or stress-induced irregular motor activity in 
the duodenum. Therefore, abnormal motility has been observed in many pa
tients suspected of upper gastrointesinal dysmotility. Various dysmotility pat
terns have been found and can probably now provide the basis for objectively 
classifying these disorders, which previously could not be identified or sepa
rated on clinical grounds. Whether the documented abnormalities represent the 
cause of the disease or its consequence, whether they are an intrinsic disorder 
of the gut or manifestations of psychological alterations or stress, are still de
batable questions. Moreover, investigations failed to identify any gastrointes
tinal dysfunction in a significant percentage of cases. 

4. THERAPEUTICS 

The classical concept that the gastrointestinal tract motility is regulated by 
a balance between stimulatory (cholinergic) and inhibitory (adrenergic) influ
ences remains generally true. Bethanechol, a parasympathetic agonist, although 
useful for gastroesophageal reflux, rarely improves patients with a gastrointes
inal motility disorder. Dopamine, a precursor of norepinephrine synthesis, in-
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hibits gut motility, probably via specific receptor sites. Two dopamine antago
nists, metoclopramide and domperidone, enhance the lower esophageal sphincter 
pressure and the gastric motor activity. Acting mostly on peripheral receptors, 
and therefore deprived of most unpleasant central effects often encountered 
with metoclopramide, domperidone appears a suitable therapy to try first in 
many patients with suspected or proven upper gastrointestinal motor dysfunc
tion. Some recent evidence suggests, however, that the central action of meto
clopramide could also provide some therapeutic benefit. 19 Other products, not 
yet commercially available, bear promise for the future. Hypothesizing that the 
retrograde or disorganized IDMCs found in some patients with functional dys
pepsia could be due to decreased adrenergic control, Sninsky et al. 17 adminis
tered lidamidine, an az-adrenergic agonist, to their patients and resolved both 
the motor alterations and the clinical symptoms. Conversely, cisapride facili
tates acetylcholine release by the myenteric plexus and enhances lower esoph
ageal sphincter pressure, gastric emptying of solids and liquids, and their intes
tinal propagation. In preliminary studies, cisapride was useful for treatment of 
esophagitis,20 corrected the small-bowel transit of chyme in chronic intestinal 
pseudo-obstruction ,21 and increased the defecation rate in patients with atonic 
constipation,22 suggesting that it also had a stimulatory effect on the distal 
intestine. 

Peptides may also play a role in the control of gastrointestinal motility. 
However, their physiological importance is rarely assessed, especially during 
the postprandial period. 3 Motilin is physiologically active during the interdiges
tive phase in the dog; enkephalins appear involved in the ileal brake23 and in 
the effect of stress on duodenal motor activity. 24 Further development in basic 
knowledge will probably guide future therapeutic orientation with peptides. Few 
possibilities have been practically explored up to now, due partly to the diffi
culty in obtaining active and convenient pharmaceutical preparations of pep
tides. Presently, therapeutic assistance is provided mainly through opiate deriv
atives. Injections of morphine2s or trimebutine26 induce phase III and motilin 
release; dextromethorphan, a codeine analog, was superior to placebo for treat
ment of irritable bowel syndrome. 27 More studies are needed to define possible 
new therapeutic roles for these substances classically considered for treatment 
of diarrhea. Naloxone, an opiate antagonist, improved some patients with id
iopathic pseudo-obstruction28 or chronic constipation. 29 Vasopressin, adminis
tered by nasal spray, may be useful in some patients with postvagotomy gastric 
atonia and with idiopathic constipation (1. C. Schang, personal communica
tion). 

Electromechanical devices, comparable to cardiac pacemakers, were de
veloped by the Mayo Clinic group to influence the intestinal electrical activity 
controlling muscle contraction. Such devices were useful in animals to decrease 
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the gastric emptying rate in dumping syndrome,3D and to slow flow and en
hance absorption of the small intestine. 31 They could also improve the gastric 
emptying delay observed after Roux-en-Y procedure. 32 

The last question concerns the importance of stress and psychological al
terations in motility disorder. "Stress" has been shown to influence gut motil
ity. Central stimulation by sham feeding in dogs inhibits phase III33; likewise 
labyrinthine stimulation after a meal inhibits the usual postprandial motility 
response in humans. 24 Painful stress (e.g., immersion of hands in cold water) 
delays gastric emptying of food. 34 Stress, induced experimentally, among other 
things, by arcade video games, significantly reduces the number of phase Ills. 19 

The causal relation of stress to motility disorder or even its presence in 
symptomatic patients is very difficult to establish. Talley et at. 35 reported that 
patients with dyspepsia of unknown origin did not experience an excess of 
major life stress during the one year preceding diagosis when compared with a 
control population in the community. On the other hand, it is often postulated 
that some patients, in particular those with an anxious or neurotic disposition, 
may be more likely to show stress-related abnormalities. Talley et at. 36 ob
served that their patients with essential dyspepsia were more neurotic, anxious, 
and depressed than community controls. However, in Malagelada's study,15 the 
only one with objective measures of gut dysfunction, just 23 and 3% of their 
patients with documented gastric or gastroduodenal malfunction, respectively, 
had an associated psychiatric diagnosis established, compared to a psychiatric 
problem in 63% of those with normal motility pattern. 

Treatment by various forms of psychotherapy can benefit some individu
als. Behavioral therapy caused one patient with idiopathic gastroparesis to re
sume normal gastric emptying function. 37 Therapeutic success has also been 
obtained in patients with suspected motility disorders of the lower gastrointes
tinal tract. In a controlled study, dynamically oriented individual psychotherapy 
significantly improved the symptoms of patients with irritable bowel syn
drome. 38 In some patients suffering from chronic constipation of unknown or
igin, Devroede39 observed that transit time of markers and the interval between 
defecations improved during analytical psychotherapy. 

5. CONCLUSION 

Many patients seen by the gastroenterologist are suspected of suffering 
from gastrointestinal motility disorders. In some, motility disorders can be 
identified but frequently this cannot be predicted on clinical grounds. Further
more, it is probable that all patients will not suffer from a similar disease. The 
etiology of any observed dysmotility almost always remains unknown. 

Potent pharmacological agents are constantly being developed, electrome-
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chanical devices appear to be an interesting issue, while psychotherapy could 
be beneficial for some of these conditions. Additional knowledge concerning 
the physiology of gastrointestinal motility and the physiopathological basis for 
its disorders is essential to develop specific treatments for specific diseases. 
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Is There a Place for Proximal Gastric 
Vagotomy? 

Bernard J. Perey 

1. INTRODUCTION 

Selective denervation of the acid-secreting portion of the stomach was intro
duced in 1967 by Holle and Hart of Munich, 1 who combined the procedure 
with pyloroplasty. The operation was later popularized without the pyloroplasty 
by Johnston and Wilkinson in Leeds2,3 and Amdrup and Jensen in Copen
hagen. 4 Quite rapidly, this type of vagotomy gained favor throughout Europe 
and became widely used in several countries for the elective surgical treatment 
of duodenal ulcer. 5-14 In contrast, adoption of this operation has been slow in 
North America, particularly in the United States where caution has been ex
pressed against the wide use of this vagotomy because of the fear that many 
surgeons may not perform the procedure adequately or that the incidence of 
recurrent ulceration may eventually tum out to be prohibitively high. Thus, it 
is not surprising that we should address once again the question of whether or 
not there is a place for proximal gastric vagotomy. 

2. TECHNICAL CONSIDERATIONS 

Much confusion has been created by the wide array of terms used by 
various authors to describe the same operation. Such terms include highly se-
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lective vagotomy, hyperselective vagotomy, selective proximal vagotomy, su
praselective vagotomy, ultraselective vagotomy, parietal cell vagotomy, fundic 
vagotomy, and proximal gastric vagotomy (PGV). Because of its explicit na
ture and relative popularity, only the last of these terms will be used in the 
present text. The operation should not be confused with selective vagotomy, 
which consists of transecting the two vagus nerves beyond their hepatic and 
celiac branches and has never gained much popularity. 

Proximal gastric vagotomy is achieved by severing all branches of the 
vagus nerves to the entire abdominal portion of the esophagus and to the prox
imal stomach, down to the incisura at a point on the lesser curvature located 
about 7 cm from the pylorus. In the course of this denervation, all blood ves
sels and autonomic fibers traveling with the transected vagal branches are also 
cut, resulting in a complete devascularization of the vertical portion of the 
lesser curvature. Because of the rich vascular anastomotic network in the wall 
of the stomach, blood coming from the greater curvature and the antrum pro
vides an ample supply to the de vascularized stomach; fortunately, necrosis of 
the lesser curvature is a rare event. 6 To minimize the risk of recurrent ulcera
tion, it is essential to identify and divide all vagal branches to the entire (5-7 
cm) abdominal esophagus l5- 18 and to the posterior wall of the upper fundus. 19 

Because of the importance of these technical details in minimizing the risk of 
ulcer recurrence and of the tedious nature of the procedure, surgeons who per
form this operation should be particularly meticulous. 

To ensure completeness of the vagotomy, various intraoperative tests have 
been developed. 18--21 Such techniques compound the duration and complexity 
of the operation and are not used by most surgeons. A well-trained vagotomist 
should obtain good results without intraoperative testing. 

Since innervation of the distal stomach is preserved, no pyloroplasty or 
gastroenterostomy is required, the gastrointestinal tract is not entered, and the 
risk of postoperative infection is very low. 

Although a number of authors have used a drainage procedure in combi
nation with PGV, this approach is no longer recommended since it provides no 
known benefit and increases postoperative morbidity. 14 

3. PHYSIOLOGICAL EFFECTS OF PROXIMAL GASTRIC 
VAGOTOMY 

3.7. Gastric Acid Secretion 

The reduction of acid secretion following PGV is similar to that observed 
after truncal vagotomy. The extent of the reduction varies from case to case. It 
is unrelated to the preoperative levels of acid secretion, but a modest reduction 
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usually indicates that the vagotomy was incomplete and forebodes a higher risk 
of ulcer recurrence. 11.22-26 

Comparing the effects of cimetidine and PGV on 24-hr acid secretion in 
duodenal ulcer patients, Feldman and Richardson27 found that 400 rug of ci
metidine twice a day brought secretion to the level of normal controls, whereas 
PGV reduced acid output to less than half of normal. This is consistent with 
the clinical observation that PGV can be expected to heal duodenal ulcers that 
are resistant to medical treatment. PGV reduces basal acid output by about 70-
80%.22.28-30 The reduction of maximal acid output (MAO) in response to pen
tagastrin is usually less pronounced, stabilizing between 50 and 70%.22.28-30 
The reduction of gastrin-stimulated MAO falls within the same range. 34 

Acid secretion in response to insulin is also reduced. A positive Hollander 
test was observed by Johnston in 3% of patients 1 week after PGV35 while it 
was 16% after truncal vagotomy. 36 During the first postoperative year there is 
a great increase in the number of patients who have a positive Hollander test: 
50-60% 1-2 years after PGV. 35 ,37 Even so, the positive response to insulin is 
slight, averaging only 3.5 mM/hr compared with 36 mM/hr preoperatively. A 
high percentage of positive Hollander tests in the immediate postoperative pe
riod correlates with a high recurrence rate and reflects errors in operative tech
nique. 38 

A slight recovery of acid secretion in the first two postoperative years has 
been observed by some authors,32,33.35,39 but not by all. 40 Surgical technique is 
critical in preventing significant hypersecretion and ulcer recurrence. Reports 
on patients operated prior to 1976 should be interpreted with caution since 
major technical improvements were introduced at about that time. 16 Debas pro
posed that recovery of secretion could occur as a result of the loss of a fundic 
inhibitory substance after PGV. 41 Others suggested gradual reinnervation of the 
parietal cell mass42 or G-cell hyperplasis.43 

Although cholinergic agents can restore preoperative MAO following trun
cal vagotomy, 44,45 such agents have little or no effect on MAO following 
PGV.46,47 This suggests that a vagus-dependent antral mechanism contributes 
to the control of acid secretion. 

Parietal cells have been found to be morphologically normal up to 3 years 
after PG V, although they showed ultrastructural evidence of diminished secre
tory capacity. 48 

3.2. Serum Gastrin 

Serum gastrin concentration is elevated following PGV between meals, 
with meals, and in response to insulin, but these findings are not significantly 
different from what is observed with truncal vagotomy. 49,52 While postopera
tive serum concentrations are two to three times higher than in nonoperated 
duodenal ulcer patients, this only results in half of the acid output. 34 
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3.3. Gastric Motility 

There is some loss of gastric receptive relaxation after PGV. 53,54 This 
could explain the early satiety that is commonly experienced by patients in the 
first 2 or 3 postoperative weeks. 55 

PGV tends to enhance emptying of liquids,56 which may explain the oc
casional mild dumping seen following this operation. However, emptying and 
dispersion of solid foods remain normal. 53,56--59 These findings are in contrast 
with the more severely disturbed gastric motility resulting from other surgical 
procedures used to treat duodenal ulcer. 

3.4. Esophageal Motility 

Despite the extensive dissection of the distal esophagus carried out as part 
of PGV, there is no resulting alteration in the resting pressure, function, or 
length of the lower esophageal sphincter. 6O--62 This is consistent with the obser
vation that proven reflux esophagitis rarely develops following PGV. Transient 
dilation of the body of the esophagus is occasionally seen, but the cause of this 
is unknown. Postoperative dysphagia is very common but disappears sponta
neously within 2-3 months. 8,13,31,62 Its exact mechanism is not understood. 

3.5. Biliary Tree 

Truncal vagotomy with drainage and gastrectomy have been reported to 
be followed by an increased incidence of cholelithiasis.63-65 Evidence has not 
yet been found that PGV has a similar effect. It is known that emptying of the 
human gallbladder in response to a meal is partly regulated by cholinergic stim
ulation and that vagal innervation of the gallbladder is an essential pathway for 
such stimulation. 66,67 Such innervation should be preserved with PGV and lost 
with truncal vagotomy. Gallbladder size and function are normal after PGV but 
are grossly abnormal after truncal vagotomy. 66--70 These findings suggest that 
PGV will not be followed by gallbladder disease to the same extent as truncal 
vagotomy. 

3.6. Pancreas 

Truncal vagotomy disturbs both the endocrine and exocrine functions of 
the pancreas as well as the release of secretin in response to acidification of the 
duodenum, but PGV produces little or no such effect. 71-n 

3.7. Fecal Fat Excretion 

Fecal excretion of fat is significantly increased following truncal vagotomy 
but is near-normal after PGV. 78 
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4. INDICATIONS 

The great majority of proximal gastric vagotomies are performed for the 
control of chronic duodenal ulcers that have failed to respond adequately to 
medical treatment in the absence of complicating factors such as perforation, 
bleeding, stenosis, coexistent gastric ulceration, or high operative risk. 4O ,79,80 
Although preoperative testing of gastric secretion is still being suggested to 
identify those patients best suited for PGV, 81 there is no relationship between 
preoperative levels of secretion and the postoperative reduction of acid secre
tion or the risk of ulcer recurrence. II ,22-26 Consequently, preoperative testing 
has not yet been proven to be of any practical help in selecting the best opera
tion. 

The use of PGV in emergency treatment of perforated duodenal ulcers has 
given excellent results. 13 ,30,82-86 In view of the high risk of ulcer recurrence 
requiring definitive surgery following simple closure of a perforated duodenal 
ulcer and the very low morbidity of PGV, the use of this acid-reducing proce
dure as an adjunct to the emergency closure of the perforation may be of con
siderable value in selected situations. 

Experience has been less extensive with PGV in the acute management of 
bleeding duodenal ulcers. 13 ,87,88 Control of bleeding is carried out through a 
duodenotomy and care must be taken to spare the pylorus in order to minimize 
the risks of postoperative sequelae. There is little information on the long-term 
results of PGV for this indication. 

Several authors have reported on the use of PGV combined with dilation 
or duodenoplasty in the presence of duodenal or pyloric stenosis,13,84,89-91 Careful 
analysis of such reports should recognize that when the stenosis is at the pylo
rus or immediately adjacent to it, as is frequently the case, a plasty of the 
narrowed area would in effect result in a pyloroplasty, whereas dilation carries 
some risk of perforation and a high risk of failure from recurrence of the ste
nosis or the ulcer. One reason for the high ulcer recurrence following dilation 
may be that the original ulcer is often pyloric or prepyloric, a variant that does 
not respond well to PGV, as discussed below, Consequently, there is diminish
ing support for the use of PGV in the presence of stenosis. On the other hand, 
when the stenosis is well beyond an unobstructed pylorus, there is general 
agreement that duodenoplasty combined with PGV is an acceptable approach. 

The results of PGV are unsatisfactory when used for pyloric and prepy
loric ulcers, even in the absence of stenosis,5,23-25,30,88 The explanation for the 
high risk of recurrence in this situation is not known. It is thus recommended 
that another type of procedure be selected in such cases. 

Benign gastric ulcers of the body of the stomach without associated duo
denal ulcer disease (gastric ulcer type I) may be treated by PGV and ulcer 
excision with results that are at least as good as with distal gastrectomy and 



188 BERNARD J. PEREY 

gastroduodenostomy.92-94 However, the reported series are small and it is too 
early to make a definitive judgment regarding this particular indication. Con
versely, there is much support for not performing pay when duodenal ulcer 
disease coexists with a gastric ulcer. 31,87 

Proximal gastric vagotomy in combination with fundoplication has been 
advocated in the treatment of reflux esophagitis. 95 .96 This may permit a better 
antireflux procedure, but its main value would be in the management of reflux 
combined with duodenal ulcer disease. 

5. RESULTS 

5.1. Operative Mortality 

Proximal gastric vagotomy is clearly the safest operation available for the 
treatment of duodenal ulcer. In 1975, Johnston reported an operative mortality 
of 0.3% in more than 5000 cases.6 Since then, the mortality has decreased 
further, in part because of the increasing rarity of postoperative necrosis of the 
lesser curvature of the stomach. In a review of 24 major series reported from 
around the world between 1975 and 1979, Hershlag and Argov8 found only 
one operative death out of 4321 operations. Similar statistics are reported by 
other extensive reviews of the literature. 79,80 The safety of the operation is 
partly related to the fact that the gastrointestinal tract is not entered, but the 
impressive statistics are also explained by the selection of patients without com
plicating factors. 

5.2. Morbidity 

Yagotomists universally report that patients recover quite rapidly follow
ing pay. Oral intake is usually resumed after 2 days and most patients leave 
the hospital on or before the sixth postoperative day. Wound complications are 
rare. Patients commonly report an early postprandial satiety, but this is less 
pronounced than following truncal vagotomy and disappears within 2 to 3 
weeks. 8,37,55 Dysphagia is also common, but is rarely severe and disappears 
spontaneously within 2-3 months. 8,13,31.62 

Sequelae are much rarer than following truncal vagotomy or gastric resec
tion. About 85% of patients have excellent or good results (Yisick I or II) when 
operated for chronic duodenal ulcer without stenosis.8,9,13,26,30,37,55,97 Dumping 

and diarrhea are particularly rare and always mild when they develop. The most 
attractive feature of pay is the absence of early and late complications. 
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5.3. Recurrence of Ulceration 

The major drawback of PGV is the risk of ulcer recurrence. It accounts 
for the majority of poor results and is the main reason why the operation has 
not been more widely adopted in North America. Reported recurrence rates 
have varied from 0 to 30%, but the reasons for such discrepancies are now 
reasonably well understood. There are a number of factors influencing the risk 
of recurrence. 

The broad consensus among vagotomists is that surgical technique is the 
single most important consideration in preventing recurrence. It is also the sim
ple explanation for the very high recurrence rates reported by some. Several 
years after the introduction of PGV, reports began to appear pointing out the 
need to extensively dissect the entire abdominal portion of the esophagus, 15-17 

and to divide all vagal branches to the posterior wall of the upper fundus. 19 

The relationship of these technical steps to the incidence of ulcer recurrence is 
now well established and series including operations performed in the early 
1970s tend to have high recurrence rates. For similar reasons, operations per
formed by inadequately trained vagotomists will tend to lead to poor re
sults. 5, 10,25,98,99 Errors in technique not only lead to poor early results but also 
increase the risks of delayed recurrence. In an effort to ensure completeness of 
vagotomy, a number of intraoperative tests have been devised and some experts 
feel that such tests should at least be used during the training period of each 
vagotomist. Others feel confident that good results can be obtained without 
such tests. A reasonable compromise is to monitor acid secretion before and 
after surgery so that the surgeon can obtain an indication of the adequacy of 
his technique from the degree of reduction of the maximal acid output after 
PGV. 5,11 ,23.98 Surgeons tend to follow a learning curve with this operation, 11,13 

a fact that should be kept in mind by both surgeon and referring physician. 
Since the number of duodenal ulcers requiring surgery has been steadily de
creasing, it is probably desirable that fewer surgeons perform the majority of 
these procedures. 

The duration of follow-up after PGV will also affect reported recurrence 
rates since recurrences have been observed several years after PGV. II ,23,87 

However, the great majority of recurrences develop in the first two postopera
tive years and very few after 3 years. Considering the very large number of 
patients that have now been followed for 8 or 10 years, it is probably quite 
safe to assume that results at 10 years will be essentially the same as the results 
at 5 years. 

The type of ulcer may also determine the risk of recurrence as previously 
mentioned; pyloric ulcers, prepyloric ulcers, and ulcers with pyloric stenosis 
are particularly prone to recur following PGV. Many have now opted for an
other surgical procedure in such cases. 
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Other factors have been studied such as age,1 1,98 sex, 1 1,12,26,55,97,98 dura
tion of symptoms, 1 1 ,22,98 history of previous complications, 1 1 and levels of pre
operative acidity, 1 1.23,26,81 but none of these parameters were found to have any 
relationship to recurrence. 

In summary, when PGV is performed by experienced vagotomists for the 
treatment of chronic duodenal ulcers refractory to medical management, in the 
absence of stenosis the long-term risk of recurrence should not be substantially 
different from that obtained with truncal vagotomy and should be about 
10%.5.11,13,30,37 But even if the recurrence rate turns out to be higher, particu
larly in the hands of less experienced surgeons, PGV still presents distinct 
advantages over other procedures because recurrences usually respond very well 
to nonoperative management. 25,30,31,88,100 A very small group of patients 
undergoing PGV will eventually require further surgery for recurrence and can 
be cured by antrectomy. 101 These will then be the only patients in the initial 
group to be exposed to the risk and morbidity of gastric resection. 

6. CONCLUSIONS 

When comparing the respective merits of PGV, truncal vagotomy and 
drainage, and vagotomy with antrectomy in the treatment of uncomplicated 
chronic duodenal ulcer, all authors agree that PGV is remarkable for its safety, 
freedom from side effects, and the relative ease with which recurrences can be 
treated. There is ample evidence that when well-trained vagotomists use PGV 
for this particular indication, the risk of long-tenn ulcer recurrence should be 
about 10% and certainly less than 15%. Similar results can also be obtained in 
well-selected patients with a complicated duodenal ulcer and even in type I 
gastric ulcers. 

While truncal vagotomy with pyloroplasty may result in a slightly dimin
ished ulcer recurrence rate, it leads to disabling side effects for which there is 
little or no effective treatment in more than 20% of the cases. 102 

Vagotomy with gastric resection is successful in achieving a permanent 
cure of the ulcer in practically every case, but this is accomplished at the cost 
of an increased operative risk and of the sequelae of truncal vagotomy.31-103 
The comparison between PGV and gastric resection has been reduced by many 
experienced surgeons to choosing between 10 easily manageable recurrences 
and one death.5 Others have concluded that PGV would still be the preferable 
operation if the recurrence rate were even as high as 20%.100 

Although there is little doubt that the average gastrointestinal surgeon can 
learn to perform PGV adequately, it is less well established that all abdominal 
surgeons will have the opportunity to master the fine technical points of the 
procedure. For this reason, one must expect that the application of PGV will 
never reach its full potential. 
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Proximal gastric vagotomy may undergo further refinements in its tech
nique and indications. It may eventually be rendered obsolete by a new form 
of medical treatment. But it is fair to conclude that for the foreseeable future 
PGV is here to stay. 40.55. 79.80.87 

REFERENCES 

\. Holle F, Hart W. Neue wege der chirurgie des gastroduodenal ulkus. Med Klin 1967;62:441-
450. 

2. 10hnston D, Wilkinson AR. Selective vagotomy with innervated antrum without drainage pro
cedure for duodenal ulcer. Br J Surg 1969;56:626. 

3. lohnston D, Wilkinson AR. Highly selective vagotomy without a drainage procedure in the 
treatment of duodenal ulcer. Br J Surg 1970; 57:289-295. 

4. Amdrup E, lensen HE. Selective vagotomy of the parietal cell mass preserving innervation of 
the undrained antrum. Gastroenterology 1970;59:522-527. 

5. Harmon lW, lordan PH, lr. Verdict on vagotomy. Gastroenterology 1981;81:809-810. 
6. lohnston D. Operative mortality and postoperative morbidity of highly selective vagotomy. Br 

Med J 1975;4:545-547. 
7. Hautefeuille P, Picaud R. Les recidives apres vagotomies pour ulcere duodenal. New York: 

Masson, 1983. 
8. Hershlag A, Argov S. Parietal cell vagotomy. II. The first decade. Clinical considerations. 

Curr Surg 1983;40:93-104. 
9. Kennedy T. Long-term results of proximal gastric vagotomy. Can J Surg 1984;27:340-341. 

10. Hoffmann 1, lensen HE, Schulze S, Poulsen PE, Christiansen 1. Prospective controlled vagot
omy trial for duodenal ulcer: Results after five years. Br J Surg 1984;71:582-585. 

II. Adami H-O, Enander L-K, Enskog L, Ingvar C, Rydberg B. Recurrences I to 10 years after 
highly selective vagotomy in prepyloric and duodenal ulcer disease. Ann Surg 1984;199:393-
399. 

12. Emas S, Ferstrom M. Prospective randomized trial of selective vagotomy with pyloroplasty 
and selective proximal vagotomy with and without pyloroplasty in the treatment of duodenal, 
pyloric and prepyloric ulcers. Am J Surg 1985;149:236-243. 

13. Gorey TF, Lennon F, Heffernan SI. Highly selective vagotomy in duodenal ulceration and its 
complications. A 12-year review. Ann Surg 1984;200:181-84. 

14. Aeberhard P, Walther M. Results of a controlled randomized trial of proximal gastric vagot
omy with and without pyloroplasty. Br J Surg 1978;65:634-636. 

15. Hedenstedt S, Lundquist G, Moberg S. Selective proximal vagotomy in the treatment of duo
denal ulcer. Acta Chir Scand 1972;138:591-596. 

16. Hallenbeck GA, Gleysteen 11, Aldrete IS, Slaughter RL. Proximal gastric vagotomy: Effects 
of two operative techniques on clinical and gastric secretory results. Ann Surg 1976; 184:434-
442. 

17. Kronborg 0, 10rgensen PM, Holst-Christensen 1. Influence of different techniques of proximal 
gastric vagotomy upon risk of recurrent duodenal ulcer and gastric acid secretion. Acta Chir 
Scand 1977;143:53-56. 

18. Donahue PE, Bombeck CT, Yoshida 1, Nyhus LM. The simplified endoscopic congo red test 
for completeness of vagotomy. Surg GynecolObstet 1986;163:287-289. 

19. Grassi G. Anatomy of the "criminal branch" of the vagus and its surgical implications. In: 
Surgery of the Stomach and Duodenum (Nyhus LM, Wastell C, eds). Boston: Little, Brown, 
1977, pp. 60-65. 



192 BERNARD}. PEREY 

20. Grassi G, Orecchia C. A comparison of intraoperative tests for completeness of vagal section. 
Surgery 1974;75:155-160. 

21. Burge H, Vane JR. Method of testing for complete nerve section during vagotomy. Br Med J 
1958;1:615-618. 

22. Christiansen J, Jensen HE, Ejby-Poulsen P, Bardram L, Henriksen FW. Prospective controlled 
vagotomy trial for duodenal ulcer. Primary results, sequelae, acid secretion, and recurrence 
rates two to five years after operation. Ann Surg 1981;1983:49-55. 

23. Andersen D, Amdrup E, Hostrup H, Sorensen FH. The Aarhus county vagotomy trial: Trends 
in the problem of recurrent ulcer after parietal cell vagotomy and selective gastric vagotomy 
with drainage. World J Surg 1982;6:86-92. 

24. Amdrup E. Recurrent ulcer. Br J Surg 1981 ;68:679-681. 
25. Graffner HO, Liedberg GF, Oscarson JEA. Recurrence after parietal cell vagotomy for peptic 

ulcer disease. Am J Surg 1985;150:336-340. 
26. Koo J, Lam SK, Chan P et al. Proximal gastric vagotomy, truncal vagotomy with drainage, 

and truncal vagotomy with antrectomy for chronic duodenal ulcer. Ann Surg 1983;197:265-
271. 

27. Feldman M, Richardson CT. Total 24-hour gastric acid secretion in patients with duodenal 
ulcer. Comparison with normal subjects and effects of cimetidine and parietal cell vagotomy. 
Gastroenterology 1986;90:540-544. 

28. Greenall MJ, Lyndon PJ, Goligher JC, Johnston D. Long-term effect of highly selective va
gotomy on basal and maximal acid output in man. Gastroenterology 1975;68:1421-1425. 

29. Saik RP, Greenburg AG, Peskin GW. Pros and cons of parietal cell versus truncal vagotomy. 
Am J Surg 1984;148:32-38. 

30. Hollinshead JW, Smith RC, Gillett OJ. Parietal cell vagotomy: experience with 114 patients 
with prepyloric or duodenal ulcer. World J Surg 1982;6:596-602. 

31. Donahue PE, Bombeck CT, Condon RE, Nyhus LM. Proximal gastric vagotomy versus selec
tive vagotomy with antrectomy: Results of a prospective, randomized trial after four to twelve 
years. Surgery 1984;96:585-591. 

32. Jepson K, Lari J, Humphrey CS, Smith RB, Wilkinson AR, Johnston D. A comparison of the 
effects of truncal, selective and highly selective vagotomy on maximal acid output in response 
to pentagastrin. Ann Surg 1973; 178:769-772. 

33. Johnston D, Wilkinson AR, Humphrey CS et al. Serial studies of gastric secretion in patients 
after highly selected (parietal cell) vagotomy without a drainage procedure for duodenal ulcer 
I. Effect of highly selective vagotomy on basal and pentagastrin-stimulated maximal acid out
put. Gastroenterology 1973;64: I-II. 

34. Blair AJ, Richardson CT, Walsh JH, Chew P, Feldman M. Effect of parietal cell vagotomy 
on acid secretory responsiveness to circulating gastrin in humans. Relationship to postprandial 
serum gastrin concentration. Gastroenterology 1986;90: 100 1-1007. 

35. Johnston D, Wilkinson AR, Humphrey CS et al. Serial studies of gastric secretion in patients 
after highly selective (parietal cell) vagotomy without a drainage procedure for duodenal ulcer. 
II. The insulin test after highly selective vagotomy. Gastroenterology 1973;64: I-II. 

36. Johnston D, Goligher JC. The influence of the individual surgeon and of the type of vagotomy 
upon the insulin test after vagotomy. Gut 1971; 12:963-967. 

37. Liavag I, Roland MA. Seven-year follow-up of the proximal gastric vagotomy. Clinical re
sults. Scand J Gastroenterol 1979;14:49-56. 

38. Kronborg 0, Madsen P. A controlled, randomized trial of highly selective vagotomy versus 
selective vagotomy and pyloroplasty in the treatment of duodenal ulcer. Gut 1975;16:268-
271. 

39. Van Heerden JA, Kelly KA, Dozoi RR et al. Proximal gastric vagotomy. Initial experience. 
Mayo Clin Proc 1980;55:10-13. 



PROXIMAL GASTRIC VAGOTOMY 193 

40. Donahue PE, Tsai H-S, Yoshida J, Nyhus LM. Proximal gastric vagotomy: The first 25 years. 
In: Advances in Surgery, Vol 19 (Mannick JA et al, eds). Chicago: Year Book, 1986 pp. 139-

173. 
41. Debas HT. Proximal gastric vagotomy interferes with a fundic inhibitory mechanism. A hy

pothesis for the high recurrence rate of peptic ulceration. Am J Surg 1983;146:51-56. 
42. Joffe SN, Crocket A, Doyle D. Morphologic and functional evidence of reinnervation of the 

gastric parietal cell mass after parietal cell vagotomy. Am J Surg 1982;143:80-85. 
43. Dunn DH, Decanini C, Bonsack ME, Eisenberg MM, Delaney JP. Gastrin cell populations 

after highly selective vagotomy in the dog. Am J Surg 1979;137:111-115. 
44. Payne RA, Kay AW. The effect of vagotomy on the maximal acid secretory response to 

histamine in man. Clin Sci 1962;22:373-382. 
45. Broome A. Mechanism of the vagotomy-induced suppression of the maximal acid response to 

histamine in antrectomized ulcer patients. Scand J Gastroenterol 1967;2:275-282. 
46. Rowland M, Berstad A, Liavag I. Effect of urecholine and carbacholine on pentagastrin

stimulated gastric secretion after proximal gastric vagotomy in duodenal ulcer patients. Scand 
J GastroenteroI1972;10:315-319. 

47. Feldman M, Walsh JH. Effect of bethanechol on gastric acid secretion and serum gastrin 
concentration after proximal gastric vagotomy. Ann Surg 1982;196:14-17. 

48. Romeo G, Sanfilippo G, Basile R, Catania G, Ianello A, Camazza ML. Ultrastructural study 
of parietal cells before and after parietal cell vagotomy in patients with duodenal ulcer. Surg 
GynecolObstet 1981;153:61-64. 

49. Jaffe BM, Clendinnen BJ, Clark RJ, Alexander-Williams J. The effect of selective and prox
imal vagotomy on serum gastrin. Gastroenterology 1974;66:944-953. 

50. Stadil F, Rehfeld JF, Christiansen PM, Kronborg O. Gastrin response to food in duodenal 
ulcer patients before and after selective and highly selective vagotomy. Br J Surg 1974;61:884-
888. 

51. Stadil F, Rehfeld JF. Gastrin response to insulin after selective, highly selective and truncal 
vagotomy. Gastroenterology 1974;66:7-15. 

52. Thompson JC, Lowder WS, Peurifoy JT, Swierczek JS, Rayford PL. Effects of selective 
proximal vagotomy and truncal vagotomy on gastric acid and serum gastrin responses to a 
meal in duodenal ulcer patients. Ann Surg 1978;188:431-438. 

53. Geurts WJC, Winckers EKA, Wittebol P. The effects of highly selective vagotomy on secre
tion and emptying of the stomach. Surg Gynecol Obstet 1977;145:286-336. 

54. Stadaas JO. Gastric motility 1 year after proximal gastric vagotomy. Scand J Gastroenterol 
1980;15:799-804. 

55. Herrington JL Jr, Davidson J III, Shumway SJ. Proximal gastric vagotomy. Follow-up of 109 
patients for 6-13 years. Ann Surg 1986;204:108-113. 

56. Kelly KA. Gastric emptying of liquids and solids: Roles of proximal and distal stomach (edi
torial review). Am J PhysioI1980;239:71-76. 

57. Rosenquist CJ, Carrigg JW, Regal A-MY, Kohatsu S. Electrical, contractile, and radio
graphic studies of the stomach after proximal gastric vagotomy. Am J Surg 1977;134:338-
342. 

58. Dewar P, King R, Johnston D. Bile acid and lysolecithin concentrations in the stomach in 
patients with duodenal ulcer before operation and after treatment by highly selective vagotomy, 
partial gastrectomy, or truncal vagotomy and drainage. Gut 1982;23:569-577. 

59. Jian R, Kilian D, Grall Y et al. Effect de la vagotomie fundique sur la vidange gastrique des 
solides et des liquides d'un repas chez des patients avec et sans recidive ulcereuse duodenale 
post-operatoire. Gastroenterol Clin Bioi 1985;9:486-490. 

60. Braasch JW, Sala LE, Ellis FH Jr, Crozier R. Parietal cell vagotomy: its effect on lower 
esophageal sphincter function. Arch Surg 1980;115:699-701. 



194 BERNARD J. PEREY 

61. Temple 10, Goodall RJR, Hay OJ, Miller D. Effect of highly selective vagotomy upon the 
lower esophageal sphincter. Gut 1981;22:368-370. 

62. Guelrud M, Zambrano-Rincones V, Simon C et al. Dysphagia and lower esophageal sphincter 
abnormalities after proximal gastric vagotomy. Am J Surg 1985;149:232-235. 

63. Anderson JR, McLean Ross AH, Din NA, Small WP. Cholelithiasis following peptic ulcer 
surgery: A prospective controlled study. Br J Surg 1980;618-620. 

64. Tompkins RK, Kraft AR, Zimmerman E, Lichtenstein JE, Zollinger RM. Clinical and bio
chemical evidence of increased gallstone formation after complete vagotomy. Surgery 
1972;71:196-200. 

65. Clave RA, Gaspar MR. Incidence of gallbladder disease after vagotomy. Am J Surg 
1969;118:169-174. 

66. Fisher RS, Rock E, Malmud LS. Cholinergic effects on gallbladder emptying in humans. 
Gastroenterology 1985;89:716-722. 

67. Fisher RS, Rock E, Malmud LS. Gallbladder emptying response to sham feeding in humans. 
Gastroenterology 1986;90: 1854-1857. 

68. Baxter IN, Grime JS, Critley M. Shields R' Effect of truncal vagotomy and pyloroplasty and 
of highly selective vagotomy alone, on gallbladder emptying dynamics: A prospective study. 
GutI984;25:A578. 

69. Wilber BG, Gomez FC, Tompkins RK. Canine gallbladder bile. Effects of proximal gastric 
vagotomy, truncal vagotomy, and truncal vagotomy with pyloroplasty on volume and compo
sition. Arch Surg 1975;110:792-796. 

70. Ihasz M, Griffith CA. Gallstones after vagotomy. Am J Surg 1981;141:48-50. 
71. Kuzin MT, Postolov PM. Selective proximal vagotomy in the treatment of duodenal ulcer. 

World J Surg 1980;4:347-352. 
72. Lavigne ME, Wiley ZD, Martin P et al. Gastric, pancreatic and biliary secretion and the rate 

of gastric emptying after parietal cell vagotomy. Am J Surg 1979;138:644-651. 
73. Tatkan Y. Effets des vagotomies sur la secretion de la secretine. J Chir 1985;122:711-716. 
74. Berstad A, Roland M, Petersen H, Liavac I. Altered pancreatic function after proximal gastric 

vagotomy in man. Gastroenterology 1976;71 :958-960. 

75. Brooks AM, Stenning GF, Grossman MI. Effect of gastric vagal denervation on inhibition of 
acid secretion by secretin. Am J Dig Dis 1971:16:193-202. 

76. Lindskov J, Amtorp 0, Larsen HR. The effect of highly selective vagotomy on exocrine 
pancreatic function in man. Gastroenterology 1976;70:545-549. 

77. Ward AS, Bloom SR. The role of secretin in the inhibition of gastric secretion by intraduo
denal acid. Gut 1974;15:889-897. 

78. Edwards JP, Lyndon PJ, Smith RB, Johnston D. Faecal fat excretion after truncal, selective 
and highly selective vagotomy for duodenal ulcer. Gut 1974;15:521-525. 

79. Stabile BE, Passaro E Jr. Duodenal Ulcer: A Disease in Evolution, Vol 21. Chicago: Year 
Book, 1984, pp. 1-79. 

80. Thompson lC, Wiener I. Evaluation of surgical treatment of duodenal ulcer: short and long
term effects. Clin Gastroenterol 1984;13:569-600. 

81. Corman J, Smeesters C, Beaudoin M et al. Valeur predictive des tests d'acidite preoperatoires 
dans la recidive ulcereuse apres vagotomie supra-selective. Can J Surg 1983;26:348-350. 

82. Weerts JM, Jacquet N, Lombard R et al. La vagotomie supra-selective: une intervention de 
choix dans la maladie ulcereuse duodenale. Rev Med Liege 1985;40:742-746. 

83. Boey J, Lee NW, Koo J, Lam PHM, Wong J, Ong GB. Immediate definitive surgery for 
perforated duodenal ulcers. A prospective controlled trial. Ann Surg 1982; 196:338-344. 

84. Ferraz EM, Filho HA, Bacelar TS, Lacerda CM, DeSouza AP, Kelner S. Proximal gastric 
vagotomy in stenosed or perforated duodenal ulcer. Br J Surg 1981 ;68:452-454. 

85. Sawyers JL, Herrington JL. Perforated duodenal ulcer managed by proximal gastric vagotomy 
and suture application. Ann Surg 1977;185:656-660. 



PROXIMAL GASTRIC VAGOTOMY 195 

86. Devis A, Becker C, DeGraef J. Traitement par vagotomie supra-selective des ulceres pyloro
duodenaux perfores. Acta Gastroent Belg 1984; 47:595-602. 

87. Knight CD Jr, Van Heerden JA, Kelly KA. Proximal gastric vagotomy. Update. Ann Surg 
1983;197:22-26. 

88. Rossi RL, Dial PF, Georgi B, Braasch JW, Shea JA. A five to ten year follow-up study of 
parietal cell vagotomy. Surg Gynecol Obstet 1986;162:301-306. 

89. McMahon MJ, Greenall MJ, Johnston D, Goligher Je. Highly selective vagotomy plus di
latation of the stenosis compared with truncal vagotomy and drainage in the treatment of 
pyloric stenosis secondary to duodenal ulceration. Gut 1976;17:471-476. 

90. Dunn DC, Thomas WEG, Hunter 10. Highly selective vagotomy and pyloric dilatation for 
duodenal ulcer with stenosis. Br J Surg 1981;68:194-196. 

91. Hooks VH, Bowden TA Jr., Mansberger AR Jr., Sisley JF. Highly selective vagotomy with 
dilatation or duodenoplasty. A surgical alternative for obstructing duodenal ulcer. Ann Surg 
1986;203:545-550. 

92. Jordan PH Jr. Treatment of gastric ulcer by parietal cell vagotomy and excision of the ulcer. 
Arch Surg 1981;116:1320-1323. 

93. Reid DA, Duthie HL, Bransom CJ, Johnson AG. Late follow-up of highly selective vagot
omy with excision of the ulcer compared with Billroth T gastrectomy for treatment of benign 
gastric ulcer. Br J Surg 1982;69:605-607. 

94. Emas S, Hammarberg e. Prospective, randomized trial of selective proximal vagotomy with 
ulcer excision and partial gastrectomy with gastroduodenostomy in the treatment of corporeal 
gastric ulcer. Am J Surg 1983;146:631-634. 

95. Jordan PH Jr. Parietal cell vagotomy facilitates fundoplication in the treatment of reflux 
esophagitis. Surg Gynecol Obstet 1978;147:593-595. 

96. Samana G, Mercier V, Mounier S. Traitement du reflux gastrooesophagien. Interet de la 
vagotomie acido-fundique associee a la fundoplicature de Nissen. Presse Med 1986;15:255-
256. 

97. Linhardt GE, Stoddard CG, Johnson AG. Do women do worse after proximal gastric vagot
omy? Br J Surg 1982;69:321-322. 

98. Blackett RL, Johnston D. Recurrent ulceration after highly selective vagotomy for duodenal 
ulcer. Br J Surg 1981 ;68:705-710. 

99. Solhand JH, Bjerkeset T, Halvorsen JF. Highly selective vagotomy in the treatment of duo
denal ulcer in a teaching hospital. A one to three year follow-up relating results to the number 
of operating surgeons, their surgical experience and training conditions. Surgery 1977;82:248-
253. 

100. Trout HH. Ulcer recurrence, morbidity, and mortality after operations for duodenal ulcer. 
Am J Surg 1982;144:570-572. 

101. Hoffmann J, Meisner S, Jensen HE. Antrectomy for recurrent ulcer after parietal cell vagot
omy. Br J Surg 1983;70:120-121. 

102. Alexander-Williams J. The complications of vagotomy and pylorplasty. In: Surgery of the 
Stomach and Duodenum (Nyhus LM, Wastell C, eds). Boston: Little, Brown, 1977, pp. 
272-274. 

103. Dorricott NG, McNeish AR, Alexander-Williams J et al. Prospective randomized multicenter 
trial of proximal gastric vagotomy or truncal vagotomy and antrectomy for chronic duodenal 
ulcer: Interim results. Br J Surg 1978;65: 152-54. 



1 1 

Altered Carbohydrate Antigen 
Expression In Colorectal Cancer And 
Polyps 

Young S. Kim 

1. INTRODUCTION 

Cancer of the colon and rectum is the most common gastrointestinal malig
nancy in many Western countries. In the United States, it is estimated that in 
1989 there will be 150,000 new cases of colorectal cancer diagnosed and that 
65,000 deaths from colorectal cancer will occur. The overall 5-year survival 
rate for patients with colorectal cancer is only 40-45%, a figure that has changed 
very little over the last two decades. I Disease prevention appears to provide 
the best hope for improving the outcome of individuals with colorectal cancer. 
There are two approaches to disease prevention: Primary prevention involves 
identifying and eliminating the cause of the disease and also includes careful 
monitoring of populations at high risk for developing the disease. In the case 
of colorectal cancer, various environmental and host factors have been sug
gested to playa role in carcinogenesis, but the actual causative agents are not 
yet known. Recently, some progress has been made in identifying subjects at 
high risk for developing colorectal cancers among family members of familial 
polyposis coli or colon cancer family syndromes. The approach has been to 
investigate the biochemical or cell proliferative activities in normal appearing 
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colonic mucosa (i.e., "flat mucosa") in an effort to identify the genotype car
rier state and to monitor the progression to severe dysplasia in affected pa
tients. 2- 5 Secondary prevention involves detection and interruption of neo
plasms at an early stage to prevent metastasis. Of the approaches that have 
been used, removal of rectal polyps by rigid sigmoidoscopy seems to decrease 
the future development of rectal cancers and improve patient survival. 6 While 
sigmoidoscopy is useful, there are problems with patient (and even physician) 
compliance when used for screening asymptomatic individuals, and a large por
tion of the colon is not examined. The development of fecal occult blood tests 
has made colon cancer screening more manageable. Most studies have dem
onstrated that earlier stage neoplasms can be detected,7 but no study has yet 
shown an improvement in survival in people screened for fecal occult blood. 
Although fecal occult blood testing is the best mass screening test available, of 
those who test positive, only half will be bleeding from a colorectal neoplasm, 
thereby causing many people to undergo extensive evaluations of the gastroin
testinal tract for what ultimately proves to be benign disease. The development 
of new, more sensitive markers for colonic neoplasms could contribute signifi
cantly to the secondary prevention of this disease. So far, the most clinically 
useful tumor marker is the carcinoembryonic antigen (CEA) particularly in the 
"follow-up" phase after surgery, providing lead times for the detection of re
currences and metastases and to monitor therapy. 8 

When considering potential tumor-associated markers of colorectal cancer, 
multiple markers should be investigated because of tumor cell heterogeneity. 9 

Furthermore, most tumor-associated markers used to date are absent or mini
mally expressed in poorly differentiated colon cancer cells. Therefore, pheno
typic markers for these colon cancer cells need to be identified for this partic
ularly ominous subgroup of colorectal cancers. Similarly, identification of markers 
for invasive and/or metastatic properties of colorectal cancer cells would prove 
useful in predicting prognosis and in therapy. 

2. GLYCOPROTEIN AND GLYCOLIPID 

Substantial evidence indicates that many of the known phenotypic markers 
for colon cancer are carbohydrate-containing molecules. In the colon, mucosal 
cells are rich in carbohydrates. Cellular carbohydrates can be broadly classified 
into two types: secretory and structural. An example of the former is intestinal 
mucin; the latter type includes glycoprotein and glycolipid components of cell 
surface membranes and of the membranes of various subcellular organelles (Fig. 
1). The oligosaccharide moiety of glycoproteins and glycolipids has the poten
tial for generating structural diversity since the information is based not only 
on the number of different monomeric units and their sequence, but also on the 
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Figure 1. Schematic diagram of membrane-associated glycoproteins and glycolipids. Squares, 
circles, and triangles represent monosaccharide. 

positIOn, anomeric configuration of the glycosidic units, and the presence of 
multiple branch points. As a result, carbohydrate polymers can generate con
siderable information and have been implicated in many important biological 
functions such as receptor functions, growth regulation, cellular differentiation, 
cell-cell interaction, cell-substratum interactions, and diverse immunological 
functions. 10 

3. ALTERED EXPRESSION OF BLOOD CROUP SUBSTANCES IN 
COLORECTAL CANCER AND POLYPS 

Increasingly over the last few years, carbohydrate structures related to blood 
group substances (BGS) are being recognized as important cancer-associated 
antigens in the gastrointestinal tract. 10-12 The carbohydrate epitopes reside on 
oligosaccharide side chains of glycolipids and glycoproteins. Their synthesis 
depends on the action of specific glycosyltransferase enzymes that sequentially 
add individual sugar residues in specific linkages to the oligosaccharide back
bone. 

Four main types of changes in carbohydrates have been observed in colo
rectal cancer. These are (I) expression of an antigen not usually found in nor
mal mucosa, (2) deletion of an antigen usually expressed by normal mucosa 
with or without accumulation of precursors, (3) neosynthesis, which occurs 
either by modification of existing structures (such as side chain elongation or 
addition of sialic acid or fucose) or synthesis of new structures, and (4) carbo
hydrate antigens that are found in normal mucosa increase or decrease in cancer 
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cells. Although the biological significance of tumor-associated carbohydrate an
tigens is unknown, they may reflect developmental arrest or an aberrant pro
gram of differentiation. 

Three main groups of tumor-associated carbohydrate antigens in colorectal 
cancer that have attracted attention in recent years will be discussed. These are 
(1) blood group antigens, (2) fucose-containing Le-related antigens, and (3) 
fucose-containing LeY-related antigens. These latter two groups of antigens, Lex 
and Lev, have only recently been studied in colon cancer. 

4. ABH AND Lea AND Leb ANTIGENS AND CA-J9-9 ANTIGEN 
(OR SIALYL-Le) 

A simplified version of carbohydrate structures responsible for the ABH 
Lea and Leb blood group antigen expression is shown in Table 1. Two types of 
carbohydrate backbone structure may occur in blood group antigens. The car
bohydrate sequence of Gal (galactose) {31, 3 GlcNAc (N-acetylglucosamine) is 
called type 1 lactosamine backbone, while Gal {31, 4 GlcNAc is termed type 2 
lactosamine backbone or chain. When fucose is added to galactose of the lac
tosamine backbone, blood group H antigen is formed. Addition of either GalNAc 
or galactose to H antigen converts it to A or B antigens. Thus ABH antigen 
could be expressed on both type 1 and type 2 chains. In contrast, Lea and Leb 

antigens can be expressed only on type I chain since the fourth carbon position 
of GIcNAc of type 2 chain is already occupied, so that fucose cannot be linked 
to GlcNAc at that position. 

When the fucose is added in al-4 linkage to the penultimate GlcNAc of 

Table 1. Immunodeterminant Structure of ABH Blood Group Antigens 

Antigens 

Type 1 

Gal~3GlcNAc-R 
t al.2 

Fuc 

GalNAc~3Gal~3GlcNAc-R 
t al.2 

Fuc 

Gal~3Gal~3GlcNAc-R 
t al,2 

Fuc 

Type 2 

Gal~4GlcNAc-R 
t al.2 

Fuc 

GaINAc~3Gal~4GlcNAc-R 
t al,2 

Fuc 

GalNAc~3Gal~4GlcNAc-R 
t al,2 

Fuc 

Antigens 



CARBOHYDRATE ANTIGENS IN COLORECTAL CANCER 201 

type I chain, Lea antigen is formed. The addition of a second fucose to galac
tose converts Lea to Leb antigen. Gene-specified glycosyltransferases are re
sponsible for the addition of each sugar to its acceptor in a specific anomeric 
linkage, thereby conferring the final antigenic structure. The addition or dele
tion of even one monosaccharide structure may completely alter the antigenicity 
of the molecule. 

In the human embryo and fetus, major blood group antigens are expressed 
in the epithelial cells of both the proximal and distal colon. However, after 
birth, the expression of A, B, H, and Leb antigens is lost from the distal colon 
while being preserved in more proximal segments. 13- IS Lea antigen, however, 
remains uniformly distributed throughout the proximal and distal adult colon. 

For many years, changes in the A, B, and H antigens expressed have been 
reported to occur in many epithelial cancer tissues including colon cancer. IS-17 

Recently, using five monoclonal antibodies, we examined the pattern of blood 
group antigen expression in colon cancer tissues. IS In colon cancer, the most 
frequent finding was the reexpression of blood group antigens (A, B, H, Leb) 

in the distal segment (occurring in 90% of distal colorectal cancer), suggesting 
that an oncofetal gene function had been derepressed or reactivated in a situa
tion analogous to that of CEA. Another intriguing finding was that over 60% 
of colon cancers of both proximal and distal colon expressed blood group an
tigens (A or B) incompatible with the host's blood type. For example, some 
blood group A patients expressed B antigen in the colon cancer tissues. Dele
tion of the host's blood group antigen from cancer cells was also observed in 
nearly half of the colon cancers occurring in the proximal colon. 

ABH expression has also been examined in hyperplastic polyps, which are 
considered to have no malignant potential, and in adenomatous polyps, which 
may have malignant potential. 18 Hyperplastic polyps did not exhibit incompat
ibility and only rarely demonstrated blood group antigen reappearance but dele
tion phenomenon was observed in a few specimens obtained from right colon. 
Adenomatous polyps, however, frequently reexpressed blood group antigen in 
the distal colon, expressed incompatible blood group antigen A or B in 27% of 
polyps, and one specimen demonstrated blood group antigen deletion. Thus, 
some of the antigenic alterations that occur in colorectal cancer tissue also 
appear in the premalignant variant of polyps, often in early stages of the neo
plastic process. The biochemical and molecular basis, as well as the biological 
significance for reexpression of fetal antigens, appearance of incompatible blood 
groups, or deletion of blood group substances, are not well understood. 

Another blood group-related antigen that we have examined is the gas
trointestinal cancer-associated antigen (GICA) , which is recognized by MAb 
19-9 (Table 2). This antigen, a sialylated Lea blood group antigen, occurs as a 
ganglioside in tissues, but in serum and pancreatic juices it is found on mucin
type glycoproteins. 19,20 Most specimens of colon cancer and second trimester 
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Table 2. Immunodeterminant Structure of Le", Le b, and Other Related Antigens 

Antigens 

Lea 

Leh 

Sialyl-Le" 
GICA or 
CA 19-9 

Type 1 

Galf3 I.3GlcNAc-R 

Gal~3GlcNAc-7R 
1 a).4 

Fuc 

Gal~GlcNac-->R 
l' al.2 1 a).4 

Fuc Fuc 

Gal~3GlcNAc-R 
l' a2.3 1 a).4 

NeuAc Fuc 

Type 2 

Galf31 .4GlcNAc-R 

Gal~4GlcNAc-7R 
l' aU 

Fuc 

Gal~4GlcNAc-->R 
lal.2 la).3 

Fuc Fuc 

Antigens 

Le'(X) 

Le'(Y) 

fetal colon express this antigen, whereas normal mucosa rarely express it. 21.22 

Thus, a modification of Lea epitope by the addition of sialic acid appears to 
produce an oncodevelopmental antigen in colon cancer tissues. 

5. T ANTIGEN 

Changes in the expression of another major class of blood group antigen 
have been recently reported in some epithelial tumors. This is the T antigen 
that is related to M and N blood group antigen, as shown in Fig. 2. The tetra
saccharide structure linked to threonine or serine, which contributes to M and 
N antigenicity, is made of up to two sialic acids and a galactose-linked 131-3 
to GalNAc (N-acetylgalactosamine). When both sialic acids are removed (or 
not synthesized), a disaccharide appears that is the immunodominant structure 
for so-called T antigen. The lectin (Arachis hypogoea) peanut agglutinin or 
PNA recognizes this disaccharide structure. This disaccharide structure is also 
present in carbohydrates other than M and N antigens, e.g., in the core struc
ture of mucin glycoproteins. 

During the past several years, Springer and his associates as well as other 
investigators reported enhanced expression of T antigen in several epithelial 
cancer tissues. 23 •24 Using fluorescein-conjugated (FITC) peanut lectin, we have 
observed that many colon cancer tissues stain intensely with FITC-peanut lectin 
while distant normal mucosa does not. 25.26 Recently, we extended these studies 
by comparing the reactivity of normal colonic mucosa, nonneoplastic diseased 
mucosa, colonic polyps (hyperplastic and adenomatous), colon cancer, and fe-
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tal colonic mucosa to peanut lectin polyclonal and monoclonal anti-T antisera 
using a more sensitive immunoperoxidase method.27 All three reagents showed 
intense staining of most colon cancer tissues in both proximal and distal colon. 
However, polyclonal and particularly monoclonal anti-T antibody showed much 
less reactivity with normal mucosa and hyperplastic polyps compared to peanut 
lectin. Furthermore, both polycolonal and monoclonal anti-T antibody staining 
appeared to correlate with the malignant potential of polyps as assessed by 
polyp size, histological type, and degree of dysplasia. 

6. Le AND LeY-RELATED ANTIGENS 

Le and LeY antigens are positional isomers of Lea and Leb , respectively, 
with fucose attached to type 2 lactosamine backbone as shown in Tables 3 and 
4. The immunodeterminant structure for Le or X antigen is terminal trisac
charide structure with a fucose-linked al,3 to the penultimate GlcNAc of lac
tosamine structure (Table 3). Alternatively, when an additional fucose is added 
in a 1,2 to the terminal galactose of Le antigen, the immunodeterminant tetra
saccharide structure for the LeY or Y antigen is formed. The epitopes for Le or 
LeY antigens can reside on short or extended lactosamine backbones of carbo
hydrate side chains of glycolipids and glycoproteins with or without additional 
internal fucose. 

Recently, several monoclonal antibodies (MAbs) have been established 
that recognize Le or LeY determinants (Tables 3 and 4).10.28-35 Among the 
MAbs having specificities for Le-related antigens, anti-SSEA-I and AH8-183 
MAbs recognize the LeX trisaccharide present on either short or extended lac-

Ser/Leu 
I 

hlraslccbaride-Ser 

I 
lelraSlccbaride- Thr 

lelrasact~aride-Thr 
I 

Gly IGlu 
I 

M antigen I N antigen 

tetrasaccharide 

Sia 

Thr 
Sia ~ Gal-GaINAc-or 

Ser 

T anli,en (PNA) 

Figure 2. Structures of MN-related antigens. N-terminal structure of M & N antigens on the left 
and tetrasaccharide structures on the right. The disaccharide GalJ3I,3GaINAc is the immunodeter
minant structure for T antigen. Sia, sialic acid or N-acetyl neuraminic acid; Gal, galactose; GalNAc, 
N-acetylgalactosamine; Thr, threonine; Ser, serine; Leu, leucine; Gly, glycine; Glu, glutamic acid; 
PNA, peanut agglutinin. 
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Table 3. Le'-Related Antigen Expression in Colonic Tissues 

Antigens 
Antigen expression in tissues 

Antigenic 
(MoAb) determinant Na C F 

leX Gal~4GlcNAc-R + + + 
(anti-SSEA-l t al,3 

AH8-183) Fuc 

Extended Le" Gal~4GlcNAc~3Gal~4GlcNAc-R + + 
(FHI) t al.3 

Fuc 

Difucosyl Lex Gal~4GlcNAc~3Gal~4GlcNAc-R + + 
(FH4) t al.3 t al,3 

Fuc Fuc 

Sialyl Gal~4GlcNAc~3Gal~4GlcNAc-R + +b 
difucosyl Lex t a2.3 t al,3 t al.3 

(FH6) NeuAc Fuc Fuc 

Sialyl Gal~4GlcNAc~3Gal~4GlcNAc-R + + 
monofucosyl Le' t a2.3 t al,3 

(IB9) NeuAc Fuc 

"N. nonnal mucosa; C. cancer; F. fetal mucosa; HP, hyperplastic polyp; AP. adenomatous polyp. 
"Negative in distal colon. 

Table 4. LeY-Related Antigen Expression in Colonic Tissues 

HP 

+ 

AP 

+ 

+ 

+ 

+ 

+ 

Antigens Antigenic 
Antigen expression in tissues 

(MoAb) determinant N° C F 

Le' Gal~4GlcNAc-R + + + 
(AH6) t ,,1.2 t al,3 

Fuc Fuc 

Extended LeY Gal~4GlcNAc~3Gal~4GlcNAc-R ±b + +h 
(CC-l t al,2 t al,3 

CC-2) Fuc Fuc 

Trifucosyl Le Y Gal~4GlcNAc~3Gal~4GlcNAc-R ±b + +b 
(KH-l) t al,2 t a 1.3 t al,3 

Fuc Fuc Fuc 

"N, nonnal mucosa; C. cancer; F. fetal mucosa; HP, hyperplastic polyp; AP, adenomatous polyp. 
"Negative in distal colon. 

HP AP 

+ + 

+ 

+ 
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tosamine (type 2 chain) backbones. The FH-I and FHA, FH-6, and KB-9 MAbs 
have greatest affinity for extended leV determinants. The FH-I MAb simply 
recognizes an extended Le epitope, whereas FHA and FH-6 specifically rec
ognize an extended LeX epitope containing an additional internal fucose linked 
in al,3 linkage to GlcNAc and thus the FHA determinant is referred to as 
"difucosyl Lex." The FH-6 MAb has additional specificity because of N-acetyl 
neuraminic acid (sialic acid) (NeuAc) added to terminal galactose (a2,3) of 
"difucosyl Le." The MAb IB-9 has greatest affinity for extended Le structure 
with only one internal fucose linked to GlcNAc(al,3) and NeuAc linked to 
terminal galactose (a2,3). Both FH-6 and KB-9 therefore recognize sialylated 
Le antigens. 33 

There are several MAbs that have specificities toward LeY determinants. 
The AH-6 MAb recognizes that LeY tetrasaccharide present on either short or 
extended lactosamine backbones. The other three MAbs recognize only ex
tended LeY determinants: CC-I and CC-2 MAbs share similar epitope specific
ities and have the greatest affinity for extended LeY antigens, and KH-I MAb 
specifically recognizes an extended LeY epitope containing an internal fucose 
linked in a 1,3 linkage to GlcNAc (referred to as "trifucosyl LeY"). 35 

From our immunohistochemical data employing these MAbs, the follow
ing statements can be made (Tables 3 and 4)34--36: 

1. Anti-SSEA-I and AH8-183 (which recognize short or extended LeX 
antigens) and AH-6 (which recognizes short or extended LeY antigens) 
were expressed by virtually all colon cancers and polyps but also by 
most normal colonic mucosa. 

2. MAbs that recognize extended Le antigens (e.g., FH-l) and extended 
LeY antigens (e.g., CC-l and CC-2) and MAbs that recognize polyfu
cosylated extended LeX (e.g., FH-4) and polyfucosylated extended LeY 
(e.g., KH-l) preferentially stained malignant colonic tissues and rarely 
stained normal mucosa. Furthermore, the expression of extended and 
polyfucosyl Le and LeY antigens was limited exclusively to premalig
nant (adenomatous) polyps and was virtually absent from nonmalignant 
(hyperplastic) polyps. Moreover, among adenomatous polyps, ex
tended and polyfucosylated antigen expression tended to correlate with 
three measures of malignant potential: larger polyp size, villous histol
ogy, and severe dysplasia. 

3. The pattern of expression of sialylated Le antigen (defined by FH-6 
and IB-9) was very similar to that exhibited by extended and polyfu
cosyl-Le and LeY antigens. 

4. All LeX- and LeY-related antigens were expressed in second-trimester 
fetal colon. 
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7. SUMMARY AND FUTURE PERSPECTIVE 

Several carbohydrate structures behave as cancer-associated antigens in the 
human colon, although none is specific only for colon cancer. These antigens 
are expressed heterogeneously in colon cancer tissue due to tumor cell hetero
geneity, and therefore the use of multiple MAbs will enhance the potential 
clinical usefulness of these reagents. The expression of some carbohydrate an
tigens by colon cancer is considered rather "cancer-specific" since normal co
lonic mucosa does not express these antigens as demonstrated by the following 
examples: (I) reappearance of ABH, Leb in distal colon cancer, (2) incompat
ible A or B expression, (3) deletion of ABH, Lea and Leb from proximal colon 
cancer, (4) appearance of sialylated Le antigen in colon cancer, (5) appearance 
of T antigen, and (6) expression of extended and/or polyfucosylated or sialy
lated Lea and Le antigens in colon cancer. 

Most of these cancer-specific alterations may also be markers of premalig
nancy since adenomatous polyps but not hyperplastic polyps are capable of 
exhibiting these changes and antigenic expression often correlates with malig
nant potential in adenomatous polyps. These data raise a number of important 
questions, such as: 

1. Why and how do malignant and premalignant colonic cells express 
these antigens? Are these changes cause-effect or epiphenomena as
sociated with malignant transformation? 

2. Do other preneoplastic colonic conditions exhibit similar antigenic al
terations? For example, are those antigens expressed in the normal
appearing "flat mucosa" of affected individuals of familial polyposis 
coli or family cancer syndrome or in the dysplastic cells of ulcerative 
colitis patients? 

3. What is the potential clinical role of these antigens in the diagnosis or 
management of patients with colorectal neoplasms? 

Clearly, more work needs to be carried out in this exciting and promising 
area of investigation. 
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Modern Concepts of Regulation of 
Intestinal Nutrient Transport 

Jared M. Diamond 

1. INTRODUCTION 

Humans, like other animals, insult their intestines with wildly varying food 
inputs. We start out life as 7-lb babies, consuming small amounts of food, all 
of it in the form of milk, yet we end up as adults weighing between 40 and 
140 kg, consuming quantities of food one or two orders of magnitude greater 
than the intake of babies, mostly in the form of solids. If we're lucky, we can 
eat whatever we want in whatever amounts we want: one day, a high-carbo
hydrate diet of elegant pastries; the next day, a no-carbohydrate, high-protein 
diet of filet mignon; the following day, neither pastry nor filet mignon, but a 
high-fat diet of rich cheese. If unlucky and poor, we may starve or occasionally 
get something to eat, but frequently suffer from deficiencies of vitamins, essen
tial amino acids, or nitrogen. Even if living in affluence, we may be unlucky 
in other ways: we may develop diabetes or may require surgical resection of 
the intestine or else total parenteral nutrition. If working vigorously as lumber
jacks, we may consume 7000 calories per day. Conversely, lying in bed all 
day requires only 800 calories. Half of us occasionally become pregnant, nurse 
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one or more infants, and must increase our calorie intake correspondingly (up 
to several-fold in some nursing mammals). 

How does the intestine adapt to all these varying demands for extracting 
nutrients? By the beginning of this century, Pavlov discovered that pancreatic 
enzymes adapt to diet with amylase increasing on a high-starch diet and chy
motrypsin on a high-protein diet. Dietary regulation of intestinal hydrolases, 
such as sucrase or aminooligopeptidase, has also been well studied. It is well 
known to developmental biologists that in most infant mammals the level of 
intestinal sucrase rises whereas lactase drops at the time of weaning. 

But what about regulation of the final stage in the assimilation of food, 
i.e, nutrient transport from the intestine to the bloodstream? Beginning with the 
introduction of the everted sac technique for studying intestinal absorption in 
the 1950s, much progress has been made toward defining the cellular mecha
nisms of intestinal nutrient transport and, more recently, the molecular isolation 
of the transporters. However, little attention has been paid to regulation of 
these absorptive mechanisms, which instead have been tacitly assumed not to 
be regulated after the neonatal period. The reasons for neglecting the regulation 
of intestinal nutrient transport relate to difficulties in unraveling the physiolog
ical mechanisms themselves and to the incorrect assumption that regulation of 
intestinal nutrient transport would prove to be unnecessary and nonexistent be
cause the human intestine normally absorbs virtually all simple carbohydrates 
and proteins in a meal and thus seemed to have an excessively large absorptive 
capacity. 

There are three reasons why this assumption is incorrect. First, numerous 
clinical conditions, such as the short-gut syndrome, I are associated with mal
absorption. Second, the normal absorptive capacity of the intestine is regularly 
exceeded in some common physiological conditions, such as pregnancy, lacta
tion, and certain dietary variations. Finally, the focus on just the question of 
whether nutrients are completely absorbed assumes tacitly that the rate of ab
sorption makes no difference, provided that absorption is complete. Yet the 
rate of absorption obviously determines the postprandial time course of blood 
nutrient concentrations, and that time course is itself important. For example, 
the symptoms of diabetes do not arise from incomplete intestinal absorption of 
carbohydrate but from a maladaptive time course of plasma glucose concentra
tion. Similarly, dietary manipulations that vary the rate of intestinal amino acid 
absorption cause changes not only in the postprandial time course of blood 
amino acid concentrations but also in the concentration ratio for essential amino 
acids to nonessential amino acids in the blood (R. K. Buddington, personal 
communication). 

This chapter will focus on the specific regulation of individual nutrient 
transporters in the intestine by dietary levels of their substrates. Three related 
topics will also be reviewed: the signals for such specific regulation, instances 
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of nonspecific regulation of absorption of many nutrients in parallel, and the 
ontogenetic regulation of intestinal nutrient absorption. 

2. A SYNOPSIS OF INTESTINAL NUTRIENT TRANSPORTERS 

Earlier studies of intestinal nutrient absorption usually measured transepi
thelial transport: the transport of nutrients from the intestinal lumen across the 
epithelium to the bloodstream or serosal surface. Familiar methods for measur
ing such transepithelial transport include transport measurements from the mu
cosal to serosal surface of the everted intestinal sac in vitro, and the measure
ment of solute appearance in the bloodstream after solutes were added to the 
lumen of the intestine in vivo. Such measurements of transepithelial transport 
lump together two separate membrane transport steps: nutrient uptake from the 
intestinal lumen, across the brush border (apical) membrane, into the entero
cyte; and nutrient exit from the enterocyte, across the basolateral membrane, 
into the bloodstream. 

The former step of transport from lumen to cell across the brush border 
membrane is the one that has received more attention. In the 1960s and 1970s 
this step was often studied by mounting an epithelial sheet in Ussing chambers, 
adding a radiolabeled nutrient to the mucosal bathing solution, and measuring 
the amount of radio label in the tissue after a short time. More recently, my 
colleagues and I studied this step by an everted sleeve preparation, by which 
the intestine is everted, a cylindrical sleeve 1 cm long is tied over a solid glass 
rod and mounted over a stirring bar, a radiolabeled nutrient is added to the 
bathing solution, and tissue label is again determined after a short time. 2 Both 
the chamber and the everted sleeve methods measure uptake into the intact 
tissue in vitro. An alternative procedure for studying the brush border transport 

Figure 1. Uptake of glucose by everted sleeves of 
mouse jejunum, as a function of bath glucose concen
tration. The dashed straight line is for L-glucose, which 
is only taken up passively. The solid points are the 
active uptake of D-glucose, determined after correcting 
for passive uptake using L-glucose uptake. The solid 
curve is the best fit of the solid points to the Mich
aelis-Menten equation. Values are normalized to the 
active glucose uptake measured at 50 mM in an adja
cent sleeve from the same mouse. (From Ref. 2.) 
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step is to prepare vesicles from the brush border membrane and to study uptake 
into these vesicles. 

These three methods have been useful for demonstrating the existence of 
specific transporters for particular nutrients in the brush border membrane. For 
example, Fig. 1 illustrates results of our studies of brush border uptake of D
glucose in an everted sleeve of mouse jejunum.2 The figure shows that uptake 
of glucose is stereospecific (because uptake of D-glucose is much faster than 
that of L-glucose). Uptake involves saturable kinetics with a Michaelis-Menten 
constant (Km) around 6 mM. Other experiments with everted sleeves have dem
onstrated that brush border D-glucose uptake is Na+-dependent, is inhibited 
competitively by other aldohexoses such as galactose or 3-0-methylglucose, 
and proceeds against a concentration gradient by building up a higher concen
tration of D-glucose in the tissue than in the mucosal bathing solution. Similar 
observations, made in other preparations, have been interpreted to mean that 
glucose absorption involves cotransport with Na +, i.e., Na + enters the cell 
across the apical membrane by moving down its electrochemical gradient. This 
gradient is maintained by active extrusion of Na + at the basolateral membrane 
by the sodium pump, Na + IK + -ATPase. Transporters located in the brush bor
der membrane couple the entry of Na + and glucose into the cell. The electro
chemical gradient for Na + provides the driving force for the uphill movement 
of glucose into the enterocyte. 

Similar experiments with other solutes have revealed the existence of at 
least 20 different transporters for nutrients in the intestinal brush border. 3 There 
are two separate transporters for glucose, one operating with a high capacity 
but low affinity, the other with a low capacity but high affinity. 4 Fructose is 
absorbed by a facilitated diffusion mechanism that does not convey fructose 
uphill and that is not Na + -dependent. 5 There are at least four separate Na + -
dependent transporters for amino acids: the imino acids, the acidic amino acids, 
the basic amino acids, and the neutral amino acids. There may also be at least 
three separate N a + -independent amino acid transporters. 6 Dipeptides have still 
another transporter, 7 as do short -chain fatty acids, and as do bile acids in the 
ileum. At least eight different water-soluble vitamins each have a specific trans
porter. 8,9 Specific transporters have been well documented for iron, calcium, 
and phosphate, and probably exist for numerous other essential trace minerals. 
In mammals (though not in some fish and other vertebrates), these nutrient 
transporters are mainly located in the small intestine; the large intestine contrib
utes less than 10% of the small intestine's transport capacity. 

The basolateral transport step from the enterocyte into the bloodstream has 
been much less well defined because of the inaccessibility of this membrane in 
the intact intestine. However, studies of basolateral vesicles have shown that 
this membrane does have specific transporters for sugars, amino acids, iron, 
and probably other nutrients. 10,11 
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If one increases the dietary input of some particular solute and then mea
sures its absorption in vivo, there is an increased rate of absorption, simply 
because the solute's concentration in the intestinal lumen increases and the 
instantaneous uptake/concentration relation generally rises monotonically. Such 
observations in themselves provide no evidence for regulation of the transporter 
by diet. However, one can test for regulation by altering an animal's diet, then 
excising the intestine and measuring the uptake/concentration relation in vitro. 
This method allows comparison of transport rates from solutions with the same 
substrate concentration but in animals that had been maintained on different 
rations. A difference in uptake would then imply regulation of the transporter. 

Figure 2 illustrates such an experiment demonstrating regulation of intes
tinal brush border glucose and proline transport. 12 Mice were maintained on a 
carbohydrate-free, high-protein ration, then switched to a high-carbohydrate, 
medium-protein ration. At various times after the ration switch, animals were 
sacrificed, their intestines excised, and uptake by an everted sleeve measured 
at a glucose or proline concentration high enough to saturate the transporters 
and yield a measure of the V max. It turns out that both the D-glucose transporter 
and the L-proline transporter are up-regulated by increased dietary intake of 
their respective substrates, i.e., glucose transport increases on the high-carbo-

Figure 2. Time course for ef
fect of diet change on active 
D-glucose uptake and total L-pro
line uptake measured at 50 mM 
in the proximal jejunum. Left 
half, mice are switched from 
no-carbohydrate (no-carb), high
protein diet (open circles) to high
carbohydrate (high-carb), low
protein (closed circles) at time 
(= 0; subsequent points give up
take rates for glucose (top) and 
proline (bottom) after the indi
cated number of days on the high
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carbohydrate, low-protein diet. Right half, mice switched from high-carbohydrate, low-protein diet 
to no-carbohydrate, high-protein diet at ( = 0; subsequent points give uptake rates after the indi
cated number of days on the no-carbohydrate, high-protein diet. Vertical bars give ± SEM (n = 15-
24 mice for ( = 0 points and 5-10 mice for other points). Asterisks indicate uptake values that 
differ significantly (p<0.05, (test) from the corresponding (=0 value. (From Ref. 12.) 
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hydrate ration, while proline transport increases on the high-protein diet. Up
regulation reaches a plateau about I day after the animal begins eating the high
substrate ration, whereas down-regulation is not complete until several days 
after the animal has returned to the low-substrate (or no-substrate) regimen. 
The opposite changes in glucose transport and proline transport suggest specific 
and independent regulation of each transporter, as does the observation that 
glucose transport also varies with dietary carbohydrate level when carbohydrate 
is replaced with fat and when dietary protein level is held constant. Specific 
regulation is further indicated by the fact that a high-fructose diet stimulates 
fructose transport without affecting proline transport. 5 Although Fig. 2 dem
onstrates dietary regulation only of the brush border transport step, studies of 
basolateral vesicles have also demonstrated regulation of the basolateral trans
port step for glucose. 13 

Specific regulation by dietary substrate levels has been demonstrated in 
recent years for many other nutrient transporters. However, the case of D
glucose remains one of the best studied. Kinetic analysis of glucose uptake as 
a function of glucose concentration in mice either on a high-carbohydrate or a 
carbohydrate-free ration reveals that the increased uptake is due to an increase 
in the maximal transport velocity (V maJ. There is no convincing evidence of a 
change in Km. 14 Prima facie, this suggests that the high-carbohydrate diet is 
associated with an increased number of copies of the transporter without any 
qualitative change in the binding constant of each copy. Such an interpretation 
has been confirmed by experiments in which the density of glucose transporter 
sites in the intact intestinal mucosa was measured by binding studies with 
phlorizin, a specific inhibitor of glucose transport. 15 Probably dietary carbohy
drate ultimately regulates synthesis of the glucose transport protein and induces 
the transporter. 

Variation in transporter site density also appears to be responsible for the 
familiar gradient of glucose absorption rate along the intestine. Glucose absorp
tion, whether measured in vivo or in vitro, is maximal in the proximal jejunum 
and lower in both the duodenum and especially the ileum. This regional gra
dient of glucose transporter activity parallels the regional gradient in mean glu
cose concentration along the lumen of the intestine because glucose is released 
by hydrolysis from complex carbohydrates proximally in the small intestine and 
is absorbed in transit, resulting in maximal glucose concentrations in the je
junum. If the average luminal glucose concentration were to regulate the trans
porter site density at that point along the intestine, one would expect transporter 
density to be maximal in the jejunum, resulting in the highest absorption rates 
there. This interpretation is confirmed by phlorizin-binding studies, which show 
higher glucose transporter site density in the proximal intestine than in the 
distal intestine. 15 Reinforcing this interpretation is the fact 14 that the normal 
gradient of glucose transport activity along the intestine disappears in mice on 
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Figure 3. Active uptake of 50 mM 
D-glucose by everted sleeves of mouse 
intestine as a function of intestinal po
sition (abscissa, distance from pylorus: 
proximal duodenum at far left, terminal 
ileum at far right). Glucose uptake val
ues are normalized to surface area at the 
villus level. Solid upper curve with solid 
circles: mice maintained on a high-car
bohydrate, medium-protein diet of chow. 
Lower dashed curve with open circles: 
mice maintained on a high-protein, low
carbohydrate diet of meat. Note that re
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gional differences in glucose transport along the length of the intestine, observed on the high
carbohydrate diet, disappear on the meat diet that is nearly devoid of carbohydrate. (From Ref. 

14.) 

a carbohydrate-free diet, which would abolish the usual regional gradient of 
luminal glucose concentration (Fig. 3). 

Dietary regulation of intestinal transport (Fig. 2) is reminiscent of the con
cept of adaptive regulation of enzyme synthesis. 16 Many bacterial enzymes, 
and a few enzymes of eukaryotic species, are regulated. In some cases sub
strates are found to induce their enzymes, whereas in other instances substrates 
repress their enzymes. For the intestine, Fig. 2 showed that oral glucose and 
proline can induce their own transporters. Does the same pattern apply to all 
other regulated intestinal nutrient transporters? 

Figure 4 shows that the answer is no. Some substrates induce their intes
tinal transporter, others repress, and for still others the transporter activity de
creases with decreasing dietary substrate level through a minimum or else to 
an asymptote. 3 

At an early stage in our studies of regulation of intestinal transport, before 
most of the results depicted in Fig. 4 were available, William Karasov and I 
used a priori reasoning to predict the pattern of regulation from three consid
erations. 17 First, we suggested that nutrients used for calories would tend to 
induce their transporters because the resulting payoff in available calories at 
high substrate levels would more than offset the biosynthetic costs of the trans
porter, whereas transporter costs would not be recouped at low substrate levels. 
Second, substrates that are nutritionally essential should tend to repress their 
transporters because the transporter is most needed to extract the minimum 
required daily amount of nutrient from a deficient diet. Conversely, the trans
porter might be safely repressed at high dietary substrate levels, as the same 
minimum needed amount could be provided by fewer transporter copies oper-
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Figure 4. Summary of how activities of in
testinal brush border nutrient transporters are 
regulated by dietary or body substrate levels. 
All panels except the second from the bottom 
show maximal transport rates in proximal and 
midintestine of mice that have consumed a diet 
containing the indicated substrate level for a 
period sufficient to allow complete adaptation 
(several days up to 2 weeks). Top panel: from 
Refs. 5 and 14. Second panel from top: pat
terns for the amino acids aspartate and pro
line, and the dipeptide carnosine, from Refs. 
7 and 23. Second panel from bottom: iron 
brush border receptors in guinea pig proximal 
intestine,'8 calcium uptake in chick duo
denum,'9 thiamine uptake in rat jejunum, 22 and 
vitamin C uptake in guinea pig ileum. 2I Bot
tom panel: patterns for the amino acids histi
dine (solid circles), lysine (open circles), leu
cine (solid squares), alanine (open squares), 
and methionine (open triangles). Ordinate 
values are uptakes at the dietary level indi
cated on the abscissa normalized to uptake in 
animals on a fructose- or carbohydrate-free 
ration (top panel), in mice on a 18% casein 
or 18% amino acid ration (second and bottom 
panels), or in animals on a ration with the 
indicated nutrient at adequate levels (third 
panel). (From Ref. 3.) 

ating at a higher substrate concentration or even by passive diffusion. Finally, 
toxic substrates should tend to repress their transporters, so as to protect the 
animal against the risk of toxicity from absorption of too much substrate in the 
diet. 

For the glucose transporter, all three considerations predict that glucose 
should induce its transporter, as is actually observed (Fig. 2, top panel of Fig. 
4). Since glucose provides calories, high dietary carbohydrate levels should 
induce glucose transport; since glucose is nontoxic, this induction is safe; and 
since glucose is nonessential, the glucose transporter can safely be repressed 
on a carbohydrate-free diet. Thus, all three considerations favor induction. Fur
ther, other nutrients that resemble glucose in being calorigenic, nonessential, 
and nontoxic-namely, fructose, aspartic acid, proline, and possibly dipep
tides-also induce their corresponding transporter (second panel of Fig. 4). 

This reasoning also applies to iron, which is essential, yields no calories, 
and is toxic in large amounts. Because iron is essential, the iron transporter 
must have maximal activity on an iron-deficient diet; because iron is toxic, the 
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transporter should be repressed on a high-iron diet; and because iron yields no 
calories, repression on a high-iron diet costs the animal nothing and saves the 
cost of unnecessary transporter copies. Thus, all three considerations dictate 
repression as actually observed. 18 In addition, four other nutrients that resemble 
iron in being essential, toxic, and noncalorigenic-namely, calcium,19 phos
phate,20 vitamin C,21 and thiamine 22-also resemble iron in repressing their 
own transporter (third panel of Fig. 4). The repression of the two vitamin trans
porters by their substrates is interesting because it shows that dietary megadoses 
of vitamins have two opposing effects on vitamin absorption: to increase the 
amount absorbed through increasing the luminal vitamin concentration, but to 
decrease the efficiency of absorption by repressing the transporter. Conceiva
bly, vitamin megadoses might even have the self-defeating effect of reducing 
net vitamin absorption by the intestine. 

For essential amino acids, however, dietary influences on their respective 
transporters are more complex, as the three considerations conflict with one 
another. Since essential amino acids can be used for calories, they should in
duce their transporters. Since essential amino acids are individually essential as 
specific nutrients and as a source of nitrogen, they should tend to repress their 
transporters. Also, since essential amino acids in large amounts tend to be 
much more toxic than nonessential amino acids, they should repress their trans
porters. The bottom panel of Fig. 4 shows that the body has managed to strike 
a compromise among these conflicting considerations. 23 It would be suicidal to 
repress essential amino acid transport on a low-protein diet, and in fact the 
transporter for essential neutral amino acids and the transporter for essential 
basic amino acids both maintain asymptotically constant activity or are even 
induced on a low-protein diet. On a high-protein diet, the activity of both trans
porters is again induced, but not nearly to the same degree as that observed for 
the transporters of the relatively nontoxic, nonessential amino acids aspartate 
and proline. 

In short, the intestine exhibits diverse regulatory patterns for nutrients, but 
some adaptive sense can be made of this diversity. 

4. SIGNALS FOR THE SPECIFIC REGULATION OF BRUSH 
BORDER TRANSPORTERS 

How does a particular transporter learn that more of its substrate has ar
rived at the intestine via the diet and that it should therefore up-regulate or 
down-regulate itself? The simplest signaling mechanism would be for the en
terocyte itself to directly perceive the concentration of its substrate in the intes
tinal lumen. The preferred substrate may only be an ultimate signal that re
leases intermediate signals; the best ultimate signal may not always be the 
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preferred substrate; and the ultimate signal, whatever it is, may be perceived at 
a location other than the intestinal lumen. 

At least the identity of the ultimate signal is simple in the case of the 
fructose transporter and the aspartate transporter, which are induced most ef
fectively by fructose5 and aspartate,24 respectively. However, that does not in
dicate whether fructose and aspartate levels are perceived in the intestinal lu
men, within the enterocyte after the brush border transport step, or in the 
bloodstream after the basolateral transport step as well. 

More disconcerting is the regulatory signaling of the glucose transporter: 
dietary fructose is as good an ultimate inducer as dietary glucose, although 
fructose cannot serve as a substrate of the glucose transporter.5 Amino acids 
and peptides are even more complex. The basic amino acid transporter is most 
effectively induced by an acidic amino acid. 24 The transporter for proline is not 
particularly induced by proline but rather is induced by some as-yet-unidenti
fied component of protein.24 The dipeptide transporter is not specifically in
duced by peptides; free amino acids are just as effective. 7 These signaling puz
zles raise the possibility that the familiar distinction between essential and 
nonessential amino acids involves not only the question of which amino acids 
the body is unable to synthesize itself (and thus requires in the diet), but also 
which amino acids are good at turning on transporters for other amino acids, 
even though the inducing amino acid itself is not a substrate. 

All these statements about signals are based on substrates added to the 
diet. In addition, glucose or fructose infused into the bloodstream also induces 
glucose or fructose transport. Whether or not this effect involves an induction 
only of basolateral transporters remains uncertain. 13,25,26 

Finally, the possibility exists that some nutrients may regulate transport 
via hormonal intermediates. For example, glucose infusion in the distal intes
tine results in up-regulation of glucose transport in the proximal intestine, sug
gesting humoral mediation. 27 The possibility of a humoral mediator is also 
suggested by the up-regulation of sugar and amino acid transport in hen colon 
by a high-salt diet. 28 

5. NONSPECIFIC REGULATION 

The previous sections have concerned regulation of individual transport
ers, proceeding independently of regulation of other transporters. In addition, 
there are situations in which the body needs to process more or less of many 
nutrients in parallel. For example, there is increased need for many different 
nutrients during pregnancy and lactation, at low environmental temperatures, 
and under conditions of chronic exercise, all of which are associated with hy-
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perphagia. Conversely, starvation is associated with decreased inputs of all nu
trients in parallel. 

It has in fact been found that pregnancy, lactation, and other physiological 
conditions resulting in hyperphagia also increase uptake of multiple nutrients. 17 

Unlike the specific and quite rapid up-regulation of transporter by dietary levels 
of its substrate, the generalized up-regulation associated with hyperphagic con
ditions is slow, requiring a week or more to develop even in small rodents. 
Conversely, starvation is associated with decreased uptake of nutrients when 
calculated per centimeter length of intestine. 14 Starvation is not associated with 
changes in uptake per milligram of tissue wight. 14,17 The weight of tissue per 
cm length of intestine varies with hyperphagia or starvation, increasing due to 
hyperplasia in pregnancy and other hyperphagic conditions, but decreasing in 
starvation. These changes in quantity of absorbing mucosa are presumably what 
cause increased or decreased transport of many nutrients in hyperphagia or 
starvation. The lack of effect on transport rates calculated per mg suggests no 
specific effects of these conditions on particular transporters, apart from pro
ducing more or less mucosa and hence more or fewer transporter copies. 

It is generally assumed that the intestinal hyperplasia during pregnancy, 
lactation, and other conditions is mediated by trophic hormones, although their 
identity remains uncertain. 

Parallel, nonspecific regulation of intestinal transporters appears in several 
clinically important conditions. Intestinal mass and hence transporter activities 
decrease in patients and animals maintained on total parenteral nutrition. 29 In 
the short-gut syndrome, intestinal resection results in hypertrophy and hence 
increased transporter activity of the remnant gut. 30 Experimental diabetes in 
animals leads within a few days to a specific up-regulation of glucose transport, 
followed by a slower up-regulation (probably mediated by hyperplasia) of other 
transporters. 31 

6. ONTOGENETIC DEVELOPMENT OF TRANSPORTERS 

Humans and other mammals undergo two inevitable and dramatic shifts in 
intestinal function. The first shift occurs at birth, when the intestine suddenly 
takes over from the placenta the responsibility for supplying nutrients. The 
second shift occurs at the time of weaning, when the intestine switches from 
an intake of milk to solids. Does the intestine adapt to these dramatic shifts, or 
do we already as fetuses develop an "all-purpose intestine" that is equally 
suited to the fetal period, nursing period, and adulthood? The quantity of intes
tinal mucosal surely increases from birth until adulthood; are there also any 
qualitative changes in mucosal properties? If ontogenetic development is ac-
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Figure 5. Developmental changes in rat intestine may be triggered by an external signal (e.g., 
weaning or a change in diet), by a hard-wired central trigger (e.g., a pituitary, thyroid, or adrenal 
hormone), or by a local trigger (e.g., a timing mechanism within the enterocytes themselves). 
(From Ref. 36.) 

companied by adaptive responses of the intestine, are those responses on an 
"open program," i.e., dependent on external signals such as the act of birth 
or of weaning? Alternatively, might the developmental responses be indepen
dent of external signals and instead be 'hard-wired" through an internal timing 
mechanism within the body? Is the timer a local one in the intestine itself, or 
is it a central timer operating through hormones or nerves (Fig. 5)? 

Much is known about the development of other gut functions in infant 
mammals. 32,33 In particular, the decline of intestinal lactase and rise of sucrase 
toward the time of weaning have been much studied, as have the effects of 
corticosteroid and thyroid hormones on these changes. However, comparatively 
little is known about the development of intestinal nutrient transporters. 

How do the nutrient transporters keep pace with the growing needs of the 
growing animal? One can calculate the total absorptive capacity of the intestine 
for a particular nutrient by measuring uptake per unit intestinal length at various 
positions along the intestine and then integrating over its entire length. As il
lustrated in Fig. 6, the intestine's uptake capacity for proline or glucose in 
young rabbits increases with age, largely because the intestine itself grows. 
Unknown is whether the young intestine always has a comfortable excess of 
uptake capacity over physiological needs, or whether uptake capacity may in 
some instances impose a bottleneck on the animal's ability to grow. Infant rats 
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that are artificially fed quantities of milk in excess of normal do not show 
increased growth rates from 4 to 10 days of life, raising the possibility that 
quantity of food alone is not the determinant of growth and that some bottle
neck exists. 

Figure 6 deals with the quantative development of the transporters. In 
addition, how do the transporters adjust qualitatively to changes in diet? For 
example, in rats the weaning-associated transition from milk to solid food is 
accompanied by a shift from fat and protein to carbohydrate, and from a simple 
sugar (lactose) to complex carbohydrates. One might expect, although we have 
little information as yet, that weaning will be accompanied by the up-regulation 
of some transporters and the down-regulation of others. If so, one could then 
inquire whether those changes were triggered by weaning itself or by a hard-
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Figure 6. Developmental changes in rabbits, in intestinal surface area and in the whole intestine's 
uptake capacity for L-proline and D-glucose. S = first day of ingesting solid food, W = day of 
completed weaning (last day of ingesting milk). Note that intestinal surface area and both uptake 
capacities increase developmentally, as do weight and metabolic rate. The margin by which the 
actual uptake capacities exceed those required minimally to meet the animal's metabolic and growth 
requirements is unknown. (Unpublished data of R. K. Buddington.) 
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wired timer. To address that question, one could study animals in which wean
ing had been delayed or else advanced precociously, but it would be preferable 
if one could study an animal that could be maintained on a diet of unvarying 
composition as it grew. While this experiment is difficult to perform in mam
mals, it can readily be performed in some species of fish. Figure 7 illustrates 
results from a fish called the monkey-faced prickleback, which is a carnivore 
when young and becomes a herbivore when older. Since a carnivore takes in 
much less dietary carbohydrate than a herbivore, one might expect small 
pricklebacks to have lower rates of glucose transport (relative to proline trans
port) than large pricklebacks, if only because the higher carbohydrate levels in 
the diet of the large animals would induce the glucose transporter as already 
illustrated in Figs. 2 and 4. In the experiment depicted in Fig. 7, the immediate 
effect of diet as an external signal is excluded by maintaining small and large 
pricklebacks on the same diet. Even then, the ratio of proline transport to glu
cose transport decreased as the prickle backs grew larger (Fig. 7), showing that 
the shift in intestinal transporters takes place in the complete absence of dietary 
changes as an external signal. 34 That is, the development of nutrient transport
ers in the intestine must be an endogenous event, triggered by an internal timer. 
In this case we still do not know whether the hard-wired timer is central or 
local. However, a recent elegant experiment by Yeh and HoIt 35 proves the 
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Figure 7. Hard-wired developmental changes in the ratio of the whole intestine's uptake capacity 
for L-protein to that for D-glucose, in monkey-faced pricklebacks. This fish species switches from 
carnivorous when small to herbivorous when large. Hence, the normal dietary ratio of protein to 
carbohydrate decreases with body length, and so does the ratio of intestinal proline to glucose 
uptake, even though the fish used for these experiments were being maintained in our laboratory 
on a constant diet. Thus, the developmental change by which the intestine is enabled to adapt to 
the expected change in the animal's natural diet is independent of the dietary change as an imme
diate signal. (From Ref. 34.) 
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existence of a local timer for development of intestinal sucrase. By transplant
ing isografts of intestine from donor rat pups of one age into host rat pups of 
a different age, Yeh and Holt showed that the grafted tissue expressed sucrase 
at an age appropriate to the donor, and many days before expression in the 
host's intestine. Thus, sucrase expression must depend on a local hard-wired 
timer within the piece of intestine expressing the sucrase. Similar experiments 
on development of intestinal nutrient transport await the future. 

7. SUMMARY 

In this chapter we have seen that intestinal nutrient transporters are subject 
to regulation. Virtually every transporter examined so far has proved to exhibit 
specific regulation of its activity by dietary levels of its substrate. A dietary 
substrate may either induce or repress its transporter, or else transporter activity 
may go to a minimum or reach an asymptote. These diverse patterns make 
adaptive sense if one considers the substrate's utility as a caloric source and 
whether it is essential or toxic. In some cases the most effective signal for 
regulation is the transported substrate itself; curiously, for other transporters 
this is not the case. Hormones may serve as the proximate signals for regulation 
in other instances. In addition to specific regulation of transporters, there is 
also nonspecific regulation of many transporters in parallel-up-regulation in 
pregnancy and lactation and other conditions associated with hyperphagia, down
regulation during starvation. Finally, there are ontogenetic changes in trans
porters in the growing animal, both in regard to the number of transporter 
copies and in regard to the ratio of activities of different transporters. 
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eel iac Disease 
Pathogenesis and Clinical Features 

Martin F. Kagnoff 

1. INTRODUCTION 

Celiac disease (gluten-sensitive enteropathy, celiac sprue, or nontropical sprue) 
is characterized by damage to the small intestine mucosa and the malabsorption 
of most nutrients. Symptoms most commonly appear during the first 3 years of 
life after the introduction of cereals into the diet, with a second peak incidence 
occurring during the third decade. I Clinical manifestations predominantly re
flect the consequences of malabsorption. Although celiac disease was noted in 
earlier centuries,2,3 a striking decrease in the incidence of celiac disease was 
observed in Holland during the wheat-deprived years of World War II; this 
suggested an association between celiac disease and the ingestion of wheat
containing products. 4,5 

2. GRAIN PROTEINS 

Celiac disease is activated when a genetically susceptible host ingests food 
products that contain wheat, rye, barley, or oats. It is the gliadin fraction of 
wheat gluten and similar alcohol-soluble proteins in the other grains (termed 
prolamins) that are associated with the development of intestinal damage. 

Martin F. Kagnoff • Laboratory of Mucosal Immunology, Department of Medicine, University 
of California-San Diego, La Jolla, California 92093. Supported by the National Institutes of Health 
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Figure 1. Taxonomic relationships of major cereal grains. (From Kasarda et al .. in Perspectives 
in Celiac Disease, B. McNicholl, C. F. McCarthy, and P. F. Fottrell, eds., University Park Press, 
Baltimore, 1978.) 

Cereal grains belong to the grass family (Gramineae). It is interesting that 
grains other than wheat that activate celiac disease (e.g., rye and barley) bear 
a close taxonomic relationship to wheat (Fig. 1). Oats, which in large quantities 
are thought to activate disease, are further removed from wheat, rye, and bar
ley. Grains that do not activate disease (e.g., rice and maize) are still further 
separated from wheat in terms of their derivation from the primitive grasses. 6--8 

Common bread wheats, developed relatively recently in evolution (i.e., 
the last 10,000 years), have a hexaploid genome (i.e., genome content 
AABBCC). Durum wheat, commonly used in the production of pasta, is tetra
ploid (i.e., genome content AABB), whereas rye and barley are diploid.6 Gene 
clusters that code for the gliadins are present on chromosomes of homologous 
groups 1 and 6. 9 Because gliadins are coded for on more than one chromo
some,10-12 the breeding of wheat varieties devoid of disease-activating proper
ties has not been practical. 13 

Gluten is a major component of the wheat endosperm and serves as a 
source of nitrogen for the germinating wheat embryo.6,7 Its elastic properties 
are important in the production of bread. Gliadins and glutenins (mostly the 
low molecular weight glutenins) are the major protein components of gluten, 
but only the gliadins have clearly been demonstrated to activate celiac disease. 
Minor constituents that contaminate gluten extracts (e.g., wheat albumins, 
globulins, membrane proteins, lipids, and carbohydrates) also do not appear 
important in disease activation. In rye, barley, and oats, the alcohol-soluble 
proteins associated with the activation of disease are termed secalins, hordeins, 
and avenins, respectively. 

Gliadins are single polypeptide chains that range in molecular weight from 
30,000 to 75,000. They have a low charge 7 and a high glutamine and proline 
content (32-56 glutamine and 15-30 proline residues per 100 amino acid res-
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idues). Gliadin from a single variety of wheat can be shown to contain 40 or 
more different but closely related components 7 when examined by two-dimen
sional gel electrophoresis. By gel electrophoresis, gliadins can be categorized 
into four major electrophoretic fractions: a-gliadins, {3-gliadins, 'Y-gliadins, and 
w-gliadins. 7,14 Each fraction, in tum, contains several subcomponents (e.g., 
{3], {32, {3rgliadins; 'Y1, 'Y2, 'Yrgliadins; WI, W2, W3, and w4-gliadins).79 Gliadins 
of the a, {3, and 'Y fraction share a similar amino acid composition and NH2-
terminal sequence (i.e., a-type sequence).6.7.15,16 'Y2, 'Y3, and w-Gliadins differ 
markedly from the a-type sequence in their NHrterminal sequence and amino 
acid composition (i.e., 'Y-type sequence). 17-20 

When a-gliadins from suitable wheat varieties are ultracentrifuged, a pre
cipitate of aggregatable a-gliadins, termed A-gliadin, is formed. 16.21 This ma
jor a-gliadin fraction is known to activate disease. 6,22,23 Recently, the complete 
primary amino acid sequence of A-gliadin was determined from amino acid 
sequencing 24; other a-gliadin sequences have been deduced from sequencing 
of cDNA clones. 17,24,25 Such information ultimately should allow the resolution 
of which amino acid sequences in gliadin are responsible for disease activation. 

The issue of which wheat gliadin fractions are capable of activating dis
ease is controversial. Earlier reports suggested that only a-gliadins activate ce
liac disease. 26 Later studies suggested that {3- and perhaps 'Y-, but not w-glia
dins, also might activate diseaseY Because w-gliadins have the highest content 
of glutamine and proline, the high content of those amino acids alone is not 
thought to be the determining factor in disease activation. However, recent 
studies suggested that all gluten fractions might activate disease. 28-30 Complete 
hydrolysis of gliadin destroys its ability to activate celiac disease. 

Controversy over which gliadin fractions activate celiac disease may stem 
in part from (1) heterogeneity in sensitivity to different gliadin fractions among 
patients, (2) differences in the timing of small intestinal mucosal biopsies after 
in vivo gliadin challenge, (3) the use of different clinical and diagnostic end 
points to assess mucosal damage after in vivo gliadin challenge, (4) using im
pure gliadin preparations in in vivo and in vitro challenge studies, or (5) an 
erroneous assumption that abnormalities in in vitro assays equate to disease 
activation. 

3. EPIDEMIOLOGY 

Celiac disease is common in Ireland and northern Europe ,32-41 but has 
been reported in diverse geographic regions (e.g., India, West Pakistan, the 
Middle East, and Cuba).42-45 The reported prevalence of celiac disease in spe
cific geographic areas increased after 1960, paralleling the widespread use of 
the small intestinal mucosal biopsy in diagnosis in general clinical practice. 46,47 
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Accurate epidemiological data on celiac disease are difficult to obtain because 
asymptomatic disease makes ascertainment of true prevalence rates problem
atic. Nonetheless, the high incidence of Celiac disease in western Ireland ap
pears to have decreased substantially over the past several years. 

4. GENETICS 

4.1. Families and Twins 

The prevalence of celiac disease among asymptomatic first-degree rela
tives of celiac disease patients may not be as great as the 10-20% initially 
reported. 48 ,49 Thus, when all 100 first-degree relatives of 32 Swedish patients 
were studied, only two individuals had convincing celiac disease. 50 Others have 
reported celiac disease in less than 5% of family members. 5I.52 

At least twenty-four pairs of identical twins with celiac disease have been 
reported, 53-56 of which 18 (75%) were concordant for disease. Not all had 
monozygosity unequivocally proven,56 and some twin pairs have not had suf
ficient long-term follow-up to be certain that disease would not develop at a 
later age. Nonetheless, it appears that there are cases of discordance for celiac 
disease among monozygotic twins. Assuming that twins ingest similar dietary 
grains, such discordance suggests the possible importance of additional envi
ronmental factors in disease expression. Alternatively, because of the genetic 
mechanisms that generate diversity, monozygotic twins may not be identical in 
terms of their repertoire of antibodies and T-cell receptors for antigen. 

4.2 HLA and Non-HLA Markers 

Celiac disease has a striking association with an extended HLA haplotype 
(Fig. 2), characterized telomerically by the class I HLA B-8 serological market 
and, more centromerically, the class III SCOI complotype and the class II 
HLA-DR3 and HLA-DQw2 serological markers. 57--{)() Recent studies using HLA 
class II gene probes have indicated that this haplotype extends even more cen
tromerically into the HLA class II DP subregion where it is marked by DPa
chain6! and f3-chain genomic restriction fragment length polymorphisms 
(RFLPs).62--64 The strongest association of celiac disease is with the HLA class 
II D-region markers. The class I and class III region gene associations are 
thought to be secondary to linkage desequilibrium between specific markers 
(alleles) in those regions and in the HLA class II D region. In several popula
tions,55.65.66 celiac disease is reported to be associated with a heterozygous 
phenotype that includes the HLA-DR7 serological marker, or a haplotype con
taining HLA-DR7, HLA-B44, and the SC 31 complotype 60 on one chromo
some, and the DR3IDQw2 haplotype on the other chromosome. 
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Figure 2. Celiac disease HLA haplotype on chromosome 6. 

Among sibling pairs with celiac disease, most (~96%) share one or both 
HLA haplotypes. 67 However, only 40, 28, and 0-5% of siblings who share 
two, one, or no HLA haplotypes, respectively, with a propositus develop celiac 
disease. 46 Differences in the concordance rates for celiac disease between 
monozygotic twins (i.e., 75%) and HLA-identical sibs suggest that genes out
side the HLA locus also confer susceptibility to celiac disease. The observation 
that celiac disease occurs more frequently in family members who share the 
HLA susceptibility haplotype than in nonfamily members with the same appar
ent haplotype further supports this notion. 68 Studies reporting HLA identity in 
the past depended largely on serological testing for markers at one or more 
HLA loci and did not document HLA identity across the entire HLA class II D 
region. It is now recognized that some siblings assumed to be HLA-identical 
by such serological testing may not be identical according to more detailed 
studies, which include a direct examination of HLA proteins on the cell surface 
and HLA genes at the DNA level. 

Genes coding for immunoglobulin heavy-chain allotype markers on human 
IgG heavy chain have been proposed to mark for a second genetic region that 
may be important in the pathogenesis of celiac disease. 69-71 Such allotype markers, 
termed Gm markers, reflect inherited differences between individuals in the 
amino acid composition of the chromosome 14 encoded IgG heavy-chain con
stant regions. The G2m(n) allotype marker, a marker on IgG2, has been asso
ciated with the persistence of anti gliadin antibody in celiac disease patients 
maintained on a gluten-free diet. 71 Other studies have suggested that a partic
ular Gm phenotype, Gm(f;n;b), may be a predisposing factor to celiac disease 
among some individuals. 72 

5. OTHER ENVIRONMENTAL FACTORS 

Breastfeeding has been reported to delay the age of onset of symptoms 
and to decrease the risk of ultimately developing celiac disease. 73 .74 In addi
tion, environmental factors other than dietary grains may be important in the 
pathogenesis of celiac disease. A-gliadin has a region of amino acid sequence 
homology with the Elb protein of human adenovirus serotype 12 (Ad12), an 
adenovirus usually isolated from the human intestinal tract. 75 The region of 
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384 387 389 
Ad12,Elb fLl R R fGl M r.=F~R;;--;~--;;;; Figure 3. Amino acid sequence of the adenovirus 
A-Gliadin l!J G Q l§J S F R 12 Elb protein (AdI2, Elb) and A-gliadin begin-

206 209 211 ning at amino acid residues 384 and 206, respec-
tively. The region of homology includes 8 of 12 residue identities, including an identical pentapep
tide. The single-letter code for amino acids is used. (From Kagnoff et at., 1. Exp. Med. 1984; 
160:1544). 

homology spans 12 amino acids and includes 8 of 12 amino acid identities and 
an identical pentapeptide sequence (Fig. 3). Recent studies reported that 89% 
(16/18) of untreated celiac disease patients, compared to 17% (16/35) of dis
ease controls, had evidence of prior Ad12 infection (Fig. 4).76 There was no 
increased prevalence of infection with another closely related adenovirus (AdI8) 
or a different enteric virus (Echo 11). The region of A-gliadin that shares amino 
acid sequence homology with the AdI2 Elb protein appears to be recognized 
as an antigenic determinant by many celiac disease subjects, but not by con
trols, in antibody 76 and cell-mediated immune assays.76.77 These data suggest 
that a viral protein may playa role in the pathogenesis of celiac disease, per
haps by virtue of immunological cross-reactivity between antigenic determi
nants shared by the viral protein and a-gliadins. 76 

6. HUMORAL AND CELL-MEDIATED IMMUNITY 

6.1. Humoral Immunity 

Immune responsiveness is determined by genes that code for three distinct 
classes of cell surface proteins: HLA antigens encoded by genes of the major 
histocompatibility complex (MHC), antigen receptors on T cells, and antigen 
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receptors (i.e., immunoglobulin molecules) on B cells. 78 Important insights into 
the regulation of immune responses to wheat gliadins have demonstrated that 
the antibody response to A-gliadin is governed by genes that map to the murine 
MHC (termed H-2) and the immunoglobulin heavy-chain region. These studies 
also indicated that limited regions of the A-gliadin molecules are important in 
the activation of T-helper cell responses. 70,79,80 

Serum antibodies to whole gliadin and its major electrophoretic fractions 
can be detected in most celiac disease patients with active 81 ,82 disease and in 
many with inactive 83 disease. Furthermore, IgG antigliadin antibody can persist 
for long periods (up to 20 years) in clinically asymptomatic patients maintained 
on a gluten-free diet. 71 Such antibody may be directed against one or as many 
as all four (i.e, a, {3, ,}" w) of the major electrophoretic fractions of gliadin. 83 

Antigliadin antibody could play a role in disease pathogenesis by one of 
several routes. For example, antigliadin antibody complexed with gliadin to 
form immune complexes could activate tissue-damaging effector mechanisms, 
including the complement cascade. Alternatively, antigliadin antibody could 
cause intestinal injury via a cell-mediated cytotoxic reaction in which antiglia
din antibody recognizes gliadin peptides bound to mucosal structures and di
rects a "K" -cell-mediated, antibody-dependent, cytotoxic reaction. In support 
of the above possibilities, cells producing IgG antibody capable of mediating 
such reactions are markedly increased in the lamina propria during active dis
ease,84-86 and organ culture studies have demonstrated increased local produc
tion of antigliadin antibody in celiac small intestinal mucosa after gliadin chal
lenge. 85 ,87,88 Nonetheless, current evidence neither suggests nor refutes a major 
role for antigliadin antibody in the pathogenesis of celiac disease. 

Many celiac disease patients have serum antibodies against other food pro
teins, including milk, egg, and soya proteins. 89 Antibodies to dietary proteins 
may simply reflect increased permeability of the intestinal mucosa in this dis
ease. Thus, IgG antigliadin antibodies can also be found in approximately 15% 
of Crohn's disease patients in whom the small intestinal mucosa is disrupted. 71 

However, enhanced absorption may not be a complete explanation, since anti
gliadin antibodies can also be found in small numbers of apparently normal 
individuals and in healthy (i.e., biopsy-negative) relatives of celiac disease pa
tients. The significance of other antibodies, including antireticulin antibodies, 
antiendomysial antibodies, and circulating immune complexes containing a 
mannose-rich, 90-kDa glycoprotein, in celiac disease is totally unknown at 
present. 90-92 

6.2. Cell-Mediated Immunity 

Cell-mediated immune mechanisms may playa role in the pathogenesis of 
celiac disease, although, like antibody responses, their precise importance in 
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this disease requires greater definition. Leukocyte migration assays using gluten 
components, a-gliadin or a 12 amino acid peptide of A-gliadin, indicate lym
phocyte sensitization to gliadin proteins, as well as to other food proteins in 
celiac disease. 93 ,94 Other studies have demonstrated that soluble factors active 
in leukocyte migration inhibition assays are produced when intestinal biopsies 
from celiacs with active disease are cultured with a-gliadin or gluten frac
tions. 95- 99 Polyclonal stimulation of peripheral blood lymphocytes with the mi
togen phytohemagglutinin (PHA) has been reported both as normal or as altered 
in celiac disease. 100 

Intraepithelial lymphocytes (IEL) in celiac disease patients, as in normal 
individuals, predominantly have the CD8 (OKT8, Leu-2) surface antigen 101,102 

usually associated with class I restricted T cells (i.e., T cells that mediate sup
pressor or cytotoxic functions); small intestinal biopsies from celiac disease 
patients that are cultured with gluten develop an increase in CD8-bearing IEL. 101 

Such lymphocytes produce an array of lymphokines and could be directly re
sponsible for epithelial damage, although this has not been formally demon
strated. The ratio of CD4 (i.e., helper/inducer phenotype) to CD8 (i.e, sup
pressor/cytotoxic phenotype) T cells in the circulation and intestinal mucosa 
has not differed between celiac disease patients and controls, 103, 104 although 
some evidence suggests impaired suppressor cell function in celiac disease. 104,105 

During active celiac disease, there is an increased expression and altered 
distribution of HLA class II DR molecules on small intestinal epithelial cells. 106-108 

Whether this is secondary to increased lymphokine production (i.e., y-inter
feron) by mucosal T cells and whether intestinal epithelial cells have an impor
tant role in celiac disease by presenting antigen (e.g., gliadin) to mucosallym
phocytes is not known. Finally, it is worth noting the similarity between the 
small intestinal mucosal villous atrophy and crypt hyperplasia in mice undergo
ing a graft-versus-host reaction 109 or infection with the parasite Trichinella 
spiralis 110 and celiac disease. Such findings suggest that immune mechanisms 
in those diseases can lead to a pattern of intestinal tissue injury similar to that 
observed in celiac disease, although those murine experimental lesions lack the 
epithelial cell abnormalities characteristic of human celiac disease. 

7. PATHOGENESIS 

There are several hypotheses regarding the etiopathogenesis of celiac dis
ease. Based on the observation that gliadin treated with a carbohydrase enzyme 
did not activate disease in a small number of celiac disease patients, carbohy
drate side chains on the gliadins were postulated to be important in disease 
pathogenesis. III However, this does not appear to be the case, as several major 
a-gliadin components known to activate celiac disease 6 lack carbohydrate side 



CELIAC DISEASE 235 

chains. 112 In addition, little or no evidence supports the hypothesis that purified 
gluten has lectinlike properties or that lectinlike properties of gluten are impor
tant in disease pathogenesis. 113-119 Further, hypotheses proposing abnormal in
testinal peptidase activity in the small bowel of celiac disease patients 120 have 
not been proven. The small intestinal mucosa contains multiple peptide hydro
lases with overlapping substrate specificity, and any biochemical abnormalities 
usually return to normal when patients are treated with a gluten-free diet. Fi
nally, the possibility that a primary defect in intestinal mucosal permeability is 
responsible for celiac disease l21 ,122 seems unlikely in that abnormal mucosal 
permeability appears to normalize on a gluten-free diet. 123 

The importance of genetic factors in the pathogenesis of celiac disease is 
clear based on family and twin studies and the marked association between this 
disease and an HLA class II D-region haplotype. The latter also suggests an 
immunological basis for this disease, as HLA class II genes govern HLA class 
II restricted T-Iymphocyte responses. Although the specific host and environ
mental factors responsible for celiac disease are not totally known, models for 
the etiopathogenesis of this disease based on interactions between genetic, im
munological, and environmental factors appear most likely at present. 

8. PATHOLOGY 

The small intestinal lesion of celiac disease is characterized by villous 
atrophy and crypt hyperplasia. Abnormal mucosal morphology usually is most 
marked in the duodenum and jejunum, but the extent of abnormality varies 
between individuals depending on the severity of disease. It can encompass the 
entire small intestine. Similar histological changes can be seen in other dis
eases, including tropical sprue, soy and milk protein allergy, diffuse intestinal 
lymphoma, giardiasis, Zollinger-Ellison syndrome, and viral gastroenteritis. In 
mild disease, the lesion can be subtle. Caution is needed in interpreting biop
sies in children since, in contrast to normal adults, up to 30% of normal chil
dren may have mild partial villous atrophy with shorter small intestinal villi 
and longer crypts than those seen in adults. 124 The most consistent mucosal 
changes in celiac disease are abnormalities in the villous crypt ratio, increased 
plasma cell and lymphocyte infiltration of the lamina propria, abnormalities in 
the epithelial cells (which instead of being columnar become flattened or cu
boidal), and increased infiltration of the epithelium with intraepitheliallympho
cytes.125-127 

Following gluten challenge, intraepithelial lymphocytes increase within 
hours, even in the absence of other overt histological changes. 128 Recent stud
ies also have reported increased numbers of mucosal mast cells and intestinal 
enterochromaffin cells in the mucosa of celiac disease patients. 129.130 By elec-
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tron microscopy, fewer microvillous intramembrane particles and abnormal tight 
junctions between epithelial cells are seen. 131 Such findings parallel the disac
charidase deficiency and alterations in intestinal permeability in celiac disease. 
Scanning electron microscopy can demonstrate ultrastructural improvement pre
ceding that evident by light microscopy. 132 

9. CLINICAL ASPECTS 

Clinical manifestations are protean and vary markedly with the age of the 
patient, the duration and extent of disease, and the presence of extraintestinal 
pathology. A disease spectrum that ranges from minor nutritional deficiencies 
to more striking weight loss, steatorrhea, and malnutrition can be seen. 

Although celiac disease remits clinically during the teenage years, whether 
or not the disease disappears is not certain. Persistent hematological and mor
phological abnormalities 133-135 in some patients suggest that symptoms, rather 
than the disease, remit. 

9.1. Associated Diseases 

Insulin-dependent diabetes mellitus 102 (the majority are heterozygous for 
HLA-DR3 and HLA-DR4 haplotypes) and abnormalities in thyroid function 136 

are associated with celiac disease. In addition, the majority of patients with 
dermatitis herpetiformis have a celiac disease-like enteropathy.137-139 In der
matitis herpetiformis the small intestinal lesion often is patchy rather than dif
fuse; gluten ingestion may be required to provoke histological abnormalities. 
Such patients with granular type IgA deposits in the skin usually have an HLA
DR3 haplotype and appear to have an increase in heterozygosity for the HLA
DR2 marker on an HLA-DR2-associated haplotype. I40-142 A specific constel
lation of HLA class II genes appears to mark for a common link between celiac 
disease and dermatitis herpetiformis. Case reports of associated disease in other 
organ systems have been published. In many instances, however, further proof 
is required to show that the associations with celiac disease are more than 
simply coincidental. 

9.2. Diagnosis 

Mucosal biopsy is the cornerstone for diagnosis. Its importance is under
scored by the high false-positive rate of diagnosis when it is not done. 143 En
doscopic duodenal biopsy usually yields adequate tissue. 144 However, three is
sues warrant further comment: (1) the number of small intestinal mucosal biopsies 
that should be routinely performed, (2) the utility of noninvasive screening tests 
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in diagnosis, and (3) how to distinguish celiac disease from transient gluten 
intolerance. 

9.2.1. Small Intestinal Biopsy 

A biopsy at the onset of illness that demonstrates characteristic mucosal 
abnormalities, a second biopsy while on a gluten-free diet that demonstrates 
improvement, and a third biopsy after deliberate gluten challenge help avoid 
misdiagnosis (i.e., European Society for Pediatric Gastroenterology diagnostic 
criteria).82 Whether or not three biopsies and a supervised gluten rechallenge 
are necessary or advisable in all patients is a matter of debate. In children, 
particularly those under 2 years of age, such a detailed evaluation seems 
valid 145.146 as the corollary of diagnosis is commitment to a lifelong gluten
free diet, and in this age group transient gluten tolerance may occur. In adults, 
one biopsy at the time of initial diagnosis and a second following a gluten-free 
diet is warranted. However, the potential benefit of gluten rechallenge and re
biopsy does not seem sufficiently high to warrant the additional risk. In prac
tice, patients often conduct their own rechallenge by dietary indiscretion with 
a return of symptoms. Controlled gluten challenge seems justifiable in adults 
thought to have celiac disease, who have been placed on a gluten-free diet 
without a prior biopsy. 147 

9.2.2. Other Screening Tests 

A noninvasive screening test for celiac disease would aid in diagnosis, but 
the tests currently available lack sufficient validation to warrant widespread 
clinical application. Measurements of serum antibody to purified wheat gliadin 
fractions have potential use in the follow-up of celiac disease and, in conjunc
tion with a clinical response to a gluten-free diet, might obviate the need for 
additional biopsies. However, studies of serum antigliadin antibody have yielded 
a substantial proportion of false-positive results. Similarly, studies of antiret
iculin antibodies 90 and IgA antiendomysial antibodies 91 have not been suffi
ciently validated for general clinical use. 

Morphological and biochemical studies of small intestinal mucosal biop
sies in organ culture using gluten-containing medium 22,147 might obviate the 
need to obtain sequential biopsies in some patients. However, specialized meth
odology is required, and the ability to extrapolate from in vitro organ culture 
to in vivo disease has not been validated. 

Celiac mucosa is impermeable to small polar molecules (i.e., monosac
charides) but not to intermediate-sized polar molecules (i.e., disaccharides). 
Because of this, sugar permeability tests assessing disaccharide compared to 
monosaccharide absorption (e.g., cellobiose versus mannitol, or lactulose ver-
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sus L-rhamnose 148.149) have been proposed as more specific for celiac disease 
than the D-xylose absorption test. 150 In other studies, a eICr]-EDTA absorp
tion test was used to show that abnormal permeability of the small intestinal 
mucosa can persist in patients with celiac disease, despite clinical and apparent 
histological remission. 151 However, the specificity of abnormal mucosal perme
ability for celiac disease is unknown and, as with other oral tests, variability 
of gastric emptying can be problematic. Methods using molecular biological 
approaches appear to offer the best hope for effective noninvasive screening 
and diagnostic tests in celiac disease. 

9.2.3 . Transient Gluten Intolerance 

Transient gluten intolerance occurs in early childhood and is difficult to 
distinguish from celiac disease. 146 Some individuals with apparent celiac dis
ease who become asymptomatic and whose mucosa returns to normal fail to 
relapse on a normal diet,152.153 even with follow-up as long as 6 years. 152 Such 
individuals are said to have transient gluten intolerance. Alternatively, the dura
tion or the intensity of the dietary challenge may not have been sufficient to 
provoke a recurrence. One view suggests that transient gluten intolerance can
not be diagnosed unless patients are followed for many decades with repeated 
biopsies. It is known, for example, that patients may be symptom-free despite 
enteropathy. Conversely, symptoms unrelated to celiac disease (e.g., malab
sorption of the carbohydrate in wheat flour 154,155) may develop after gluten 
ingestion, In some individuals, changes in jejunal mucosal architecture may be 
related to a direct toxic effect of gluten 156 or the result of a self-limited viral 
gastroenteritis. 

9.3. Complications 

9.3.1. Malignancy 

Neoplastic disease occurs in as many as 10% of older celiac disease pa
tients. 157 ,158 In a study of 259 malignancies in 235 patients with histologically 
confirmed celiac disease,159 approximately one-half of the tumors were lym
phomas (mainly malignant histiocytosis), most commonly in the small intes
tine. The malignant cells, which resemble histiocytes by morphology, are re
ported to have T-cell markers on their surface, 160.161 but definitive proof of 
their T-cell lineage will require further study.162.163 Of the nonlymphomatous 
tumors, one-half arose from the gastrointestinal tract, primarily small intestinal 
adenocarcinoma and squamous cell carcinoma of the esophagus and phar
ynx. 159 

The potential value of screening examinations for early detection of malig-
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nancy, which exams are appropriate, and what parameters define the celiac 
population at highest risk are not known. Further, whether or not lifetime ad
herence to a strict gluten-free diet offers protection from malignancy remains 
an open question. 164.165 Villous atrophy without overt celiac disease sometimes 
accompanies small-bowel malignancy. It is not clear whether this reflects silent 
celiac disease complicated by cancer or a nonceliac carcinomatous enteropathy, 
although HLA-typing studies have provided some support from the former pos
sibility.166 

9.3.2. Refractory or Unclassified Sprue 

Patients may respond initially to a gluten-free diet and subsequently re
lapse despite maintaining their diet. Such patients may then be refractory to 
further dietary therapy. Others are refractory to dietary treatment from its in
ception and, assuming the validity of their gluten-free diet, may not have celiac 
disease (i.e., unclassified sprue). Collagenous sprue 167 often is regarded as a 
separate entity from celiac disease. However, subepithelial collagen has been 
noted in up to 36% of patients with classic celiac disease and in tropical sprue. 168 
Even the presence of large amounts of subepithelial collagen has not precluded 
a successful response to a gluten-free diet in some patients. 168 

9.3.3. Ulcerative J1eojejunitis 

Patients with this uncommon but serious and poorly understood disorder 
frequently have a past history of celiac disease. It has been suggested that these 
patients may have developed a superimposed autoimmune reaction to their in
testinal epithelial cells. 169 

10. GLUTEN-FREE DIET AND NUTRITION 

Treatment consists of a gluten-free diet. After gluten restriction, clinical 
improvement can occur within days, particularly in children. Morphological 
abnormalities return toward normal in weeks. However, maintenance of a strict 
gluten-free diet is not a simple matter, as gliadins and other disease-activating 
prolamins are ubiquitous in many processed foods. Wheat starch flour, which 
lacks gliadins, forms the basis for the preparation of gliadin-free bread but is 
considered unpalatable by some. Durum wheat, a tetraploid variety used in the 
preparation of pasta, may be less injurious than the common hexaploid bread 
wheats 73 and has been suggested as an alternative for some patients. However, 
durum wheat can cause mucosal atrophy 73 and is best avoided. 

Significant differences of opinion exist with respect to the inclusion of 
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other grains in the diet. Studies using D-xylose excretion 170 and intestinal 
biopsy 171 indicate that barley is harmful in the majority of patients. Neverthe
less, some medical centers permit its use 170 unless the patient is refractory to 
wheat and rye withdrawal. 172 Oats have -25% of the prolamin content of other 
cereal grains known to activate celiac disease yo Their toxicity may be dose
dependent 170,173; opinions differ regarding their restriction in a gluten-free 
diet. 170,173-175 

Com and rice do not activate celiac disease, but the data regarding several 
other grains are less certain. Buckwheat does not derive from the grass family 
and is usually permitted in the diet. 172 Millet and sorghum appear more closely 
related to com and rice, and are allowed in most diets. 172 Triticale, a hybrid of 
wheat and rye, is sold in many health food stores. It may activate disease but 
is not often included on lists of prohibited foods. 172 

Gluten is not present in distilled spirits. Thus, rye whiskey, Scotch whis
key, and other cereal-derived spirits can be consumed. Similarly, brandy and 
wine are made from fruit and should cause no problem. Beer and ale are pro
duced from barley. Their approval in the diet differs between medical cen
ters,172,176,177 although there is a lack of clinical evidence that they activate 
disease. Malt is made from barley and should be avoided, but the disease
activating proteins are removed in the production of malt extract and malt fla
voring. Hydryolyzed vegetable proteins (HVPs) are flavor enhancers in pro
cessed foods that can be made from soy, wheat, or other cereal proteins. Their 
source generally is not provided on food labels and therefore foods containing 
HVPs are best avoided. 

A lifelong gluten-free diet is recommended for all celiac disease patients, 
regardless of symptoms.82,178 How strict should the diet be? It should be ab
solute or tailored according to the level of gluten sensitivity of the patient. 145.152 
Because clinical improvement correlates with the strictness of the diet, and 
because gliadin and related prolamins result in damage to the mucosa, their 
restriction in theory should be complete for all patients. However, celiac dis
ease diets are often individualized according to symptoms and histology. A 
recent study reported that a low-gluten diet (i.e, 2.5 g/day) resulted in mild 
lymphocytic infiltration of the jejunal epithelium, but did not affect gross je
junal morphology or stimulate a significant serum antigluten antibody re
sponse. 179 Based on such limited data, these investigators proposed treating 
celiac disease with a low-gluten rather than a gluten-free diet. However, at 
present, such a low-gluten diet is not warranted in childhood during normal 
growth and development, and also is controversial as being ideal in adults. 

Multivitamin supplements are advised for all patients, while specific vita
min, mineral, and trace element deficiencies should be corrected. Treatment 
with iron supplements is warranted for iron deficiency, even in the absence of 
frank anemia. 180 
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11. FAILURE TO RESPOND 

Following institution of a gluten-free diet, clinical improvement begins 
promptly within days to weeks. If this does not occur, three possibilities should 
be considered: (1) poor dietary compliance or an improperly prescribed diet, 
(2) presence of an associated disease or complication, or (3) an erroneous di
agnosis. 

Non-gluten-containing foods also have been suggested to be responsible 
for persisting symptoms.181.182 In the enigmatic patient, hospitalization and in
stitution of a supervised dietary plan is appropriate. Should this fail, total par
enteral nutrition and reintroduction of one nutrient at a time into the diet can 
be considered. Refractory disease in four patients was reported to improve when 
zinc deficiency was corrected. 183 

12. CONCLUSIONS 

Research in immunogenetics, protein chemistry, and molecular biology is 
leading to a greater understanding of the etiopathogenesis of celiac disease, and 
likely will result in new diagnostic tests and alternative approaches to treat
ment. Over the next several years, better definition of the disease-activating 
peptides in wheat, rye, and barley will likely be attained. However, much more 
information will be needed about the importance of a strict gluten-free diet in 
preventing the long-term morbidity and complications of this disease. Lessons 
learned from celiac disease should substantially increase our understanding of 
the mechanisms that are important in other intestinal and HLA-associated au
toimmune diseases. 
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Pathophysiology of Diarrhea 
Mechanisms of Action of Antidiarrheal Agents 

N. W. Read 

1. INTRODUCTION 

It has been estimated that approximately 9 liters of fluid enters the gut each 
day: 1-1.5 liters from the diet; the rest as digestive secretions from the liver, 
pancreas, stomach, and small intestine. The majority of this fluid is absorbed 
during fairly rapid passage through the smaIl intestine. About 1-1.5 liters passes 
through the ileocecal valve into the colon, and 90% of this is absorbed in the 
colon leaving the subject to pass a solid stool of approximately 100 g. 

Diarrhea is often regarded as the failure of the gut to cope with the influx 
of fluid and, according to clinical investigators, a state of diarrhea exists when 
the patient passes more than 200 g of stool per day. With more people ingesting 
a high-fiber diet, it is likely that the criterion for diarrhea should increase to 
more than 400 g of stool per day. Whatever the line of demarcation, the defi
nition implies either that the patient is ingesting an abnormally large amount of 
fluid or that an abnormally large volume of fluid is secreted into the gut or that 
fluid absorption is impaired. The role of intestinal motility and transit in the 
pathogenesis of diarrhea is incompletely understood, but certain types of con
tractile activity can impair absorption or enhance secretion. 

Not all patients who complain of diarrhea pass abnormally large volumes 
of stool. Patients with irritable bowel syndrome or ulcerative colitis may pass 
small amounts of stool or mucus very frequently and often complain of urgency 
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and incontinence. Appropriate treatment for diarrhea depends on knowing the 
nature of the patient's complaint and having accurate insights into the patho
physiological process involved. 

2. EXCESSIVE FLUID INGESTION 

Diarrhea caused by excessive fluid ingestion is rare but has been described 
in compulsive water drinkers and heavy beer drinkers. Drinking large volumes 
of saline solutions is an excellent means of cleansing the colon prior to colon
oscopy. 

3. EXCESSIVE FLUID SECRETION 

Excessive fluid secretion from the salivary glands, pancreas, or biliary tree 
sufficient to cause diarrhea has not been described, though it is likely that 
excessive pancreatic secretion may contribute to the fluid entering the gut in 
patients with vasoactive intestinal polypeptidomas. The absorptive capacity of 
the small intestine is normally sufficient to cope with excess fluid secretion 
from these sources. Abnormally high levels of gastric secretion occurs in the 
Zollinger-Ellison syndrome, but the diarrhea observed in this condition is re
lated as much to the noxious effect of acid in the small intestine affecting 
digestion and fluid transport as to the increased gastric secretion. I Thus, exces
sive secretion sufficient to result in diarrhea almost always comes from the 
small or large intestine. 

Excessive small intestine secretion may be produced by tumors secreting 
polypeptide hormones, such as vasoactive intestinal polypeptide, by infection 
with enterotoxigenic organisms, such as Escherichia coli and Vibrio cholerae, 
and by ingestion of certain laxatives. Excessive colonic secretion may be caused 
by ingestion of irritant laxatives and by the malabsorption of either long-chain 
fatty acids or bile acids in the small intestine. These agents are converted by 
colonic bacteria into potent secretagogues. 

Despite the large number of mechanisms that may result in intestinal se
cretion, diarrhea caused by abnormal intestinal secretion is for the most part a 
transient, self-limiting phenomenon. Chronic secretory diarrhea is rare and sug
gests the possibility of endocrine tumors or laxative abuse. 

3.1. Mechanisms of Intestinal Secretion 

The consensus is that secretion occurs from the crypt epithelium whereas 
absorption of fluid takes place on the small intestinal villi or from the surface 
epithelial cells of the colon. 
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Figure 1. Alterations in transport of ions across the mucosal and basolateral membranes of the 
enterocyte that are implicated in the secretory process. Also indicated are the agents that could be 
used to block secretion by action at each of these sites. 

The changes in membrane ion transport associated with intestinal secretion 
are shown in Fig. 1. The key mechanism facilitating secretion is an alteration 
in the permeability of the microvillous membrane of the enterocyte to chlo
ride. 2 This depolarizes the membrane and alters the transmucosal potential dif
ference, the lumen becoming more negative. The change in membrane potential 
encourages sodium to enter the lumen, probably frolll the lateral intercellular 
spaces. The passage of these ions across the epithelium then facilitates the flow 
of water into the intestinal lumen by osmotic mechanisms. 

In order for chloride to continue to flow across the apical membrane, an 
equivalent amount of chloride has to enter the cell from the serosal membrane. 
Recent data 3,4 suggest that chloride enters the cell from the basolateral border 
by interacting with a carrier mechanism that also transports sodium and potas
sium into the cell. In order to maintain the flow of chloride into the cell, the 
sodium has to be pumped out of the cell and this takes place via the sodium
and potassium-dependent ATPase (Na+, K+ -ATPase) also situated at the ba
solateral cell membrane. This causes more potassium to enter the cell. If potas
sium levels are allowed to increase too much, they will eventually inhibit the 
chloride entry process. Thus excess potassium is allowed to leak into the extra
cellular fluid via conductance channels situated at the basolateral border. 4 In
hibition of these potassium channels with barium inhibits the secretory pro
cess. 4 Secretion can be inhibited by drugs that act at any of these sites (Fig. 
1), yielding several possibilities for development of new antidiarrheal agents. 
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The problem is that agents that influence the transport of ions across the mem
brane of the enterocyte will almost certainly alter ion transport across other cell 
membranes. Thus, unless the drug can be given in such a way as to confine its 
action to the gut, its use may be complicated by unwanted effects. Nicotinic 
acid, which acts on the basolateral membrane to inhibit sodium- and chloride
coupled entry, 5 has been shown to reduce diarrhea when administered to pa
tients with cholera. 

3.2. Intracellular Transduction of the Secretory Stimulus (Fig. 2) 

It is generally agreed that the combination of a secretory transmitter with 
receptors situated on the membrane of the enterocyte initiates secretion either 
by increasing membrane permeability to calcium or by increasing the intracel
lular concentrations of either cyclic AMP or cyclic GMP. Intracellular calcium 
and the cyclic nucleotides serve as second messengers and induce secretion by 
activating appropriate protein kinases, which then phosphorylate specific mem
brane proteins 6-8 to alter the permeability of cell membrane to ions. There is 
some evidence that cAMP may work in conjunction with calcium. The entry 
of calcium into the cell activates adenylate cyclase in the rat colon 9 and agents 
that decrease cytosolic calcium also decrease the activity of cAMP in the rat 
small intestine. 1O An increase in cytosolic calcium may mediate intestinal se
cretion by combining with calmodulin to activate a specific calmodulin-depen
dent protein kinase, 7 though some studies have implied that calmodulin is not 
directly involved in active electrolyte secretion in the intestine. 12 More recent 
work suggested that calcium may induce secretion by activating protein kinase 
C (C-kinase) 11 via a mechanism that involves the turnover of phosphatidylinos
itol (PI) in the membrane and the release of inositol triphosphate (lP3) and 
diacylglycerol (DG). 

The increased understanding of the biochemical transduction of intestinal 
secretion yields several opportunities for the development of novel antisecretory 
drugs (Fig. 2). The problem is that cells in many organs share similar intracel
lular machinery, creating risks from unwanted effects if such agents are given. 
Phenothiazines have been shown to reduce the diarrhea of cholera, probably by 
inhibiting adenylate cyclase,13-16 but these drugs also have potent effects on 
the central nervous system. 

4. IMPAIRMENT OF INTESTINAL ABSORPTION 

Most fluid absorption occurs in the upper small intestine secondary to the 
absorption of sodium. Sodium entry across the microvillous membrane of the 
jejunum occurs by cotransport with a number of organic solutes, such as hexose 
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sugars, amino acids or peptides, phosphate, and sulfate. Thus, any condition 
that impairs solute absorption by the small intestine also impairs fluid and elec
trolyte absorption. Such conditions include celiac disease, which causes atro
phy of the intestinal epithelium, and chronic pancreatitis, which reduces diges
tion of solute. In both of these conditions, the unabsorbed solute retains fluid 
in the intestinal lumen by virtue of its osmotic activity, and may be voided as 
diarrhea. 

Some absorption of salt and water can take place independently of net 
solute transfer: sodium can enter the cell across the microvillous membrane in 
exchange for hydrogen ion in both the jejunum and the ileum; in the ileum this 
mechanism is functionally coupled to a parallel entry of chloride in exchange 
for bicarbonate. The diarrhea of congenital chloridorrhea 17 is thought to be due 
to the absence of the chloride/bicarbonate exchange mechanisms. An absence 
of sodiUm/hydrogen exchange has also been implicated in a form of chronic 
diarrhea in neonates and infants. 18 

Perhaps the greatest impact on the treatment of infectious diarrhea in in
fants and in the Third World has come from the use of glucose and electrolyte 
solutions. These stimulate the absorption of fluid from the bowel and thus act 
to restore fluid balance. They are not, strictly speaking, antidiarrheal agents; 
the increased oral intake of fluid and solute may actually make the diarrhea 
worse, but it saves lives by restoring fluid balance. 

5. ROLE OF MOTILITY 

An increased flow of feces always involves the interaction of motor activ
ity and epithelial transport. In some conditions, disturbances in absorption or 
secretion may occur secondary to disturbances in motor activity; in others, the 
alteration of epithelial transport may influence motor patterns. It is well estab
lished that an increase in the rate of perfusion of fluid into the gut will enhance 
the rate of transit. 19,20 This is not simply a passive phenomenon; fluid will not 
flow down the gut unless propelled by contractions. Luminal distension with 
fluid encourages peristalsis in isolated segments of gut 21 and generates propa
gative motor complexes in the intact small intestine,22 clearing the fluid down
stream. 

The intracellular mediation of smooth muscle contraction is similar in some 
ways to the intracellular mediation of secretion. Calcium plays a pivotal role 
in both; the interaction of a transmitter with a membrane receptor either causes 
calcium to enter the cell or releases calcium from the sarcoplasmic reticulum. 
The increase in cytosolic calcium then activates calmodulin, which is necessary 
for the activation of myosin light-chain kinase, the enzyme that phosphorylates 



PATHOPHYSIOLOGY OF DIARRHEA 257 

mysoin and initiates contraction. The similarity in stimulus-secretion and stim
ulus-contraction coupling indicates that agents that act on the intracellular ma
chinery to initiate intestinal secretion will also initiate contraction of intestinal 
smooth muscle and vice versa. 

Increases in motor activity may cause diarrhea either by accelerating transit, 
which would reduce contact time, inducing secretion, or reducing contact area. 
Decreased motor activity may in theory impair absorption by reducing mixing 
or convection, though the concomitant increase in contact time may compen
sate for this effect. Intestinal stasis, however, may result in diarrhea by en
couraging the overgrowth of anaerobic bacteria in the small intestine. These 
bacteria deconjugate and dehydroxylate bile acids, impairing fat absorption and 
causing a greater delivery of altered bile acids into the colon, where fatty acids 
and unabsorbed bile acids stimulate secretion 23 and propagative motor activ
ity.24 

Reduction in Contact Time 

Gastrointestinal motor activity determines the rate at which material passes 
along the different parts of the gut and hence the degree of contact between gut 
contents and both the digestive enzymes and the absorptive epithelium. The 
degree of absorption is determined in part by the degree of contact between 
luminal contents and the absorptive epithelium and in part by the efficiency of 
the absorptive mechanisms. 

Under normal conditions, it appears that the rate at which food moves 
through different parts of the gut closely matches the rate of digestion and 
absorption. The delivery of food into the small intestine is regulated by a duo
denal feedback mechanism, and is compatible with the rate at which it can be 
digested by enzymes secreted into the duodenum. 25 Recent evidence suggests 
that the rate of transit through the small intestine and the degree of absorption 
may be regulated by the interaction of nutrients, particularly lipid, with recep
tors situated in the ileum. 26,27 

Reductions in the time for markers to pass from mouth to anus are asso
ciated with large stool volumes and diarrhea, whereas increases in whole-gut 
transit time are associated with low stool weights and constipation. 28 Patients 
with the irritable bowel syndrome who complain of diarrhea have more rapid 
transit through the small intestine and the colon than either patients who com
plain of constipation or patients who have pain and distension with no alteration 
in bowel habit. 29 Psychological stress, which is thought to induce diarrhea in 
some people, accelerates small-bowel transit. 30 Acceleration of small-bowel transit 
is also seen in patients with thyrotoxicosis, who may also present with diar
rhea,38 and in patients who have undergone partial gastrectomy and vagot-
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omy,32-34 which are surgical procedures commonly complicated by diarrhea. 
These observations indicate an association between impairment of net fluid ab
sorption and rapid transit but do not tell us which was the primary event. 

Similar relationships between contact time and absorption have been re
ported in studies investigating the absorption of meals in the small intestine. 
Johansson and her colleagues35 fed a liquid test meal containing a nonabsorb
able marker to normal volunteers, sampling the meal in the stomach and 65 cm 
down the small intestine. By analysis of the samples, they were able to calcu
late the absorption of the food constituents. During the same experiment they 
infused a continuous series of nonabsorbable markers into the duodenum and 
calculated the mean transit time in the proximal segment of small intestine. 
Their results demonstrated a direct relationship between transit time and the 
degree of absorption. We have used similar techniques to investigate the degree 
of absorption of a liquid carbohydrate meal in the proximal 210 cm of small 
intestine of normal volunteersy,36 Slowing small intestinal transit by infusing 
lipid into the ileum increased the degree of absorption, whereas the use of 
metoclopramide, which accelerated transit, was associated with reduced ab
sorption. 

Reversed electrical pacing slows small intestinal transit and enhances ab
sorption. 37 Caution is needed in interpreting these results, however, because 
forward pacing enhances absorption as well 38 and recent data suggest that elec
trical pacing may increase epithelial transport by activating sympathetic nerves. 39 

To determine if changes in transit time can influence the degree of absorp
tion down the whole small intestine, we studied the effect of accelerating small
bowel transit time on the absorption of a radiolabeled solid meal from the small 
intestine of 14 patients equipped with terminal ileostomies (less than 6 inches 
of ileal resection). 40 The transit time to the terminal ileum was monitored by 
plotting the cumulative delivery of the radioactive marker to the stoma, while 
chemical analysis of the meal and the ileostomy effluent provided an index of 
the degree of absorption. Administration of either lactulose, magnesium sul
fate, or metoclopramide reduced small intestinal transit time to approximately 
the same degree. The reduction in transit time was accompanied in each case 
by an increase in wet and dry weight of ileostomy effluent and an increase in 
fat output. Administration of magnesium sulfate and lactulose also caused an 
increase in the output of protein and carbohydrate. In an earlier study using 
perfusion techniques in children, the addition of mannitol to a test drink accel
erated transit through 50-cm segments of proximal small intestine and reduced 
the absorption of xylose, arginine, and palmitic acid. 41 Although these data 
supported the hypothesis that acceleration of transit time through the small in
testine could reduce the degree of absorption, the extent to which absorption 
was reduced depended on the agent used to accelerate transit time. Mannitol, 
lactulose, and perhaps also magnesium sulfate accelerate small-bowel transit by 
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restricting fluid absorption osmotically. It is possible that the greater reduction 
in absorption observed with these "osmotic" agents was caused in part by 
luminal distension, dilution of luminal contents, and a less intimate association 
between the nutrients and both the absorptive epithelium and digestive en
zymes. Thus, although a number of experiments support the logical assumption 
that factors that accelerate transit through the bowel reduce the degree of ab
sorption, the hypothesis is difficult to prove because it is difficult to rule out 
other factors, such as dilution of luminal contents or the reduction in available 
absorptive surface plus the possibility that substances which act on smooth 
muscle may have an independent action on epithelial transport. 

It could be said that most, if not all, of the effective antidiarrheal drugs 
act by increasing intestinal contact time. Opiates, az-adrenoreceptor agonists, 
and somatostatin all prolong transit through the intestine and inhibit contractile 
activity. It is possible, however, that the effects on transit and contractile activ
ity in the intact intestine could be secondary to a reduction in luminal volume 
caused by a primary action on the epithelium. 

To investigate whether antidiarrheal agents could reduce stool volumes by 
a primary action on motor activity or on transport, Fordtran's group perfused 
the whole gastrointestinal tract with a balanced electolyte solution containing 
polyethylene glycol (PEG) as a nonabsorbable marker at a steady rate of 30 
mUmin for a period of 8 hr. 42.43 After about 60-90 min, fluid issued from the 
anus and continued to flow at a steady rate until the end of the experiment. 
Administration of codeine phosphate or loperamide did not alter the rate of 
elimination of fluid or the concentration of PEG, indicating that under the con
ditions of this experiment, these drugs did not affect epithelial transport. In 
contrast, administration of the a2-adrenoreceptor agonist clonidine 44 or the ad
dition of glucose to the perfusate 43 reduced the rate of anal effluent under 
steady-state conditions and increased the concentration of PEG, confirming that 
these substances can stimulate intestinal absorption of fluid. Both loperamide 
and codeine phosphate, however, delayed the appearance at the anus of a gas
tric infusion of 2700 ml of the same solution over 90 min and reduced the 
volume of effluent. Further studies showed that the drugs prolonged transit of 
fluid through segments of small intestine in normal volunteers. These findings 
suggested that in normal subjects opiate-like antidiarrheal agents act primarily 
on motor activity, increasing the time over which fluid remains in contact with 
the absorptive epithelium. 

6. ENTERIC REFLEXES 

Diarrhea, like vomiting, should perhaps be regarded as the response of the 
gut to potentially toxic or injurious solutions, acting to clear the gut of its 
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contents. If true, then the mechanism of diarrhea involves the interaction of the 
toxic or damaging substance with a mucosal receptor, mediation by certain 
chemical transmitters, and an effector system that increases excretion to flush 
out the damaging substance and stimulates propulsive motor activity to expel 
the fluid containing the offending substances from the body. The generation of 
a secretory response without a motor response or vice versa is unlikely to result 
in efficient clearance of luminal contents. Figure 3 illustrates the possible 
mechanisms for these responses. 

Recent studies have shown that organisms such as Vibrio cholerae 45 ,46 and 
toxigenic E. coli 47 ,48 can evoke within a few hours both intestinal secretion and 
a highly propagative motor pattern known as the migrating action potential 
complex (MAPC). 45 Both secretory and motor responses to these organisms 
and/or their toxins can be inhibited by tetrodotoxin, which blocks fast sodium 
channels in nerves, by ganglion blockers and by local anesthetics applied to the 
serosal or mucosal aspects of the intestine. This suggests that both secretory 
and motor responses are mediated by nervous reflexes. 49-51 Since both secretion 
and MAPes can be generated in isolated loops of small intestine,48 the reflexes 
are mediated by the enteric nervous system, although they may be modulated 
by extrinsic nerves. 

Both cholera-induced secretion and MAPes can be reduced or abolished 
by indomethacin but restored by prostaglandin. The generation of cholera-induced 
secretion probably also involves the release of serotonin since cytofluorometric 
studies have shown a reduction in the serotonin content of enterochromaffin 
cells after exposure to cholera toxin,52 and cholera secretion can be abolished 
by serotonin blockers or serotonin tachyphylaxis. 53 Exposure of the mucosa to 
cholera toxin also causes the release of vasoactive intestinal polypeptide (VIP),54 
a potent intestinal secretagogue found only in nerves in the gut. To date there 
are no published data to implicate the involvement of 5-hydroxytryptophan (5-
HT) or VIP in the generation of MAPes, though the latter are partially inhib
ited by muscarinic antagonists. 

There is also evidence to suggest that laxatives and bile acids may gener
ate secretion 48 and propagative motor complexes 55-57 via enteric reflexes. 

Epilhelial cells 

Noncholinergic 
transmitter 

Intestinal smooth 
muscle cell 

'Receptor cell' 

Ach 

Figure 3. A simplified enteric reflex that 
may induce contraction and secretion in re
sponse to a luminal stimulus. 
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Although most of the work on MAPes has been carried out using a prep
aration of rabbit ileum, reports of similar myoelectrical phenomena or of anal
ogous propagated manometric phenomena have been described in other species 
including man. 58-59 

Distension of the intestinal lumen induces secretion 60 and a rise in trans
epithelial potential differences (PD) 61.62 indicate a change in intestinal ion 
transport. Both the secretion and the electrical change can be blocked by hexa
methomium, suggesting mediation by a nervous reflex triggered by stimulation 
of intraluminal tension receptors. Luminal distension also releases local trans
mitters such as acetylcholine,63.64 serotonin,65 and prostaglandins,66.67 all of 
which induce intestinal secretion and elevate the PD. Similarly, changes in 
fluid transport and PD can also be obtained by stimulation of the vagus nerve 
in experimental animals. 68 

Recordings from the human small intestine have shown that spontaneous 
and repetitive bursts of contractions occurring at intervals of about a minute 
were associated with fluctuations in PD that peaked about 45 sec after the 
pressure event. 62 Similar changes could be induced in the anaesthetized ferret 
by prolonged low-frequency stimulation of the distal cut end of the cervical 
vagus. 69 Administration of atropine blocked spontaneous pressure and PD changes 
in the ferret 69 but did not block the PD and secretory changes evoked by vagal 
stimulation. 68 These observations suggest that spontaneous increases in PD and 
presumably secretion occurred secondary to the pressure event. 

Our results are compatible with the hypothesis that fluctuations in trans
epithelial PD (and presumably secretion) are triggered by stimulation of in
series tension receptors by intestinal contraction, though they could also occur 
by stimulation of rapidly adapting mucosal mechanoreceptors by food or the 
opposing mucosal surface. Rubbing the mucosal surface gently with the smooth 
end of a glass rod or a small balloon has been done for many years to induce 
secretion in the intestine of experimental animals. 67 

The implication from the work is that several factors may induce diarrhea 
via nervous reflexes mediated by the enteric nervous system. If this is the case, 
then the most effective antidiarrheal agents will be those that interrupt these 
nervous loops without affecting the basal motor and transport function of the 
gut. 

Opiate like agents act on the enteric nervous system and are the most 
widely used and effective antidiarrheal agents acting to modify intestinal motor 
activity and inhibiting epithelial secretion. The modification of intestinal motil
ity prolongs the transit through the small intestine and the colon by reducing 
propagative motor activity 70-73 and/or by increasing nonpropulsive or poorly 
propulsive motor patterns. 74-81 Opiates act on the fasting small intestine, in
creasing the frequency of phase III of the migratory myoelectric complex but 
reducing motor activity during phase II. Although it is often assumed that opi
ates exert these effects through an action on the myenteric plexus/0.7l the ef
fects could be modified by a direct effect on the muscle or via the central 
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nervous system. Synthetic opiate analogs such as loperamide, which do not 
supposedly cross the blood-brain barrier, have similar effects on the bowel as 
opiates that penetrate the central nervous system. 

The effect on phase III might be expected to accelerate small-bowel transit, 
except that the most rapid propulsion in the intact small intestine usually occurs 
during phase II or after feeding. Ruppin showed that the delay in small-bowel 
transit induced by loperamide was associated with an abolition of propagative 
contractile patterns during phase 11.82 No study has investigated the effect of 
opiates or opiate derivatives on the specific patterns of the small or large intes
tinal motor activity associated with diarrhea in man and other species. In ex
perimental animals loperamide can inhibit the intestinal fluid secretion induced 
by cholera toxin or prostaglandins. 83 Perfusion studies carried out in human 
volunteers have indicated a similar phenomenon, though less convincingly. 84 

Since opiate receptors have not been demonstrated on enterocytes and 10-
peramide does not cross the blood-brain barrier, it is assumed that opiate and 
opiate-like agents influence intestinal fluid transport by an action on the enteric 
nerve plexi. This would explain why an opiate-like antidiarrheal failed to in
hibit intestinal secretion induced by VIP,42.43 which acts on enterocyte recep
tors but could inhibit secretion 85 and diarrhea induced by bile acids,85 dioctyl
sulfonylsuccinate,86 a laxative detergent. 

Sympathomimetic agents likely also act at the level of the enteric plexus 
to enhance intestinal absorption, inhibit secretion,87-9O and depress motor activ
ity. Although uz-adrenoreceptors have been demonstrated in enterocytes,91 Ma
thias recently showed that pretreatment of the rat with 6-hydroxydopamine to 
selectively destroy the varicosities containing norepinephrine or postganglionic 
adrenergic nerves 92 caused the appearance of MAPes, prior to phase III of the 
MMC. 

7. COLONIC SALVAGE 

The capacity of the colon to absorb material entering from the ileum is 
much greater than is usually required. Under normal circumstances, between 
500 and 1500 ml of unabsorbed material containing at least 20 g of carbohy
drate passes into the colon each day. The colon can, however, adapt to absorb 
between 4 and 7 liters/day of plasmalike solution, when this is infused into the 
cecum at a steady rate.92 The colon can also accommodate the entry of at least 
25 g unabsorbable carbohydrate, taken in a single meal, before the appearance 
of carbohydrate in the stool and onset of diarrhea. 94 The carbohydrate is con
verted by anaerobic bacteria to short-chain fatty acids, mainly acetate, propio
nate, and butyrate. These substances are absorbed rapidly by the colonic epithe
lium, and stimulate the absorption of water. 95,96 The efficiency of carbohydrate 
salvage may help to explain why many patients with lactase deficiency or pa-
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tients with celiac disease can drink milk and eat very large amounts of carbo
hydrate without getting osmotic diarrhea. 

Transit time through the colon is normally about 10 times as long as it is 
through the small intestine. 28 Prolonged transit is necessary to allow sufficient 
time for the extraction of salt and water from the colonic contents against high 
osmotic and concentration gradients. The relative stagnation of colonic contents 
also encourages the growth of the colonic bacteria that are responsible for the 
conversion of unabsorbed carbohydrate to volatile fatty acids. The fact that the 
colon is the most distal part of the intestine and can adapt its absorption in 
response to a variable delivery from the ileum means that it plays a critical role 
in determining whether a person has diarrhea or not. 

One useful way to look at diarrhea is to regard it as the failure of colonic 
salvage.97 Diarrhea occurs only when the absorptive capacity of the colon is 
inadequate to cope with the amount of ileal effluent. This situation arises either 
because the amount or composition of ileal effluent overwhelms the normal 
capacity for colonic salvage or because abnormal colonic function or colonic 
disease prevents salvage of a normal ileal effluent. 

Several factors could impair the colon's ability to salvage and absorb even 
a normal amount of ileal effluent. Recent studies from our laboratory indicated 
that impairment of the ability of the colon of patients with total ulcerative 
colitis to salvage carbohydrate is related to a reduction in absorption of short
chain fatty acids. 98 

Impaired fermentation caused by reduction in the numbers of colonic bac
teria could explain the diarrhea frequently observed after administration of broad
spectrum antibiotics. An abnormal pattern of colonic motility could cause diar
rhea by accelerating transit through the colon. Changes in colonic motility can 
impair colonic salvage by propelling material rapidly to the anus leaving insuf
ficient time for fermentation of carbohydrate and absorption of fatty acids, salt, 
and water to take place. The slow rate of epithelial transport in the colon com
pared with the rate in the small intestine implies that changes in contact time 
have a relatively greater influence on colonic absorption. Comparisons of stool 
weight with colonic transit time suggests that stool weights in the diarrhea 
range would occur if colonic transit is less than about 30 hr. 28 Impaired ab
sorption of fat or bile acids in the small intestine may also inhibit colonic 
salvage because bile acid and fat are converted by colonic bacteria to potent 
laxative agents that increase colonic secretion and propulsionY·24.98 

8. MOTILITY OF THE ANORECTUM 

Many patients who complain to their doctors of diarrhea do not pass large 
volumes of feces. Instead, they tend to pass small volumes of stool frequently 
or they suffer from urgency or fecal incontinence. These patients have a distur-
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bance of anorectal function causing either a hypersensitivity of the rectum or a 
weakness of the anal sphincter or both. In patients with the irritable bowel 
syndrome, distension of the rectum with a balloon causes discomfort at low 
volumes 99. 100 and may also induce abnormally large amplitude rectal contrac
tions, associated with precipitous anal relaxations. 100 

Drug therapy of anorectal disorders has not been developed to the extent 
of drug therapy of bladder disturbances. Nevertheless, agents that reduce smooth 
muscle contractility such as nifedipine 101.102 may reduce discomfort and fre
quency of defecation in the irritable bowel syndrome. When loperamide was 
administered to 26 patients with chronic diarrhea and incontinence, it reduced 
the frequency of episodes of fecal incontinence and severe urgency. 103 The 
improvement in these symptoms was probably explained by the action of this 
drug in increasing sphincter tone and enhancing continence as measured by a 
standard volume of saline infused rectally. Thus it would appear that loperam
ide may have a specific action on the anal sphincter that may improve conti
nence in patients with diarrhea. 103 This action does not appear to be shared by 
diphenoxylate, 104 which had no specific effect on saline continence and sphinc
ter manometry in incontinent patients and was much less effective than loper
amide and codeine phosphate for alleviating fecal incontinence or suppressing 
urgency. 105 

9. CONCLUSION 

Diarrhea cannot be regarded solely as the net result of a disorder in epi
thelial transport, nor can it be regarded solely as the result of a disorder of 
motility. It seems likely that most factors that induce diarrhea act via the enteric 
nervous system to stimulate both secretion and propulsive motor patterns. In 
any case, motor and transport phenomena are so closely related that a disorder 
of one must involve an alteration of the other. Distension of the intestine by 
fluid secretion can generate propulsive motor patterns leading to rapid transport 
and reduced solute and water absorption, thus creating a vicious spiral. The 
onus of drug treatment of diarrhea is to break the vicious spiral by slowing 
motility and/or reversing net secretion. 

However, the effective and safe use of an antidiarrheal agent requires an 
accurate knowledge of the mechanisms of the disease. If diarrhea occurs as the 
response to an injurious agent, such as pathogenic bacteria, then limiting its 
expulsion from the body could increase the morbidity. 106 

Ulcerative colitis is associated with increased irritability of the distal colon 
but slowed transit through the proximal colon 107 irrespective of the extent of 
disease. Thus, administration of agents that slow transit could cause prolonged 
stasis and distension in the proximal colon. This may account for the case 
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reports of toxic megacolon in patients treated with opiate-like agents or anti
cholinergics. 108 

Agents that delay small-bowel transit may exacerbate the diarrhea associ
ated with bacterial overgrowth in the small intestine because they increase stasis 
and encourage overgrowth. 

Finally, opiatelike agents contract the sphincter of Oddi 109 and could ex
acerbate the steatorrhea of pancreatic disease. 

Because of these potential hazards of antimotility agents, several drug 
companies have sought to develop agents that inhibit secretion without influ
encing motility. So far the search has not identified a satisfactory agent. Most 
antisecretory substances also inhibit motility and those that have little effect on 
motility are not very potent anti secretory agents. In any case, a pure antisecre
tory agent would have a somewhat limited application; excessive secretion is a 
relatively uncommon mechanism for diarrhea and, where implicated, it usually 
causes a brief self-limited illness like traveller's diarrhea, which can be suc
cessfully managed with loperamide. Fluid balance in severe life-threatening 
secretory diarrheas such as cholera and VIPomas is best treated by intravenous 
infusion or oral glucose-electrolyte solutions, and though it may be more con
venient to use an agent that blocked the secretion, this idea has not been ac
cepted with enthusiasm. 
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Sexually Transmitted Intestinal 
Diseases 

Linda Rabeneck 

1. INTRODUCTION 

15 

Sexual transmission of enteric pathogens was first suggested by Most in 1968, 
when he described several cases of enteric infection occurring in homosexual 
men in New York City in a paper entitled "Manhattan: A tropic isle?" I Sub
sequently, numerous studies have documented the increased prevalence of both 
enteric parasites and bacteria in homosexual men. 2- 7 

In 1981, the Centers for Disease Control alerted the medical community 
to the unprecedented occurrence of Kaposi's sarcoma and Pneumocystis carinii 
pneumonia in homosexual men. s Subsequently, human immunodeficiency virus 
(HIV) was established as the agent that causes this acquired immunodeficiency 
syndrome (AIDS) and that it is transmitted sexually. It has been suggested that 
synergism exists between HIV and intestinal parasites, the latter promoting the 
development of AIDS in HIV-infected individuals. 9 There is no evidence, how
ever, that these agents act as cofactors in the development of AIDS. Rather, 
like anal receptive intercourse, they are an exposure factor for HIV infec
tion. IO•11 

The gastrointestinal tract may be involved in acute (primary) HIV infection 12 

and is a major target organ in AIDS. The gastrointestinal manifestations of 
AIDS is presented in a subsequent paper. 13 This chapter will focus on the 
common sexually transmitted intestinal infections, excluding HIV infections. 
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2. RISK FACTORS 

The increased risk of acquiring sexually transmitted diseases in homosex
ual men is due to a number of factors. These include multiple sexual partners, 
anonymous partners, and specific sexual practices such as direct oral-anal con
tact and rectal intercourse. Oral-anal contact may be indirect as well, e.g., 
fellatio with a partner whose penis has been contaminated by previous anal 
intercourse. 14 In addition, many of the infectious agents affecting homosexual 
men may be asymptomatic and therefore serve as reservoirs of infection while 
escaping diagnosis and therapy. 

In order to diagnose these infections, the physician must be aware of (I) 
the high prevalence of such infections in homosexual and bisexual men, (2) the 
patient's sexual preferences and, to a lesser extent, sexual practices, (3) the 
spectrum of infections, and (4) an approach to their diagnosis and treatment. 14 

The more common sexually transmitted intestinal infections in homosexual men 
can be grouped into three categories: proctitis, proctocolitis, and enteric infec
tion (also called enteritis). 15 

3. ANORECTAL INFECTION OR PROCTITIS 

Symptoms associated with proctitis include tenesmus, mucopurulent or 
bloody rectal discharge, anorectal pain, and constipation. At sigmoidoscopy the 
abnormality is confined to the distal 15 cm of the bowel (i.e., rectum). The 
gross lesion may include increased mucus, cotton swab friability, or mucosal 
ulcerations. The commonest causes of proctitis are Neisseria gonorrhoeae, herpes 
simplex virus, Chlamydia trachomatis, and Treponema pallidum. 

3.1. Neisseria gonorrhoeae 

Anorectal gonorrhea may be symptomatic or asymptomatic. If symptoms 
are present they often consist of mild anorectal pain, itching, and mucopurulent 
discharge. At sigmoidoscopy the mucosa may be normal or show gross features 
of proctitis (described above). Gram stain of rectal exudate may yield the di
agnosis, but its sensitivity is less than 50%.16 Culture is the diagnostic test. 

The treatment of gonococcal proctitis is aqueous penicillin G 4.8 million 
units I.M. plus I g of probenicid by mouth. Penicillinase-producing N. gonor
rhoeae (PPNG) has been described. The incidence varies depending on geo
graphic location. Physicians must be aware of the prevalence of these strains 
in their own communities. The therapy of PPNG proctitis is spectinomycin 2 g 
I.M. 

All known sexual contacts of patient should have rectal cultures. The pa-
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tient should be advised to abstain from sexual activity until cure is documented 
by a negative culture. 

3.2. Herpes Simplex Virus (HSV) 

HSV (usually type 2) is the most common cause of nongonococcal proc
titis in male homosexuals,16 causing symptoms more commonly than other rec
tal infections. It has, however, been cultured from the rectum in asymptomatic 
homosexual men. 17 While the symptoms of HSV proctitis may be the same as 
in other infectious causes of acute proctitis, the severity of rectal pain may be 
greater. 17 Systemic symptoms may be present, including malaise and fever. In 
addition, neurological symptoms in the distribution of the sacral nerve roots 
may occur. These include difficulty in initiating micturition, impotence, and 
posterior thigh pain or paresthesiae of the buttock or perineal region. 17 The 
pathogenesis of these neurological symptoms is not fully understood. Inguinal 
lymphadenopathy may occur.8 In addition to the sigmoidoscopic findings of 
proctitis, HSV proctitis may be associated with external perianal or anal ulcer
ative or vesicular lesions. 17 A mucosal lesion extending to 20 cm (i.e., distal 
sigmoid colon) has been described in one patient. 17 Cytological scrapings taken 
from the base of a vesicle or ulcer may reveal intranuclear inclusion bodies or 
multinucleated giant cells. Rectal biopsies may reveal multinucleated cells, in
tranuclear inclusions, and lymphocytic infiltration around submucosal vessels. 17 

Viral isolation by culture of the rectal exudate establishes the diagnosis. 
The mean duration of symptoms in HSV proctitis is 21 days. 17 The natural 

history of recurrences of HSV proctitis is unclear. Oral acyclovir in a dose of 
200 mg by mouth five times daily for 10 days has been demonstrated to reduce 
virus shedding, new lesion formation, and the duration of lesions in both men 
and women with first episodes of genital HSV infection. 18 Acyclovir is there
fore being used to the treat herpectic proctitis. 

3.3. Chlamydia trachomatis 

ChLamydia trachomatis has two subtypes: lymphogranuloma venereum 
(LGV) and non-LGV agents. The SUbtypes are further separated into several 
serotypes. The severity of disease depends in part on the serotype of the in
fecting strain. Infections with non-LGV strains produce mild symptoms of proctitis 
or no symptoms at all. Sigmoidoscopy may be normal or may reveal changes 
consistent with proctitis. 19 LGV infections produce more severe inflammation 
which can resemble Crohn's disease, clinically and histologically. 20.21 The le
sion can extend proximally into the descending colon. Fistulae, perirectal ab
scess, and strictures have been reported in these patients. 

The diagnosis can be confirmed by culture for C. trachomatis. Microim-
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munofluorescence tests are also available. Rectal biopsies may demonstrate a 
diffuse inflammatory infiltrate with plasma cells, round cells, and polymorpho
nuclear leukocytes. Granulomata and giant cells may be present. 16 Because of 
the similarity of some of these histological findings to those of Crohn's disease, 
caution should be used in establishing a diagnosis of inflammatory bowel dis
ease in homosexual or bisexual men. 22 

Infection with C. trachomatis responds to tetracycline or doxycycline. Non
LGY infections may be treated with tetracycline 500 mg by mouth four times 
a day for 1 week, whereas LGY infections should be treated with the same 
dosage for at least 2 weeks. 

3.4. Treponema pallidum 

Primary anorectal syphilis can be asymptomatic or may cause symptoms 
of proctitis. Anorectal chancres usually occur 2-6 weeks after exposure to the 
agent. Secondary syphilis may cause erythematous nodular or indurated rectal 
mucosal lesions. 15 Dark-field examination of fluid from chancres will reveal 
the presence of the organism. Serology also will assist in the diagnosis. The 
organism can be found in biopsy tissue by appropriate silver stains. Immuno
fluorescence using specific antibody against T. pallidum, however, is a more 
reliable method. 

The therapy of early syphilis is penicillin G benzathine 2.4 million units 
I.M. Tetracycline 500 mg by mouth four times a day for 15 days may be used 
to treat penicillin-allergic patients. All sexual contacts should be examined for 
evidence of the disease and have serology performed. 

4. ANOTHER CAUSE OF ANORECTAL INFECTION: 
CONDYLOMATA ACUMINATA 

Condylomata acuminata or venereal warts are caused by human papilloma 
virus and are common in homosexual men. 23 The lesions, either single or con
fluent, occur in the perianal area, the anal canal, or at both sites. They are 
usually painless. 

The diagnosis is established on the basis of the gross appearance of the 
lesions. Topical application of podophyllin may be used to treat these lesions, 
although recurrence is common. 

5. PROCTOCOLITIS 

The symptoms of proctocolitis may include some of the symptoms of 
proctitis, i.e., anorectal pain, mucopurulent or bloody rectal discharge, and 
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tenesmus, plus diarrhea. In addition, proctocolitis may be associated with ab
dominal cramps. Sigmoidoscopy reveals the mucosal lesion to extend above 15 
cm (i.e., above the rectum). The mucosal lesion may include increased mucus, 
cotton swab friability, or mucosal ulceration. The commonest causes of proc
tocolitis include Campylobaeter, Shigella, C. traehomatis (LGV-type), and En
tamoeba histolytiea. 15 Nontyphoidal Salmonella infections have not been re
ported to occur commonly in otherwise healthy homosexual men,15 but typhoid 
fever can be sexually transmitted. 24 

5.1. Shigella 

Shigellosis usually presents with an abrupt onset of fever, diarrhea, and 
lower abdominal cramps. The stools may be watery or contain mucus or blood. 
Sigmoidoscopic examination reveals a mucosal lesion consistent with procto
colitis. Stool cultures establish the diagnosis. 

The illness is usually self-limited. Therapy is supportive but antibiotics 
should be considered if the illness is particularly severe. Trimethoprim-sulfa
methoxazole 160/800 mg (double strength) taken twice a day by mouth or am
picillin 500 mg by mouth four times daily for 7 days may be prescribed. 

5.2. Campy/obaeter 

Campylobaeter jejuni is the commonest species to cause proctocolitis in 
homosexual men. 25 Infection with Campylobaeter-like organisms has also been 
described. 26 Campylobaeter infections may be asymptomatic or may present 
with symptoms of proctocolitis. 

Sigmoidoscopic examination is usually abnormal (as described above). The 
diagnosis is established culturing the organism on selective media in microaer
ophilic atmosphere. 

Campylobaeter infection is usually self-limited. Thus the need for antimi
crobial therapy is not established, although erythromycin 500 mg by mouth 
four times daily for 1 week is effective. 27 

5.3. Entamoeba histo/ytiea 

In the first controlled study of the prevalence of parasitic infections in 
homosexual men, Entamoeba histolytiea was identified in the stools of 27% of 
homosexual men. 28 In that study the presence of symptoms did not correlate 
with infection. Other studies have confirmed this high prevalence and have also 
failed to find an association between the symptoms and the presence of the 
parasite in the stool. 29 Proctocolitis may be caused by E. histolytiea, how
ever. 15,30,31 
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Recent evidence indicates that although this agent is prevalent in the stools 
of homosexual men, it rarely causes invasive disease. 32.33 With the use of 
isoenzyme electrophoresis, E. histolytica isolates from homosexual man have 
been shown to be nonpathogenic in type,33 probably accounting for the lack of 
disease. It is unclear at present if, in the absence of mucosal disease, homosex
ual men with E. histolytica in their stools should receive therapy. 

5.4. Nonpathogenic Protozoa 

Endolimax nana, Entamoeba hartmanni, Entamoeba coli, Iodamoeba 
buetschlii, and Dientamoeba fragilis have also been isolated from the stools of 
homosexual men. In one study they were found in 30% of homosexual men. 28 

There is no evidence to date that these agents cause disease. Further studies 
are necessary to determine if therapy is indicated for these agents. 

6. ENTERIC INFECTION 

The symptoms of enteric (i.e., small-bowel) infection may include diar
rhea, abdominal pain, bloating, and nausea. Tenesmus and bloody or muco
purulent rectal discharge are usually absent. Sigmoidoscopic examination re
veals a normal rectum. 

Giardia lamblia is the most common agent associated with small-bowel 
infection 15; it is found in the stools of 13% of homosexual men. 28 The presence 
of trophozoites or cysts in stool samples, duodenal aspirates, or duodenal bi
opsy specimens establishes the diagnosis. Metronidazole 250 mg by mouth three 
times a day for 10 days is the recommended therapy. 34 It is important to also 
screen the stools of any regular sexual partners for infestation with this agent. 

7. OTHER INFECTIOUS AGENTS 

The prevalence of several other infections is increased in homosexual men. 
Although infection with these agents does not usually present with any of the 
clinical syndromes discussed previously, they deserve mention at this point. 

Both hepatitis A virus and hepatitis B virus are sexually transmitted in 
homosexual men. 35.36 The initial prevalence of cytomegalovirus seropositivity 
in homosexual men was 87% in one studyY The subsequent attack rate among 
susceptible men was 71 % in 9 months, but no clinical illness was identified 
with cytomegalovirus seroconversion. 

Spirochetosis has been demonstrated in rectal biopsy specimens in 30% of 
homosexual men. 38 The organism is a spirochete, the classification of which is 
not clear at present. The significance of this finding is uncertain as no associa-
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tion of spirochetosis with clinical or histological findings has been demon
strated. 

8. SUMMARY 

A number of microbial agents are sexually transmitted in homosexual man 
and cause a variety of illnesses. Physician awareness---of both the sexual pref
erence of the patients and the spectrum of illness caused by these agents-is 
the first and crucial step toward the diagnosis of these infections. Next comes 
the history, physical examination, and sigmoidoscopic exam. These steps are 
usually sufficient to determine whether the patient has proctitis, proctocolitis, 
or an enteric infection. Knowledge of the likely causative organisms in each of 
these cases leads to the appropriate laboratory studies that can successfully 
establish the diagnosis. 
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I ntesti nal Gas 

Michael O. Levitt 

1. INTRODUCTION 

Excessive intestinal gas is thought to cause a variety of abdominal symptoms. 
Such gas problems clearly cannot be attributed to recent alterations in diet or 
environment since the first known treatise on abdominal gas, The Winds, was 
authored by Hippocrates over 2000 years ago. While the intervening years have 
not resulted in great strides in our therapy of gas problems, our understanding 
of the etiology of these complaints has been enhanced by studies carried out 
over the past 20 years. This chapter reviews recent advances in our understand
ing of the origin of gaseous complaints and the present, unsatisfactory state of 
treatment of this problem. 

2. PHYSIOLOGY OF GASTROINTESTINAL GAS 

Gas can enter the gut via three routes: (l) air swallowing, (2) diffusion 
from the blood, and (3) production within the lumen. The relative contribution 
of each of these three mechanisms has not been clearly defined. 

Studies in which the stomach is constantly aspirated via a nasogastric tube 
would suggest that enormous quantities of air are swallowed each day. 

For example, every swallow is said to deposit several milliliters of air in 
the stomach, and in the process of drinking liquids, a volume of air equivalent 
to that of the liquid can be swallowed. I In such studies, a minimum of several 
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thousand milliliters of gas is aspirated from the stomach over a 24-hr period. 
As will be discussed, virtually all swallowed N2 that enters the small bowel 
should subsequently be passed via the rectum. In fact, N2 is probably added to 
the lumen as gas passes through the intestine. Measurements of N2 passed in 
flatus are usually in the range of 400-600 mllday2 and seldom reaches the level 
of several thousand milliliters per day, as predicted by gastric aspiration stud
ies. Thus, it seems likely that the presence of the nasogastric tube, a require
ment in gastric aspiration studies, enhances the tendency to swallow air or that 
much of the air that is normally swallowed is subsequently eructated and never 
enters the intestine. 

Various maneuvers can drastically increase the volume of gas that is swal
lowed as well as the fraction of this gas that enters the duodenum. Large vol
umes of air can be "swallowed" if the subject relaxes the upper esophageal 
sphincter simultaneous with the production of a negative intrathoracic pressure. 
Such a maneuver sucks air into the esophagus and some of this air may sub
sequently be propelled by peristalsis into the stomach. Laryngectomized pa
tients consciously aspirate air in this fashion in the process of producing esoph
ageal speech. Surprisingly, a sizable fraction of healthy individuals commonly 
perform this maneuver, often as a nervous habit in an attempt to stimulate an 
eructation. A prodigious volume of gas can be swallowed in this fashion. I 
studied a patient who had had a Nissen repair of a hiatal hernia several years 
prior to undergoing a lhlyngectomy for carcinoma of the larynx. The patient 
complained of massive abdominal distension following short periods of esoph
ageal speech. Measurement of the rate at which gas passed through the duo
denum (assessed via an intestinal tube) during esophogeal speech showed that 
up to 200 mllmin of swallowed air was entering the intestinal tract. Presumably 
most swallowed air is subsequently eructated, but the Nissen procedure in this 
patient prevented such eructation. 

A factor postulated to influence the efficiency of eructation is posture. The 
esophagus enters the dorsosuperior aspect of the stomach. When a subject re
clines in the supine position, liquid in the stomach overlaps the gastroesopha
geal junction forming a liquid "trap" for stomach gas. 3 The common habit of 
reclining in the supine posture after meals may enhance the tendency of gas to 
enter the small bowel. Such a trap also has been postulated to account for the 
high prevalence of infant colic in the Western world where infants frequently 
are bottle-fed while in the supine position. 

Failure to appreciate the rate at which air can be swallowed and the ra
pidity with which air can be propelled through the gut (stomach to cecum transit 
time of several minutes) has led to erroneous conclusions regarding the source 
of the bowel gas that rapidly accumulates during various medical procedures. 
For example, it is not uncommon in patients undergoing urological procedures 
for the small bowel to fill with gas over a period of minutes. This gas has been 
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assumed to result from diffusion from the blood. However, such an origin 
seems physiologically impossible (as will be discussed in a subsequent section). 
Far more likely is a scenario in which these anxious patients swallow a large 
volume of air that cannot be readily eructated because of their supine position. 
This air is then rapidly propelled through the gut giving the appearance of 
filling from diffusion from the blood. 

3. PRODUCTION AND CONSUMPTION OF GAS IN THE 
INTESTINAL TRACT 

The two recognized mechanisms that liberate luminal gas are the interac
tion of bicarbonate and acid, and bacterial metabolism. The interaction of I 
meq of bicarbonate with I meq of acid releases about 22.4 ml of CO2 . The 
quantities of acid and base that may react in the duodenum suggest that there 
is an enormous potential for CO2 production via such a reaction. For example, 
after a meal normal subjects often secrete 30 meq of HC!. 4 The interaction of 
this acid with bicarbonate in the duodenum could release 600 ml of CO2 . An
other source of duodenal acid is the digestion of triglycerides with the release 
of fatty acids. After a hearty meal, up to 100 meq of acid could be formed by 
this mechanism yielding an additional 2200 ml of CO2 . In actuality, such gas 
volumes never accumulate in the duodenum because of the high solubility of 
CO2 in water and the rapid absorption of this gas from the gut. However, 
measurements of the pC02 of duodenal contents after a meal has revealed val
ues in the range of 500 mm Hg.5 Thus, CO2 represents about two-thirds (500/ 
760) of the gas equilibrated with duodenal fluid and CO2 should be the predom
inant gas of the upper intestinal tract after a meal. 

In the ileum, Na + and CI- are thought to be absorbed by a double-ex
change mechanism, H+ for Na+, HC03 - for Cl-.6 This secretion is followed 
by the interaction of H+ and HCO- to form CO2 and H20. Thus, the pC02 of 
the ileum also tends to be elevated above blood levels because of the reaction 
of bicarbonate and acid. 

Because the stomach and small intestine of normal subjects have low bac
terial counts, the bacterial production of gases in the gut normally is limited 
largely to the colon. 7 However, patients with gastric outlet destruction, achlor
hydria, or bacterial overgrowth of the small bowel may have appreciable bac
terial production of gas in the upper gut. Multiple gases are produced by bac
teria; however, only three are quantitatively important: CO2, H2, and CH4 • 

Carbon dioxide may be a direct metabolic product of oxidation by the bacterial 
flora or may be an indirect result of fermentation reactions that release organic 
acids such as acetic, propionic, and butyric acids. These acids react with bicar
bonate to liberate CO2 . 
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Fermentation reactions of colonic bacteria also release H2 and CH4 . Bac
teria appears to be the sole source of these gases in rats, since germ-free rats 
excrete neither gas. 8 Excretion of these two gases is readily detected within 
several days of contamination of germ-free rats with feces from conventional 
rats. Neither H2 nor CH4 is excreted by the germ-free human newborns. 

Studies of H2 production in the normal human intestine have shown that 
virtually all H2 is produced in the colon.7 This colonic H2 production is very 
low when subjects have fasted for long periods and increases dramatically when 
fermentable substrate (largely carbohydrate) is supplied to the colonic bacteria. 
Thus, endogenous substrates are a poor source of fermentable substrates for H2 
production in the colon. Copious H2 production is dependent on the ingestion 
of nonabsorbable carbohydrates that pass through the small bowel to supply 
substrate for Hrliberating reactions. Flatus CO2 concentration usually corre
lates closely with flatus H2. Thus, it appears that most colonic CO2 similarly 
results from bacterial fermentation reactions in the colon. 

The bacterial production of CH4 seemingly is less dependent on ingested 
substrates than is the case with H2. For example, prolonged fasting seldom 
reduces CH4 production by more than 50%. 9 Thus unknown endogenous sub
strates serve as the source of CH4 production in the colon. 

There are huge (-106 ) individual variations in the excretion rate of C~.10 
Although not intensively studied, this variability presumably reflects differ
ences in the fecal concentration of the CH4-producing bacteria. When CH4 

production is assessed via breath measurements, about one-third of the normal 
adult population are found to excrete CH4 in concentrations well above the 
atmospheric concentration of about 1 ppm, while the other two-thirds excrete 
very little or no CH4 above the atmospheric level. High CH4 production ap
pears to be a familial trait. 10 

Bacterial metabolic reactions release a number of other gases in low quan
tity. Of particular importance are the odoriferous gases that are readily detected 
in trace quantities because of the extreme sensitivity of the nose. For example, 
the human nose can detect H2S in a concentration of 1 ppb. While the odor
iferous gut gases have received an enormous amount of attention from the lay 
public, scientific attention to these gases has been limited. Recently, using rel
atively sophisticated technology, Moore and co-workers 11 reported that most 
of the offensive odor of feces represents sulfur-containing gases such as meth
anethiol and dimethyl disulfide. The long-standing concept that aromatic amino 
acid metabolites such as indole and skatole are the source of fecal odor appears 
to be incorrect. 

It is seldom appreciated that bacteria can consume as well as produce gas 
and the volume excreted represents the net of these two reactions. 12 For ex
ample, when carbohydrate is added to a human fecal homogenate in a syringe, 
initially H2 is produced in large quantity. However, the high pH2 in the syringe 
drives H2 consumption by other bacteria. As production slows (and H2 con-
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sumption increases), the volume of H2 in the syringe falls dramatically. We 
have also carried out studies with carbon monoxide (CO) demonstrating that 
this gas is produced in feces when incubated aerobically while CO is consumed 
by feces when incubated anaerobically. 13 

4. DIFFUSION OF GASES 

The diffusion of gases between the blood and the intestinal lumen is some
what more complex than the situation in nonintestinal tissue. In most tissues, 
exchange of gases consists simply of O2 diffusing from blood to tissue, and 
CO2 diffusing from tissue to blood. Nitrogen tension is equal in blood and 
tissue and there is no net movement of N2. Diffusion of gas in the gut is 
complicated by the production of large quantities of CO2, H2, and CH4 in the 
lumen. 

In the gut, as in all other tissue, the net movement of gas via diffusion 
depends on the partial pressure gradient. However, the gradients in the gut vary 
along the linear extent of the gut. For example, swallowed air has a higher p02 
and lower pC02 than does blood and O2 will diffuse into the stomach mucosa 
while CO2 diffuses into the lumen. However, as this stomach gas enters the 
duodenum, the pC02 increases dramatically due to the interaction of acid with 
the pancreatic and intestinal bicarbonate. The direction of CO2 diffusion now 
shifts and the net movement is from lumen to blood. The high duodenal CO2 
concentration also dilutes luminal N2 and O2, and these gases begin to diffuse 
from blood to lumen. The high aqueous solubility of CO2 allows the gas to 
diffuse many times faster than any other gut gas and by the time gas has reached 
the ileum, the pC02 may have nearly equilibrated with the blood. However, 
the metabolism of the colonic bacteria results in the liberation of large quan
tities of CO2, H2, and CH4 . These gases will diffuse from lumen to blood. In 
addition, these gases dilute luminal N2 and O2 causing these gases to diffuse 
from blood into the lumen. 

The net result of diffusion is that this process tends to reduce the volume 
of CO2, H2 , and CH4 in the gut and probably increases the volume of N2. The 
p02 of luminal contents is consistently well below that of blood and O2 is 
constantly diffusing from blood to lumen. However, O2 consumption by epi
thelial cells and the intestinal bacteria render gut contents nearly anaerobic. 

5. OVERVIEW OF THE PHYSIOLOGY OF INTESTINAL GAS 

Flatus passed per rectum represents the net result of the three processes 
described above: air swallowing, intraluminal gas production and consumption, 
and diffusion. The rate at which flatus is passed is extremely variable but gen-
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erally ranges from 500 to 2000 mllday. 2.14 The frequency with which boluses 
of gas are passed per rectum was found to average about 13.5 ± 4.5 15 in a small 
number of healthy, young, male adults. The volume of an average bolus or 
rectal gas measured by a single patient was about 75 ml. 

Literature values suggest that the composition of rectal gas is highly vari
able. While some of this variability probably reflects atmospheric contamina
tion of the samples, much of the variability presumably reflects differences in 
the metabolic activity of colonic bacteria. 

Five gases-N2 , O2, CO2 , H2, and CH4-are the only quantitatively im
portant gases in flatus. 16 When flatus is being passed in low volumes, N2 is the 
predominant gas and pN2 values above that of blood (about 580 mm Hg) may 
be observed. When large volumes of flatus are being passed, H2 and CO2 usu
ally are present in high concentrations and the sum of these two gases may 
exceed that of N2. 16 Thus, intraluminal production clearly may be the predom
inant source of rectal gas. The p02 of flatus is always from negligible to 20% 
depending on the CH4-producing status of the individual. 

The importance of swallowed air as a source of flatus cannot be deter
mined from available data. The maximal contribution would be the N2 plus 
minimal quantities of O2 passed in flatus. However, it is not clear to what 
extent flatus N2 represents swallowed N2 versus N2 that diffused into the gut 
lumen down a gradient created by the production of gas (H2, CO2, CH4) by the 
colonic bacteria. That such diffusion may be important is supported by studies 
of flatus excretion after ingestion of beans, a food that markedly enhances bac
terial H2 and CO2 production. After bean ingestion the excretion of N2, as well 
as that of CO2 and H2, was markedly increased. 14 Since N2 is not produced in 
the colon, presumably this enhanced N2 excretion reflects increased diffusion 
of this gas from blood to lumen, an indirect result of the bacterial liberation of 
H2 and CO2. 

The excretion rate of gas per rectum should not be considered a reflection 
of the volume of gas in the gut. The rapid production and excretion of gas in 
the colon might result in a minimal accumulation of intestinal gas while a 
similar volume of swallowed air slowly passing through the bowel would have 
a much greater effect on intestinal gas volume. 

The volume of gas in the human intestinal tract has been measured by 
perfusing the gut rapidly with argon via a tube at the ligament of Treitz. 17 All 
gas washed out at the rectum was quantitatively collected and analyzed for the 
gases native to the gut (N2, O2, H2, CH4, and O2). These studies indicated that 
the normal human small and large bowel contain a mean of 200 ml of gas, the 
bulk of which is usually N2. Measurements obtained with the body plethys
mograph supported the finding that the human gut contains only about 100-
200 ml of gas. While such a volume, intuitively, seems low, abdominal roent
genograms showed that infusion of 500 ml of gas into the gut produced a gas 
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pattern that appeared to contain several fold more gas than was present prior to 
the infusion. 18 

6. CLINICAL GAS SYNDROME 

The patient with a gaseous problem usually complains to the physician 
using rather nonspecific terms, i.e., "I have too much gas." In reality, this 
complaint usually means that the patient has abdominal bloating and distension 
that the patient attributes to too much gas in the intestine. Less commonly, the 
patient is referring to the excessive passage of gas per rectum. Least com
monly, the patient has excessive eructation. Since these problems have differ
ent origins and different treatments, the physician must first determine the na
ture of the gaseous complaint. 

7. EXCESSIVE ERUCTATION 

Analysis of gas obtained from the gastric air bubble shows that N2 and O2 

are the predominant gases. Thus excessive eructation is caused by air swallow
ing or, more accurately, air aspiration. 

For unclear reasons, air swallowing is a very common habit. Possibly the 
habit derives from the mistaken belief that all sorts of thoracic and abdominal 
discomforts are caused by excessive gas and the remedy should be eructation. 
In an attempt to eructate, patients aspirate air into the esophagus and then 
immediately regurgitate most of this air, mistakenly believing that they have 
produced a true eructation that removes gas from the stomach. In other subjects 
air swallowing clearly represents a response to anxiety. Lastly, there are some 
subjects who claim to get transitory relief of abdominal or chest discomfort via 
air swallowing. It is possible that this maneuver could improve symptoms of 
reflux esophagitis by stimulating an esophageal peristaltic wave that clears the 
esophagus of refluxed acid and by delivering salivary bicarbonate to the lower 
esophagus. 

In my experience, excessive eructation is usually part of a vicious cycle 
in which the patient senses minor abdominal discomfort, attempts to eructate, 
but actually swallows air. The resulting abdominal air may cause further dis
tress with more air swallowing. If an abdominal problem (esophagitis, peptic 
ulcer) is present, it should of course be treated. However, most patients have 
no demonstrable abdominal pathology and the problem appears to be func
tional. The only treatment I have found to be effective is educational therapy, 
in which the origin of eructation is explained to the patient. The voluntary 
nature of eructation is best demonstrated if the physician is capable of swallow-
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ing air and belching several times. It must be explained to the patient that air 
swallowing is aggravating, not alleviating, the problem and the urge to eructate 
should be resisted. In the receptive patient, an insight into the cause of the 
problem interrupts the cycle and the problem is alleviated. However, in many 
patients the air-swallowing habit is so deeply ingrained that no amount of ed
ucation is effective. I know of no treatment that is beneficial to these subjects. 
Theoretically, and in practice, drugs that influence gastric function (H2 block
ers, antacids) are of no benefit. 

Abdominal bloating and discomfort that the patient attributes to bowel gas 
is an extremely common complaint. Surprisingly, measurement of the volume 
of intestinal gas using the argon washout method showed perfectly normal vol
umes of bowel gas-about 200 ml-in bloating patients. 19 This quantitative 
result is supported by subjective estimates of intestinal gas present on abdomi
nal roentgenogram. Most patients complaining of bloating have normal vol
umes of bowel gas on X-ray exam. Doctor Walter Alvarez actually attempted 
to predict how much gas would be present on a roentgenogram of his abdomen 
based on how bloated he felt at the moment. Over a several week period, he 
found no correlation between his sensation of bloating and the quantity of gas 
he observed on roentgenograms. Thus, patients are unable to predict the state 
of gaseous distension of their gut. 

We did find in our argon perfusion studies that patients with bloating and 
distension poorly tolerated the rapid infusion of gas into their intestine. 19 The 
majority of bloating patients perceived such severe pain from the gas perfused 
into the gut that they demanded that the study be discontinued. In contrast, the 
majority of controls had no appreciable symptoms from the infusion. This re
sponse of bloating patients was not entirely psychogenic. Each infusion study 
was initiated by a sham infusion at which time the patient was told that the 
study was starting, the infusion pump was turned on, but a stopcock was ad
justed so that no argon entered the gut. No appreciable pain developed during 
the sham infusion. The patient began to complain within minutes of argon 
entering the gut. We concluded from these studies that the primary problem of 
bloating patients is an irritability of the gut that causes the patient to perceive 
pain when the gut is distended by volumes of gas that were well tolerated by 
most healthy controls. 

If bloating patients have normal volumes of bowel gas, what accounts for 
the distended abdomen observed in many of these subjects? As first demon
strated by Alvarez, bloating subjects can voluntarily reduce the girth of their 
abdomens. Patients who truly have an excess of abdominal contents (i.e., as
cites, obesity) cannot so reduce their girth. Thus, it appears that the bloating 
patient subconsciously lowers his diaphragm and relaxes his abdominal mus
cultature, thus creating a distended abdomen. The explanation of this phenom-
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enon seems to be that the irritable loops of gut of bloating patients are more 
comfortable when protruding than when crammed up under the diaphragm. 

Therapy for bloating and distension presumably should be directed toward 
correcting the underlying dysmotility or irritability rather than reducing bowel 
gas. Anticholinergics, which decrease motility, are commonly used for this 
purpose. However, controlled trials (and my own anecdotal observation) indi
cate that this type of drug is not very effective in bloating patients. In fact, 
patients often complain of increased bloating and distension while on antichol
inergics. 

There is some evidence that drugs that enhance gastrointestinal motility 
are useful in bloating subjects. Johnson et al. 2o found that metoclopramide 
improved the symptoms of "flatulent dyspepsia" better than did placebo in 
double-blind studies. At present, there are insufficient data to determine the 
possible value of cisapride, a new prokinetic drug, on symptoms of bloating. 

There is little evidence that dietary manipulation, increased fiber intake, 
antacids, charcoal, enzyme supplements, or surface tension-reducing agents (si
methicone) are helpful to bloating patients. Thus, the major therapeutic tool of 
the physician, as is the case with most forms of irritable bowel, is reassurance 
and understanding. Many of these patients are worried that their symptoms 
reflect some severe abdominal problem, usually cancer. Exclusion of this di
agnosis and a detailed explanation of the cause of the irritable gut (motor dys
function) often leads to a dramatic reduction in symptoms. In my experience, 
the patient who does not respond to reassurance seldom benefits from drug 
therapy. 

The final clinical problem associated with gas is the passage of excessively 
voluminous or odoriferous gas. Unlike eructation or bloating, this complaint 
may actually reflect a problem with excessive gas. 

Despite the lay public's enormous interest in excessive rectal gas, only 
one patient with this problem has received appreciable study. 15.21 This patient 
carefully counted the number of times he passed gas. His daily average was 35 
passages per day, well above the upper limit of normal. Ingestion of several 
quarts of milk increased his productivity to a record-breaking 141 passages per 
day. His flatus contained high concentrations of H2 and CO2 indicating that 
bacterial fermentation reactions were the source of the gas. The patient was 
lactase-deficient and removal of lactose from his diet produced some improve
ment. Employing a carefully evaluated elimination diet, the patient was able to 
develop a diet on which he passed gas only 13 times per day. 21 Ingestion of 
milk markedly increased his productivity demonstrating that his colonic flora 
still had the potential to produce appreciable gas. Thus, it appears the patient 
developed a diet that contained carbohydrates that were nearly completely ab
sorbed in the small bowel, thus depriving the colonic bacteria of substrates that 
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could be used for gas-producing reactions. This diet does not benefit all flatu
lent patients, suggesting that there are individual differences in the ability to 
absorb carbohydrates. 

My approach to the patient complaining of excessive flatus is to first have 
the subject count how many times gas is passed each day. Not infrequently, 
the patient passes gas less than 13 times per day (the normal mean). Thus, 
there is a good deal of misunderstanding with regard to how frequently normal 
individuals pass gas. Obviously, such patients only require assurance. 

Patients who are passing excessive gas almost always have high concen
trations of the bacterial gases Hz and COz in flatus. Such excessive production 
reflects some combination of malabsorption of abnormal quantities of carbo
hydrates and/or a bacterial flora that is particularly adept at producing gas dur
ing fermentation reactions. Flatulent patients who are lactase-deficient invari
ably benefit from lactose restriction. Many are not cured, however. On occasion, 
non-lactase-deficient patients also seemingly benefit from lactose restriction. 

Although not intensively studied, our preliminary investigations suggested 
that the fecal flora of flatulent subjects produces more gas from a given quantity 
of carbohydrate than do feces of control subjects. A carbohydrate-free diet usu
ally results in a marked reduction in flatus volume in such patients, but it is 
usually impossible to pinpoint the carbohydrates that are causing the problem. 
A low-carbohydrate diet is not very appealing and most subjects prefer their 
flatulence. Antibiotics usually are of little benefit in flatulent subjects and on 
some occasions aggravate the problem. This result apparently reflects the abil
ity of antibiotics to reduce the gas-c~msuming flora thereby increasing the vol
ume or malodorous quality of flatus. An extensive gastrointestinal evaluation 
seldom, if ever, turns up a disease that could account for flatulence. 
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Immunology of 
Inflammatory Bowel Disease 

Fergus Shanahan and Stephan T argan 

1. INTRODUCTION 

17 

Crohn's disease and ulcerative colitis are chronic inflammatory diseases of the 
intestine, the causes of which are not known. Although genetic factors, bio
chemical abnormalities, and infectious or other exogenous agents might con
tribute to the etiopathogenesis or trigger the onset of disease, the immune sys
tem probably mediates the tissue damage. 1-3 The role of the immune system in 
the pathogenesis of inflammatory bowel disease was first suspected on clinical 
grounds. These included an association with other putative immunologically 
mediated disorders, a responsiveness to immunosuppressive agents and the fail
ure to consistently detect an infectious culprit. Subsequent investigations re
vealed multiple and varied immunological alterations that have been difficult to 
interpret or to fit to a coherent concept of the pathogenetic sequence. A major 
problem has been the difficulty in distinguishing primary immunological abnor
malities from those that are secondary to the disease process itself. In addition, 
research progress has been impeded by the absence of a suitable animal model 
of inflammatory bowel disease; most of the available models exhibit an acute 
mucosal inflammation and do not mimic the chronic relapsing condition in hu-
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mans. 4 However, several advances have been made, and the purpose of this 
chapter is to review current theories and experimental approaches to the im
munopathology of these disorders. Recent developments will be emphasized; 
other sources provide comprehensive accounts of earlier work. 5- 11 

2. POSSIBLE TRIGGERS AND POTENTIAL 
IMMUNOPATHOGENETIC SEQUENCES 

A working model of possible sequences of events in the pathogenesis of 
inflammatory bowel disease may be formulated based on available information 
and on studies of other putative immune-mediated disorders such as chronic 
active hepatitis or insulin-dependent diabetes. A schematic overview of the ele
ments that might predispose to and trigger immune-mediated intestinal injury 
in inflammatory bowel disease is shown in Fig. 1. It is implicit in this overview 
that Crohn's disease and ulcerative colitis, in addition to being individually 
distinct, might each be heterogeneous disorders in which there are different 
underlying immune defects and possibly distinct trigger factors. The clinical 
expression of diseases may be similar because of common final pathways of 
tissue injury and because any tissue has a limited repertoire of responses to a 
given insult. 

Two main pathways of immune-mediated mucosal injury have been 

+ 
MUCOSAL 

IMMUNE SYSTEM (dlre:cr .vtolmmun. Injury) • 

EXTERNAL AGENT 

MICROBE 
DRUG 
TOXIN 

! 
'TARGET' 

CELL 

• L-- GENETIC PREDISPOSITION --1 

Figure 1. Summary of elements that might predispose to and trigger the onset of inflammatory 
bowel disease. Tissue damage might be due to a direct attack by the mucosal immune system on 
a specific target such as the surface or glandular epithelial cell, or might be a nonspecific outcome 
of disordered mucosal immune regulation with uncontrolled overreactivity to environmental anti
gens. Genetic predisposing factors and exogenous triggers might op,~rate at the level of the "tar
get" cell or at the level of the mucosal immune system. 
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hypothesized 1.3 (Figs. 2 and 3). First, there might be an immune assault di
rected against a specific intestinal target cell such as the epithelial cell. This 
could develop because the target cell is altered in some way, perhaps by an 
environmental trigger agent (drug, toxin, virus, or other microbial factor), and 
this stimulates an immune response that mediates the tissue damage. Chronicity 
occurs because the response of the immune system is inappropriate or fails to 
clear the inciting agent. Alternatively, in another subset of patients, the defect 
may lie at the level of the immune system in which a breakdown of immune 
regulation occurs and there is an autoimmune attack on otherwise normal target 
cells. Second, immune-mediated tissue injury may not be directed against a 
specific target cell; rather, the tissue damage might be a nonspecific bystander 
effect of uncontrolled or inappropriate reactivity to multiple dietary or intestinal 
bacterial antigens due to a primary disorder of mucosal immunoregulation. 

3. AUTOIMMUNITY IN INFLAMMATORY BOWEL DISEASE 

Unlike organ-specific autoimmune diseases such as pernicious anemia, au
toimmune chronic active hepatitis, or thyroiditis, a specific cellular target for 
the immune reaction has not been identified conclusively in either ulcerative 
colitis or Crohn's disease. Histological studies of "early lesions" have not 
been conclusive and are difficult to interpret. 12-14 Despite this, several investi-

Figure 2. Mucosal immune effector mechanisms that have been proposed as possible mediators 
of a direct specific attack against the putative target cell in inflammatory bowel disease. These 
might be generated either in response to an alteration in the target cell, perhaps triggered by an 
external agent. or might arise from a breakdown in mucosal immune tolerance to normal host 
epithelial cells. 
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Figure 3. Tissue damage as a nonspecific indirect or "innocent bystander" attack. A disorder of 
mucosal immune regulation leads to uncontrolled overreactivity to a variety of exogenous antigens. 
The increased proliferation of lymphocytes with release of cytokines results in recruitment of ad
ditional inflammatory cells and auxiliary effector cells such as neutrophils. The release of inflam
matory mediators such as prostaglandins (PG) and leukotrienes (LTB4) into the mucosa amplifies 
the inflammatory response and leads to local tissue damage. 

gators have considered the surface or glandular epithelial cells to be the most 
likely targets of immune-mediated injury in these diseases. This is based to a 
large extent on evidence for antibody and lymphocyte reactivity to epithelial 
cells. 15- 17 

Circulating antibodies to colonic epithelial cells were reported in patients 
with ulcerative colitis and Crohn's disease over 25 years ago. 18,19 These anti
bodies also reacted with extracts of certain strains of E. coli; this led to the 
speculation that inflammatory bowel disease might result from an autoimmune 
cross-reaction with shared antigens on intestinal epithelium and intestinal bac
teria. Later, the significance of such antibodies was questioned because they 
could not be correlated with disease activity, extent, or duration, and were 
found in other diseases and in low titer in normal subjects. 1,15- 17 In addition, 
they were not pathogenic for colon epithelial cells in vitro20 or in an animal 
model of colitis. 21 

However, autoantibodies are heterogeneous and the possibility that certain 
antiepithelial antibodies might mediate antibody-dependent cellular cytotoxicity 
has been raised by several studies. Serum antibodies participating in antibody
dependent cellular cytotoxicity against human colon carcinoma cells22 and rat 
colonic epithelial cells23 have been reported in ulcerative colitis. In one study, 
serum antibody-dependent cellular cytotoxicity against a human colon carci
noma cell line was correlated with disease activity. 24 In addition to circulating 
antibodies, a colonic tissue-bound IgG antibody has been identified in patients 
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with ulcerative colitis but not Crohn's disease. 25 ,26 The antigen recognized by 
this antibody has been isolated and partially characterized, although its function 
is not known. 27 It occurs on normal colonic epithelium but is apparently absent 
from the small bowel. Evidence using monoclonal antibodies has confirmed the 
organ specificity and suggests that the same or a cross-reactive antigen may 
also be present in the skin and biliary tract. 28.29 Whether this distribution might 
explain some of the extraintestinal disorders associated with ulcerative colitis 
is an intriguing possibility. 

Lymphocyte-mediated cytotoxicity against epithelial cells has been re
ported in both ulcerative colitis and Crohn's disease by several investiga
tors.30-40 This phenomenon occurs with peripheral blood lymphocytes and 
intestinal mononuclear cells. The mechanism is thought to be a form of anti
body-dependent cellular cytotoxicity in which lymphocytes are armed with an 
antiepithelial antibody. 32-37,40 However, the cytotoxic reaction occurs only with 
colonic and not with small-bowel epithelial cells-even in patients with Crohn's 
disease limited to the small intestine. Therefore, it cannot explain all of the 
lesions of Crohn's disease. In addition, some potential technical limitations of 
these experiments may complicate their interpretation.3 Chief among these is 
the lability and unreliability of freshly isolated colonic epithelial cells as targets 
in cytotoxicity assays. This is likely to be a particular problem when epithelial 
cells are isolated from inflamed tissue such as in inflammatory bowel disease, 
and therefore comparisons with noninflamed tissues may be inherently biased. 

Another approach to the study of epithelial autosensitization has been the 
use of erythrocytes coated with epithelial antigens as targets instead of intact 
epithelial cells. 41,42 Soluble epithelial cell antigen complexes isolated from rat 
and murine colon and intestine have been shown to induce an organ-specific 
inflammation when injected with adjuvant.43 When such antigens were bound 
to chicken erythrocytes as indicator cells, peripheral blood41 and colonic lamina 
propria lymphocytes42 from patients with both Crohn's disease and ulcerative 
colitis, but not from controls, were found to be cytotoxic to the indicator cells. 
The cytotoxic reaction was specific for gut-associated epithelial antigens be
cause erythrocytes labeled with kidney epithelial antigens were resistant to lysis. 
Although the mechanism of lysis was antibody-dependent cellular cytotoxicity 
when peripheral blood lymphocytes were the effector cells,41 direct T-cell cy
totoxicity appeared to be involved when intestinal lamina propria lymphocytes 
were tested. 42 The significance of these findings is uncertain because of the low 
levels of lysis observed and because classical cytotoxic T-cell killing requires 
that the target antigen be presented to the effector cell in association with self
antigens of the major histocompatibility complex44,45; reactions against epithe
lial antigens on the surface of chicken erythrocytes cannot be major histocom
patibility complex restricted. 
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In summary, several different studies have provided evidence for autoim
mune reactivity against intestinal epithelial cells in inflammatory bowel disease. 
However, the autoreactivity may not be a primary pathogenic event and might 
simply be an intriguing epiphenomenon secondary to tissue damage. This cou
pled with the lack of any histological evidence for a specific target of immune
mediated tissue injury led some investigators to examine the possibility that 
tissue damage occurs nonspecifically as a result of an abnormality of mucosal 
immune regulation. 

4. IMMUNOREGULATION IN INFLAMMATORY BOWEL DISEASE 

Because an inciting antigen or target for the immune response in inflam
matory bowel disease has not been determined, evaluations of the immune sys
tem have necessarily been limited to nonspecific variables of immune compe
tence. No primary deficiency of systemic or mucosal immunity has been identified 
in either Crohn's disease or ulcerative colitis. However, numerous immunolog
ical alterations in these patients have been reported and are detailed else
where. 1.5-10 Some of the diverse immunological disturbances which have been 
observed might reflect an underlying defect in immunoregulation; others are 
probably secondary to the debilitating effects of the chronic inflammatory pro
cess or reflect an appropriate response to the antigenic load associated with 
increased gut permeability in these disorders. Additional variables that compli
cate the assessment of immune regulation in patients with inflammatory bowel 
diseases include nutritional status46 and the influence of treatments such as 
antibiotics47 and sulfasalazine or steroids (Section 6) on the immune system. 
The possible heterogeneity of both Crohn's disease and ulcerative colitis might 
also account for inconsistencies between different patients and different studies. 

Regulation of the immune system ocCurs on several levels. One that is 
amenable for study and has received much attention in inflammatory bowel 
disease is the influence of suppressor T cells. Unfortunately, reports on sup
pressor cell activity both in the peripheral blood48- 52 and within the intestinal 
mucosa53 .54 have been contradictory. Some of the discrepancy is probably due 
to the heterogeneity of suppressor cells55 .56; the various assays used have ex
amined different types of suppressor cells. Non-antigen-specific suppressor cell 
function appears to be particularly sensitive to the effects of disease activity. 
In an important study of patients with Crohn's disease, with several assay sys
tems for peripheral blood suppressor cells, defects were found only in patients 
with active disease. 56 When patients were in remission, no suppressor cell ab
normality was found. 

Using a different indicator system, one group of investigators has de-
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scribed a "covert" suppressor cell disorder in Crohn's disease. 52 This suppres
sor activity was unmasked (covert) when peripheral blood lymphocytes were 
fractionated into T- and B-cell subsets in vitro, and was associated with a nu
merically small subset of cells having the CD8+, Leu 7+ phenotype. 57 In 
some patients the suppressor activity appeared to become clinically overt lead
ing to hypogammaglobulinemia. 58 Because patients with ulcerative colitis and 
other disease-control subjects were not included in these studies, the specificity 
of the finding is not known. The suppressor activity does not occur in all pa
tients with Crohn's disease and is not present at the mucosalleveI59,60; it prob
ably represents an expansion of a normal regulatory mechanism in response to 
mucosal inflammation. 

Immune regulation also operates on the afferent limb of the immune re
sponse, even at the level of antigen presentation. There is now clear evidence 
that the columnar epithelial cells in the normal intestine are capable of present
ing antigens to the cells of the mucosal immune system.61 ,62 It has been known 
for several years that epithelial cells express Ia or class II major histocompati
bility complex antigens63 ; this expression is increased in the presence of 
inflammation64,65 and may even be modulated by intraepitheliallymphocytes. 66 

The significance of this is not yet clear but does suggest the possibility that 
abnormal antigen processing or enhanced antigen presentation by the epithe
lium in inflammatory bowel disease might lead to exaggerated tissue-damaging 
immune responses to a variety of antigens that would normally be excluded or 
ignored. Whether gut epithelial cells provide other signals such as interleukins, 
which act on the mucosal immune system, is not clear but seems likely. Re
cently, allogeneic mixed lymphocyte cultures with Ia + gut epithelial cells from 
control subjects but not from patients with Crohn's disease or ulcerative colitis 
have been shown to lead to the selective induction of non-antigen-specific sup
pressor T cells. 67 This defect in induction of suppressor T cells by epithelial 
cells in inflammatory bowel disease, if confirmed, might be responsible for the 
initiation or perpetuation of an inflammatory response to perhaps a myriad of 
luminal antigens. 

5. MUCOSAL EFFECTOR CELL FUNCTION 
IN INFLAMMATORY BOWEL DISEASE 

Our understanding of the mucosal immune system has advanced in recent 
years. The cellular and humoral components of the local mucosal immune sys
tem are uniquely adapted for host defense at the interface with the environ
ment. 68,69 They are largely independent of the systemic immune response and 
are functionally and phenotypically distinct from their counterparts within the 
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systemic immune system. This implies that studies of peripheral blood do not 
necessarily reflect events at the intestinal mucosa. In addition, animal studies 
of mucosal immunity cannot reliably be extrapolated to the human. 69 There
fore, a precise delineation of the effector cell populations within the human 
intestinal mucosa in control subjects and patients with inflammatory bowel dis
ease is important. 

The lesions of Crohn's disease and ulcerative colitis contain a two- to 
fourfold increase in inflammatory cells. The infiltrate consists of an expanded 
T-cell population and, to a slightly greater extent, the B-cell population, with 
a variable increase in auxiliary effector cells such as neutrophils, mast cells, 
and macrophages. Subclassification of the T-cell popUlation into distinct regu
latory subsets such as helpers and suppressors has not shown any deviation 
from the normal proportions. 70.71 Studies of mucosal cytotoxic effector cells in 
inflammatory bowel disease have been limited by the lack of an appropriate 
target cell such as viable autologous epithelial cells. 69.72 In contrast, examina
tion of the B-cell population shows marked differences from the normal mucosa 
and differences between Crohn's disease and ulcerative colitis. 73 .74 

5.1. 8-Cell Function 

Immunohistological studies of the intestinal lesions in both Crohn's dis
ease and ulcerative colitis show that the increased population of mucosal B 
cells, including plasma cells, is associated with a proportionately greater in
crease in the numbers of IgG- and, to a lesser extent, IgM-bearing and secret
ing cells. Up to a 30-fold increase in IgG-bearing cells, in addition to increased 
IgA (twofold) and IgM (five- to sixfold) cells, has been observed in both dis
eases. 75-78 Further immunohistological analysis of B-cell subsets, based on the 
subclass of surface IgG, indicates differences between ulcerative colitis and 
Crohn's disease. 73 The proportion of IgG1-producing cells is significantly higher 
in ulcerative colitis than in Crohn's colitis, whereas the proportion of IgGz-
producing cells is significantly higher in Crohn's colitis than in ulcerative col
itis. 

The alteration in the profile of IgG subclass-bearing cells has been con
firmed by studies of spontaneous immunoglobulin secretion by intestinal cells 
isolated from patients with inflammatory bowel disease. 74,79,80 Whether these 
changes reflect an underlying disorder of immune regulation or are an appro
priate response to the tissue injury and breakdown in mucosal integrity is not 
known. Whatever the mechanism, the relative increase in IgG secretion might 
contribute to the perpetuation of tissue injury because of its potential for com
plement activation, opsonization, and antibody-dependent cellular cytotoxic
ity.74,81 The different patterns of IgG subclass secretion in Crohn's disease and 
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ulcerative colitis might reflect immune response to different classes of antigens. 
For example, IgG, and IgG3 are the predominant subclasses produced in re
sponse to protein and T-cell-dependent antigens, whereas IgG2 is the predomi
nant subclass response to carbohydrate antigens. 74.81 Studies of IgA production 
and secretion in inflammatory bowel disease have shown that the transepithelial 
transport process for IgA is normal. 82,83 Total IgA secretion by isolated intes
tinal cells from patients with both diseases is slightly reduced compared to 
control intestinal cells, and there is an increase in the proportion of monomeric 
IgA and IgAI subclass secretion. 84 This shift in IgA subclass is probably due 
to the influx of peripheral blood B cell into the inflamed mucosa. 

5.2. Cytotoxic Lymphocytes 

As discussed earlier, lymphocyte-mediated cytotoxicity against epithelial 
cells has been proposed as a possible mechanism of tissue injury in inflamma
tory bowel disease. Antibody-dependent cellular cytotoxicity (or K-cell killing) 
has been highlighted by several studies. 37,40,41 However, whether isolated in
testinal mononuclear cells can mediate antibody-dependent cellular cytotoxicity 
has been controversial. 85-89 Differences in results might be technical and re
lated to the influence of the enzymatic isolation procedure on lymphocyte90--92 

and Fc receptor function. 93 We have been able to consistently find significant 
antibody-dependent cellular cytotoxicity activity against tumor cell targets us
ing freshly isolated mucosal cell preparations, but this appears to be macro
phage- and not lymphocyte-mediated (F. Shanahan and S. Targan, unpublished 
observations). This is consistent with the finding that lymphocytes bearing the 
CD16 antigen (a marker of Fc receptors for IgG) are absent from the human 
colon. 94,95 

Natural killer (NK) cells are thought to have a role in surveillance against 
certain tumor and virally infected cells and also appear to have immunoregu
latory effects. Natural killer cell function has been reported to be decreased in 
the peripheral blood of patients with Crohn's disease9&-98 and ulcerative coli
tis.98 This is probably secondary to the inflammatory process; it is known that 
plasma from the mesenteric vein of patients with intestinal inflammation is 
inhibitory to NK cells. 99 Studies of mucosal NK cells in patients with inflam
matory bowel and other intestinal diseases are difficult to interpret because of 
their low numbers and low levels of activity in unfractionated cell preparations 
from normal or inflamed intestines.88 ,89,91,94,95,99-102 Direct NK cytolytic effects 
are therefore not thought to be important in intestinal disease. 72 However, dis
missal of NK cells on a numerical basis may be inappropriate because the 
number of cells required for effective tumor and viral infection surveillance and 
immunoregulation in vivo is not known. 104 
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Lymphokine-activated killer cells are induced when human mucosal lym
phocytes and peripheral blood lymphocytes are cultured in the presence of in
terleukin-2 (lL_2).94,95,105 These cells have lytic activity against both NK-sen
sitive and NK-resistant target cells, and are currently being intensively investigated 
as a form of treatment for metastatic cancer, including colorectal cancer. 106 
Unlike the peripheral blood, where the majority of Iymphokine-activated killer 
cells are generated from NK cells bearing the CD16 surface marker,107.108 the 
precursors of the mucosal Iymphokine-activated killer phenomenon are 
CD 16- .94.95 In inflammatory bowel disease, the generation of mucosal Iym
phokine-activated killer cell activity in vitro in response to exogenous IL-2 is 
normal. 94 However, the production of IL-2 by mucosal mononuclear cells from 
these patients is significantly diminished under certain conditions in vitro. 109 
Although the role of Iymphokine-activated killer as a defense mechanism in 
vivo is not known, it is possible that defective generation of mucosallymphok
ine-activated killer cells due to reduced production of IL-2 locally might con
tribute to the increased frequency of intestinal cancer in patients with long
standing inflammatory bowel disease. 

In contrast to antibody-dependent cellular cytotoxicity, NK and Iympho
kine-activated killer, little is known of cytotoxic T-Iymphocyte function in either 
the normal human mucosa or in inflammatory bowel disease. Mitogen-induced 
cellular cytotoxicity in culture has been used as a measure of T-cell 
cytotoxicity88,IOO.11O and has reported to be decreased in the mucosa and blood 
of patients with inflammatory bowel disease. liD However, the nonspecific cy
totoxicity induced by mitogens is probably distinct from that of specifically in 
vivo-activated cytotoxic T lymphocytes. In addition, this technique does not 
permit a precise distinction between killing due to T cells and that due to cul
ture-activated or Iymphokine-activated killer cells. 95 ,111 In inflammatory bowel 
disease, it is possible that a subset of in vivo-activated cytotoxic T lymphocytes 
(possibly reactive to self antigens) might coexist with depressed (probably sec
ondary to the disease) nonspecific T-cytolytic function. 

Even though the antigens responsible for the immune reactivity in inflam
matory bowel disease are not known, it may still be possible to indirectly ex
amine cytotoxic T cells that are reactive to them. The human T-cell antigen 
receptor consists of two functional components: one responsible for antigen 
recognition and the other (CD3) responsible for signal transduction. 45, JJ2 If a 
cytotoxic T cell has already been primed by antigen in vivo, subsequent stim
ulation in vitro with monoclonal antibodies to the CD3 component of its recep
tor will trigger the cytolytic activity of the cell. This technique might therefore 
be a useful indirect method for measuring and identifying in vivo-primed cyto
toxic T lymphocytes when the antigen to which they are reacting is not known. 1 J3 

The lytic function of freshly isolated cytotoxic T lymphocytes from nonin
flamed intestinal mucosa has recently been demonstrated using this method. 114 
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In inflammatory bowel disease, anti-CD3-triggered peripheral blood cytotoxic 
T lymphocytes have been shown to have significantly greater activity than those 
of normal subjects. lIS Whether the function or numbers of such cells is altered 
in the inflamed mucosa is not yet clear. 

5.3. Macrophag~s, Mast Cells, and Polymorphonuclear Leukocytes 

An increase in intestinal macrophages is seen in inflammatory bowel dis
ease, particularly in Crohn's disease. 116-118 This is not surprising because the 
pathological hallmark of Crohn's disease is granuloma formation where mac
rophage/epithelioid cells are the most prominent cell type. Indeed, it has even 
been postulated that a basic defect in macrophage function might explain the 
clinicopathological differences between Crohn's disease and ulcerative coli
tiS.120 However, no major monocyte-macrophage defect has been found in either 
condition. Although there is evidence from several studies for macrophage ac
tivation in inflammatory bowel disease, 117 this is probably a nonspecific re
sponse to the intestinal inflammatory process. 

Increased intestinal mast cell numbers in both Crohn's disease and ulcer
ative colitis have been reported by several investigators. 121-124 This led to the 
notion that the antiallergic agent cromolyn sodium might have a therapeutic 
benefit. 125 Subsequent clinical trials, however, failed to confirm any therapeutic 
benefit. Experimental studies with isolated cells have indicated that intestinal 
mucosal mast cells differ from mast cells at other sites in being unresponsive 
to this agent. 69,126,127 There is additional extensive evidence for the heteroge
neity of mast cells. It is now clear that mast cells within the mucosa are mor
phologically, biochemically, and functionally distinct from connective tissue 
mast cells at nonmucosal sites and in the deeper layers of the intestinal wall. 69. 127 

Whether one or both types of mast cell subpopulation undergoes hyperplasia in 
inflammatory bowel disease is not known. 

Neutrophils are prominent components of active lesions in both ulcerative 
colitis and Crohn's disease. They provide a major contribution to the tissue 
damage and amplify the inflammatory response once it has been initiated. Tracer 
studies using radiolabeled white cells have demonstrated the passage of neutro
phils and monocytes out of the circulation into active lesions where some of 
them are destroyed in the inflammatory process and others continue to migrate 
into the crypt and then the intestinal lumen. 128,129 The chemotactic stimuli di
recting the neutrophil to the active lesions are probably multiple, including 
lymphocyte-derived factors. Recent studies have indicated the importance of 
arachidonate metabolites, particularly the leukotrienes, as mediators of the in
flammatory response in inflammatory bowel disease. 130-132 Leukotriene B4 (LTB4) 
is responsible for most of the chemotactic activity in the inflamed gut mucosal 33 

and neutrophils themselves appear to be the major source of the LTB4. This is 
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therefore an important mechanism for the amplification of inflammation and is 
a primary target for the action of many of the drugs used today in the treatment 
of inflammatory bowel disease. 

6. IMMUNOPHARMACOLOGY OF 
INFLAMMATORY BOWEL DISEASE 

Theories of the immunopathogenesis of inflammatory bowel disease have 
important implications for the design of new approaches and treatments. Dif
ferences between the mucosal and systemic immune systems suggest that it 
might be possible to design drugs for selective modulation of mucosal immu
nity. The notion of immune-mediated tissue injury in inflammatory bowel dis
ease also suggests that the mechanism of action of drugs that are currently used 
and of proven efficacy in these diseases might exert their mechanisms of action 
on the cellular components or secretory products of the immune system. 

The drugs used to inhibit the inflammatory response in ulcerative colitis 
and Crohn's disease include sulfasalazine, corticosteroids, and 6-mercaptopu
rine. These agents appear to have mUltiple mechanisms of action on different 
components of the inflammatory response. Sulfasalazine inhibits both the cy
clooxygenase and the lipoxygenase pathways of arachidonate metabolism and 
therefore reduces levels of prostaglandins and leukotrienes in the inflamed tis
sue. 2•134 Additional effects of sulfasalazine that are independent of arachidonate 
metabolism include the inhibition of binding of the bacterial chemotactic pep
tide f-Met-Leu-Phe to its receptor on neutrophils,134 inhibition of neutrophil 
chemotaxis,135 inhibition of lymphocyte-mediated cytotoxicity, 136 and a block
ing effect on the binding of killer lymphocyte factor(s) to their target cell. 137 A 
possible effect on humoral immunity is suggested by reports of sulfasalazine
induced deficiencies of IgA and IgG2 subclasses. 138 

Corticosteroids are nonspecific inhibitors of several components of the im
mune response. Of probable significance in inflammatory bowel disease is their 
inhibitory effect on leukotriene and prostaglandin production within the intes
tinal mucosa; corticosteroids promote the synthesis of lipomodulin, which in 
tum blocks the release of arachidonic acid from phospholipids by inhibiting 
phospholipase A2.2 

The use of the purine analog azathioprine and its active metabolite 6-
mercaptopurine in inflammatory bowel disease has been controversial. 139 How
ever, there is now a reasonable body of evidence to support its use in selected 
patients.139-141 The primary action of these drugs is probably the inhibition of 
nucleic acid metabolism, and this alters the proliferation and clonal expansion 
of immunocytes that follows antigen stimulation. Unlike sulfasalazine and cor
ticosteroids, 6-mercaptopurine does not appear to have a major direct action on 
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acute inflammatory cells such as neutrophils or their soluble mediators. There
fore 6-mercaptopurine is not useful for acute situations but rather its therapeutic 
benefit only becomes evident after an average period of 3 months of therapy. 141 
A number of studies have emphasized the inhibitory effect of these agents on 
the cytolytic and immunoregulatory activities of NK cells.142-144 Inhibition of 
T-cell cytotoxicity has also been reported. 145 Some of these drug-induced alter
ations in immune function might provide clues to the immunopathogenesis or 
can be used to monitor drug therapy and predict those patients who are likely 
to have a therapeutic response. 

7. FUTURE DIRECTIONS 

Future advances in the immunopathogenesis of inflammatory bowel dis
ease will require a better understanding of the regulation of the normal human 
mucosal immune system. This should include investigations of interactions be
tween the mucosal immune system and the local neuroendocrine system, and 
also the other components of the intestinal mucosa, including the epithelium. 146 
The role of the epithelial cell both as a possible target of the immune response 
and, by its antigen-presenting and processing functions, as a participant in the 
immune response should be clarified with the development of better methods 
for the analysis of these cells in culture. 

The possibility that Crohn's disease and ulcerative colitis might each be 
heterogeneous disorders should be considered in the design and monitoring of 
future immunomodulatory drugs. Finally, an animal model of both ulcerative 
colitis and Crohn's disease would greatly facilitate studies of the immunopath
ogene sis and immunotherapy of these diseases. The colitis that occurs in the 
cotton top tamarin (Sanguinus oedipus) might provide important clues with re
spect to ulcerative colitis 147 whereas chlamydial infections in primates have 
already been used by some investigators to mimic the granulomatous inflam
mation of Crohn's disease. 148 
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Abetalipoproteinemia, fatty liver, 10 
ABH antigens, co10rectal cancer, 200-201 
Absorption of drugs, 130-133 

achlorhydria and, 141-142 
colon and, 131 
drug properties and, 132 
food and, 131, 147-148 
intestinal disease, 142-143 
lipid solubility and, 132 
liver disease, 143-145 
motility disorders, 141 
small intestine and, 131 
stomach disease, 141-142 

Aging, effect on pharmacokinetics, 148-151 
AIDS: see Sexually transmitted intestinal dis

eases, HIV infection and 
Albumin 

and bile acids, 45 
hypoalbuminemia, 71 

Alcoholism, fatty liver 
alcoholic fatty liver, 7-8 
alcoholic foamy fat degeneration, 19 

Aldactazide, ascites, 77 
Amiloride, ascites, 77, 78 
Amino acids 

aromatic, 92-93 
branched chain, 92, 101 
transport of, 217, 218 

Ammonia 
and brain function, 90-91 
and hepatic encephalopathy, 91-92 
homeostatic mechanisms, 90 

Anorectal disorders, 264 
irritable bowel syndrome, 257, 264 
loperamide in, 264 
sexually transmitted 

Chlamydia trachomatis, 273-274 
condylomata acuminata, 274 
herpes simplex virus, 273 
Neisseria gonorrhoeae, 272-273 
symptoms, 272 
Treponema pallidum, 274 

Antibiotics, absorption of, 148 
Antipyrine, indicators of hepatic function, 

138 
Arginine vasopressin, and ascites, 74-75 
Aromatic amino acids 

and brain function, 92-93 
and hepatic encephalopathy, 93 
homeostatic mechanisms, 92 

Ascites 
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and cirrhosis, 69 
complications 

hepatorenal syndrome, 69, 81-82 
spontaneous bacterial peritonitis, 69, 79, 

80-81 
death related to, 69 
health deterioration in, 69 
management of 

diuretics, 77, 78 
medically responsive ascites, 77 
mild ascites, 77 
moderate ascites, 78 
paracentesis, 79 
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Ascites (cont.) 

management of (cont.) 

peritoneovenous shunting, 72-73, 79-80 
resistant ascites, 78 

pathogenesis 
arginine vasopressin, 74-75 
atrionatriuretic peptides, 76 
catecholamines, 73-74 
glomerular filtration rate, 71-72 
portal hypertension, 70-71 
renal sympathetic nerve activity, 73 
renin-angiotensin-aldosterone system, 

72-73 
urinary prostaglandins, 75 

Atrionatriuretic peptides, and ascites, 76 
Azathioprine, inflammatory bowel disease, 302 

Behavioral symptoms, hepatic encephalopathy, 
97 

Benzodiazepine antagonists, hepatic encepha
lopathy, 102 

Bile acid-induced cholestasis 
clinical importance of, 51-52 
high bile acid concentration, 55-59 

biliary phospholipids and, 56-58 
sulfation and, 58 

lithocholic acid (LCA)-induced cholestasis, 
52-55 

LCA-sulfates, 54-55 
mechanisms of, 53-54 
prevention of, 53, 55 

Bile acids 
albumin and, 45 
bile acid flow, 42-43 

bicarbonate transport system, 48-49 
bile acid-dependent flow (BADF), 43 
bile acid-independent flow (BAIF), 43, 

44,48,49 
biliary tree permeability and, 49 
cytoskeletal proteins in, 49 
Na + ,K + -ATPase activity and, 48 
paracellular pathway in, 49-50 

binding of, 46-47 
cellular transport, 46-47 
hepatocyte uptake, 44-45 
lobular uptake, 43-44 
osmotic activity, 42 
portal bile ductular channels and, 50-51 
reabsorption, 42, 50-51 
secretion, 42 

biliary phospholipids, 47, 56-58 

Bile acids (cont.) 

secretion (cont.) 

canalicular secretion, 47-48 

carrier transport, 47 
cholehepatic pathway and, 51 
fluid phase endocytosis and, 50 
purpose of, 42 
types of, 44, 46,51-52 

INDEX 

Bile formation, normal bile, components, 41 
Biliary tree, following proximal gastric vagot

omy, 186 
Bioavailability of drugs: see Pharmacokinetics 

in gastroenterology 
Biopsy 

celiac disease, 237 
fatty liver, 4 

Brain function 
ammonia and, 90-91 
aromatic amino acids and, 9-93 
necessary elements in, 89 

Branched chain amino acids, hepatic encepha
lopathy, 101 

Breastfeeding, and celiac disease, 231 

Calcium, role of, gastrointestinal motility, 
256-257 

Campylobacter, 275 
Carbohydrates 

carbohydrate antigens, 200 
carbohydrate changes, 199 
colorectal cancer and, carbohydrate-contain

ing marker, 198-199 
Carcinoembryonic antigen, colorectal cancer, 

markers for, 198 
Catecholamines, and ascites, 73-74 
Celiac disease 

complications 
malignancy, 238-239 
ulcerative ileojejunitis, 239 
unclassified sprue, 239 

diagnosis, 236-237 
noninvasive screening, 237-238 
small intestinal biopsy, 237 

diseases associated with, 236, 238 
environmental influences, 231-232 

adenovirus related findings, 231-232 
breastfeeding, 231 

epidemiology, 229-230 
genetic influences 

families/twin studies, 231, 235 
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Celiac disease (cont.) 
genetic influences (cont.) 

Om markers, 231 
HLAfnon-HLA markers, 230-231 

grain protein activation of, 227-229 
activatinglnonactivating cereals, 228, 240 
gliadin fractions and, 228-229 

immunity 
antigliadin antibody, 233 
cell-mediated immunity, 233-234 
humoral immunity, 232-233 

pathogenesis, 234-235 
pathology, 235-236 

intestinal mucosa in, 235 
transient gluten intolerance, 238 
treatment, 239-241 

and failure to respond, 241 
gluten-free diet, 239 
low-gluten diet, 240 
vitamin supplementation, 240 

Chlamydia trachomatis, 273-274 
Choleretic potential, 58 
Cholestasis, see also Bile acid-induced chole

stasis 
defined, 41 
mechanisms of, 51 

Cimetidine, drug interactions, 147 
Cirrhosis, see also Ascites 

complications of, 69, 80-82 
and fatty liver, 3, 7, 8, 9, 12, 13 

Cisapride, and gastrointestinal motility, 179 
Clearance technique, indicators of hepatic 

function, 138-139 
Codeine phosphate, diarrhea, 259 
Colon, diarrhea as colonic salvage failure, 

262-263 
Colorectal cancer 

blood group antigen changes 
ABH antigens, 200-201 
gastrointestinal cancer-associated antigen, 

201-202 
LEX and LEY-related antigens, 203-205 
T antigen, 202-203 

carbohydrate antigens, 200 
carbohydrate changes in, 199 
fecal occult blood screening, 198 
high risk subjects, 197 
incidence of, 197 
markers for, 198-199 

carbohydrate-containing molecules, 198-
199 

Colorectal cancer (cont.) 
markers for (cont.) 

carcinoembryonic antigen, 198 
primary prevention, 197 
questions/issues related to, 206 
secondary prevention, 198 
survival rate, 197 
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Condylomata acuminata, 274 
Corticosteroids, inflammatory bowel disease, 

302 
Craniocerebral trauma, fatty liver, 18 
Crohn's disease, and drug absorption, 142-

143; see also Inflammatory bowel dis
eases 

Cryptogenic fatty liver, 21 
CT scan 

fatty liver, 3-4, 16, 20, 21 
islet cell tumors, 120-121 
monoenergetic CT, 3 
spin-echo technique, 3 

Dadron mesocaval shunt, 31 
Delta virus hepatitis, fatty liver, 19 
Devascularization procedures 

extensive devascularization, 35-36 
portal hypertension, 33-36 

esophageal transection, 34 
gastric transection, 34 
transesophageal varix ligation, 33-34 

splenectomy, 34-35 
Sugiura operation, 35 

Diabetes mellitus, fatty liver, 8-9 
Diarrhea 

anorectal disorders, 264 
irritable bowel syndrome, 257, 264 
loperamide in, 264 

antidiarrheal agents 
mechanisms of action, 259 
most effective agents, 261-262 
safe use of, 264, 265 

as colonic salvage failure, 262-263 
definition of, 251 
enteric reflexes, 259-262 

migrating action potential complex, 260-
261 

opiates, effect of, 259, 261-262 
sympathomimetic agents, effect of, 262 
toxic substances and, 259-260 
transepithe1ial potential differences, 261 

excessive fluid ingestion in, 252 



314 

Diarrhea (cont.) 
excessi ve fluid secretion in 

biomedical factors, 253-254 
causes of, 252 
mechanisms of, 252-254 

gastrointestinal motility, 256-259 
calcium, role of, 256-257 
contact time reduction, 257-259 
decreased activity, 257 

glucose/electrolyte solutions, use of, 256 
intestinal absorption, impairment of, 254, 

256 
measure of stool per day and, 251 
ulcerative colitis, 264-265 

Disseminated intravenous coagulation (DIC)
like syndrome, 80 

Diuretics, ascites, 77, 78 
Domperidone, and gastrointestinal motility, 

179 
Dopaminergic drugs 

dopamine, and gastrointestinal motility, 179 
hepatic encephalopathy, 10 I 

Drug interactions, 145-147 
and gastrointestinal absorption, 146-147 
and hepatic metabolism, 147 
mechanisms of, 145 

Drug reactions, fatty liver, 11-12, 18 
Dyspepsia: see Gastrointestinal motility 

Edema, and cirrhosis, 69; see also Ascites 
EEG, diagnosis, hepatic encephalopathy, 98-

99 
Elderly, effect on pharmacokinetics, 148-151 
End-to-side portacaval shunt, 28-29 

as emergency measure, 29 
prophylactic/therapeutic trials, 29 

Entamoeba histolytica. 275-276 
Esophageal transection, 34 
Esophagus 

abnormalities in GVHD, 167-168 
following proximal gastric vagotomy, 186 

Ethacrynic acid, ascites, 78 
Extensive devascularization, 35-36 

False neurotransmitter hypothesis, hepatic en
cephalopathy, 93 

Fatty liver, 1-21 
causes, 1 

Fatty liver (cont.) 
cirrhosis and 3,7,8,9, 12, 13 
defined, I 
diagnosis, I 

biopsy, 4 
CT scan, 3-4, 16, 20, 21 
ultrasound, 2-3 

macrovesicular fat diseases 
abetalipoproteinemia and, 10 
alcohol fatty liver, 7-8 
diabetes mellitus and, 8-9 
drug related, 11-12 
hepatitis and, 13 
histopathology, 4-6 
jejuno-ileal bypass and, 9 
kwashiorkor and, 10 
metabolic liver diseases and, 13 
obesity related, 8, 9 
pancreatic disease and, 13 
parenteral nutrition and, 10 
ulcerative colitis and, 12 
wasting diseases and, 12 
Weber-Christian disease and, 12 
Wilson's disease and, 13 

mechanisms related to, 1-2 
microvesicular fat diseases 

INDEX 

alcoholic foamy fat degeneration, 19 
craniocerebral trauma and, 18 
cryptogenic fatty liver, 21 
delta virus hepatitis and, 19 
focal fatty liver, 19-21 
histopathology, 13-14 
mechanisms related to, 14-15 
pregnancy related, 16 
Reye's syndrome and, 17-18 
sodium valproate toxicity and, 18 
symptoms of, 15 
tetracycline toxicity and, 18 
urea cycle enzyme defects and, 18 

steatohepatitis and, 3-4, 8, 9 
symptoms 6 

Fecal fat excretion, following proximal gastric 
vagotomy, 186 

Fecal occult blood screening, colorectal can
cer, 198 

First-pass metabolism and drugs 
bioavailability, 139-140 
pre systemic metabolism, 133 

Focal fatty liver, 19-21 
Furosemide, ascites, 78 



INDEX 

GABA 
and brain function, 95-96 
and hepatic encephalopathy, 95-97 
homeostatic mechanisms, 94-95 
levels in liver failure, 94 

Gas: see Intestinal gas 
Gastric acid secretion, following proximal gas

tric vagotomy, 184-185 
Gastric transection, 34 
Gastrinomas, islet cell tumors 

omeprazole, 112 
SMS 201-995 treatment, 116-117 

Gastrointestinal cancer-associated antigen, co
lorectal cancer, 201-202 

Gastrointestinal motility 
abnormal emptying, 177-180 

drug treatments, 178-179 
electromechanical devices in, 179-180 
stress in, 180 
study of, 180 

diarrhea, 256-259 
calcium, role of, 256-257 
contact time reduction, 257-259 
decreased activity, 257 

fed pattern, 176-177 
interdigestive motor complex (IDMC), 175-

177 
neural mechanisms, 176 
phases of, 176-177 
and proximal gastric vagotomy, 186 

Genetic factors, celiac disease, 230-23\, 235 
Giardia lamblia, 276 
Glomerular filtration rate, and ascites, 71-72 
Glucagonomas, islet cell tumors, SMS 201-

995 treatment, 115 
Glucose/electrolyte solutions, use of, diarrhea, 

256 
Glucose intolerance, and fatty liver hepatitis, 9 
Glucose transport, 214-215, 216, 218 
Gluten: see Celiac disease 
Glycoproteins and glycolipids, membrane-as

sociated, 198-199 
Graft-versus-host disease (GVHD) 

acute, 159, 163-166 
intestinal GVHD, 163-165 
liver GVHD, 165-166 

chronic, 159, 166-169 
esophageal abnormalities, 167-168 
intestinal changes, 168-169 
liver GVHD, 168 

Graft-versus-host disease (cont.) 

grading system, 163 
mortality rates, 163 
symptoms of, 163 

Grains: see Celiac disease 

315 

GRFomas, islet cell tumors, SMS 201-995 
treatment, 117-118 

Growth hormone releasing factor: see 
GRFomas 

Head-out water immersion, procedure in, 72 
Hepatic encephalopathy 

diagnosis 
clinical features, 97-98 
differential diagnosis, 100 
laboratory tests, 98-99 

disorders similar to, 100 
lack of information about, 89 
pathogenesis 

ammonia hypothesis, 90-92 
false neurotransmitter hypothesis, 92-93 
GAB A hypothesis, 93-97 

precipitating factors, 100 
treatment of, 100-102 

Hepatic steatosis: see Fatty liver 
Hepatitis, 278 

delta virus hepatitis, 19 
fatty liver, 13 

Hepatorenal syndrome, complications of as
cites, 69, 81-82 

Herpes simplex virus, 273 
Hormonal mediation, nutrient transport, 2\8, 

219 
Hydrochlorothiazide, ascites, 77 
Hyperkalemia, 77 
Hyponatremia, 74, 100 

Immunity related disorders: see Celiac disease; 
Inflammatory bowel disease 

Inflammatory bowel disease, immunity and au
toimmunity, 293-296 

mucosal effector cell function, 297-302 
B-cell function, 298-299 
cytotoxic cells, 299-301 
macrophages, 301 
mast cells, 301 
polymorphonuclear leukocytes, 301 

treatment, 302-303 
drugs used, 302-303 

triggers for disease, 292-293 
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Innocent bystander phenomenon, 165, 166 
Inokuchi shunt, 31-32 
Insulinomas, islet cell tumors, SMS 201-995 

treatment, 115-116 
Interdigestive motor complex (lOMC), gas

trointestinal motility, 175-177 
Interposition mesocaval shunt, 30-31 
Intestinal disease, and drug absorption, 142-

143 
Intestinal function, see also Nutrient transport 

absorption studies, 210 
and growth, 219-220 

Intestinal gas 
bicarbonate as liberator, 281 
bloating/distension, 286-287 

causes of, 286 
treatment of, 287 

clinical gas syndrome, 285 
colonic bacteria and, 282-283 
diffusion of, 283 
excessive eructation and, 285-286 
flatus rate, 283 
production/consumption in intestinal tract, 

281-282 
routes of entry, 279-281 

swallowed air, 279-281, 284, 285 
treatment approaches, 287-288 

dietary regulation, 287-288 
types of gases produced, 281, 282, 284, 285 

Intestinal GVHD 
acute, 163-165 
chronic, intestinal manifestations, 168-169 

Iron transport, 216-217 
Islet cell tumors 

classification of, 109-110 
incidence of, 109 
localization of tumor, 120-122 

procedures in, 120-121 
treatment of localized tumors, 122 

metastatic tumor, 122-124 
interferon, 124 
SMS 201-995, 123-124 

peptides released by, 110 
symptom control 

of gastrinomas, Il6-Il7 
of glucagonomas, 115 
ofGRFomas, Il7-Il8 
of insulinomas, 115-116 
omeprazole, IlI-Il2 
receptor-blockers, 110 

Islet cell tumors (cont.) 

symptom control (cont.) 

SMS 201-995,113-119 
of VIPomas, 113-Il4 

Jejuno-ileal bypass, fatty liver, 9 

Kwashiorkor, fatty liver, 10 

Lactitol, hepatic encephalopathy, 101 
Lactulose 

hepatic encephalopathy, 100 
and small intestine transit time, 258 

INDEX 

LEX and LEY-related antigens, colorectal can-
cer, 203-205 

Le Veen shunt, 80 
Lidamidine, and gastrointestinal motility, 179 
Lithocholic acid (LCA)-induced cholestasis: 

see Bile acid-induced cholestasis 
Liver 

acute GVHD, 165-166 
chronic GVHD, 168 
drug clearance, 135-138 

calculation of, 136, 137-138 
determinants of, 136 
extraction ratios, 136, 137, 143-144 
liver disease and, 143-145 

Liver function, drug indicators, 138-139 
antipyrine, 138 
choosing drug for, 138 
clearance technique, 138-139 

Liver transplantation, 82 
Loop diuretic, furosemide, 78 
Loperamide, diarrhea, 259, 264 
Lymphatic congestion, 71 

Macrovesicular fat diseases: see Fatty liver 
Magnesium sulfate, and small intestine transit 

time, 258 
Mannitol, and small intestine transit time, 258 
Markers, of colorectal cancer, 198-199 
Marrow transplants, see also Graft-versus-host 

disease (GVHD) 
histocompatibility, 160 
liver/intestinal diseases, causes of, 162 
marrow reconstitution, 162 
posttransplant immunoprophylaxis, 162 
pretransplant conditioning therapy, 160 

Maximal acid output, following proximal gas
tric vagotomy, 185 
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Mesocaval shunt 
Dadron mesocaval shunt, 31 
interposition mesocaval shunt, 30-31 

Metoclopramide, and gastrointestinal motility, 
179 

Metronidazole, hepatic encephalopathy, 101 
Microvesicular fat diseases: see Fatty liver 
Migrating action potential complex, diarrhea, 

260-261 
Moduret, ascites, 77 
Monoenergetic CT, 3 
Motilin, and gastrointestinal motility, 176, 

178, 179 
Motility disorders, and drug absorption, 141 

Naloxone, and gastrointestinal motility, 179 
Neisseria gonorrhoeae, 272-273 
Neomycin, hepatic encephalopathy, 100 
Neurotransmitters, false neurotransmitter hy-

pothesis, 92-93 
NSAID drugs, 75 
Number connection tests, diagnosis, hepatic 

encephalopathy, 98 
Nutrient transport 

everted sleeve experiments, 211-212 
intestinal brush border transporters 

amino acid transport, 217, 218 
glucose transport, 214-215, 216, 218 
hormonal mediation, 218, 219 
iron transport, 216-217 
nonspecific regulation, 219 
ontogenetic development of, 219-223 
proline transport, 213-214, 218 
regulation of, 213-217 
regulatory signaling, 217-218 
repression of, 215-216, 217 
types of, 212 
vitamin transport, 217 

in pregnancy, 218-219 
in starvation, 219 
transepithelial transport measures, 211 

Omeprazole, symptom control, islet cell tu
mors, 111-112 

Opiates, effects of diarrhea, 259, 261-262 

Pancreas 
following proximal gastric vagotomy, 186 
pancreatic disease, fatty liver, 13 
pancreatitis, chronic, 256 

Paracentesis, ascites, 79 
Parenteral nutrition, fatty liver, 10 
Peptides, and gastrointestinal motility, 179 
Peritoneovenous shunting 

ascites, 72-73, 79-80 
complications, 79-80 
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Peritonitis, spontaneous bacterial peritonitis, 
ascitic fluid, 80-81 

Pharmacokinetics in gastroenterology 
aging, effects of, 148-150 
bioavailability, 139-140 

absolute availability, 140 
defined, 139 
determination of, 140 
first-pass metabolism and, 139-140 
systemic availability, 140 

disease effects 
intestinal disease, 142-143 
liver disease, 143-145 
motility disorders, 142 
stomach disease, 141-142 

dosage, design of, 130 
drug-drug interaction, 145-147 

and gastrointestinal absorption, 146-147 
and hepatic metabolism, 147 
mechanisms of, 145 

empirical approach, 130 
gastrointestinal absorption, 130-133 

determinants of, 131-133 
food and, 131, 147-148 

half-life, 137 
hepatic drug clearance, 135-138 

calculation of, 136, 137-138 
determinants of, 136 

indicators of hepatic function, 138-139 
antipyrine, 138 
choosing drug for, 138 
clearance technique, 138-139 

nature of, 129-130 
presystemic metabolism, 133-135 

first-pass metabolism, 133 
intestinal drug metabolism, 134-135 

processes in 
absorption, 130 
distribution, 130 
elimination, 130 

Polyethylene glycol, and diarrhea, 259 
Polyps 

adenomatous, 201 
hyperplastic, 201 
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Portal hypertension 
and ascites, 70-71 
cirrhosis and, 26 
devascularization procedure, 33-36 

esophageal transection, 34 
extensive devascularization, 33-36 
gastric transection, 34 
Sugiura operation, 35-36 
splenectomy, 34-35 
transesophageal varix ligation, 33-34 

pathophysiology, 25-26 
patient considerations, 26-27 
shunting 

Dadron mesocaval shunt, 31 
end-to-side portacaval shunt, 28-29 
Inokuchi shunt, 31-32 
interposition mesocaval shunt, 30-31 
proximal splenorenal shunt, 30 
side-to-side portasystemic shunts, 30-31 
Warren shunt, 31-33 

surgical decisions 
elective surgery, 37 
emergency surgery, 36 
prophylactic surgery, 36 

treatment considerations, 27-28 
Portasystemic encephalopathy, 69 
Pregnancy, nutrient transport, 218-219 
Proctitis: see Anorectal disorders, sexually 

transmitted 
Proline transport, 213-214, 218 
Propranolol, drug interactions, 147 
Protein-carbohydrate imbalance, fatty liver, 10 
Protozoa, 276 
Proximal gastric vagotomy 

effects of 
biliary tree effects, 186 
esophageal motility, 186 
fecal fat excretion, 186 
gastric motility, 186 
pancreas, 186 
reduced acid secretion, 184-185 
serum gastrin concentration elevation, 185 

indications for, 187-188 
duodenal ulcers, 187, 188 
gastric ulcers, 187-188 
stenosis, 187 

results of 
morbidity, 188 
mortality, 188 
recurrence of ulcers, 189-190 

INDEX 

Proximal gastric vagotomy (cont.) 
surgical technique, importance of, 189 
technical aspects, 184 
terms related to, 186 

Proximal splenorenal shunt, 30 
Pseudoperfusion, 30 

Renal sympathetic nerve activity, and ascites, 
73 

Renin-angiotensin-aldosterone system, and 
ascites, 72-73 

Reye's syndrome, fatty liver, 17-18 

Serum gastrin concentration, following proxi
mal gastric vagotomy, 185-186 

Sexually transmitted intestinal diseases 
anorectal infection 

Chlamydia trachomatis, 273-274 
condylomata acuminata, 274 
herpes simplex virus, 273 
Neisseria gonorrhoeae, 272-273 
symptoms, 272 
Treponema pallidum, 274 

Spirochetosis, 276-277 
Entamoeba histolytica, 275-276 
enteric infection 

giardia lamblia, 276 
symptoms, 276 

hepatitis, 278 
HIV infection and, 271 
proctocolitis 

Campylobacter, 275 
Entamoeba histolytica, 275-276 
protozoa, 276 
Shigella, 275 
symptoms, 274-275 

protozoa, 276 
risk factors, 272 

Shigella, 275 
Shunting 

ascites, 72-73, 79-80 
portal hypertension 

end-to-side portacaval shunt, 28-29 
Inokuchi shunt, 31-32 
side-to-side portasystemic shunts, 30-31 
Warren shunt, 31-33 

Side-to-side portasystemic shunts, 30-31 
6-mercaptopurine, inflammatory bowel disease, 

302-303 



INDEX 

SMS 201-995 treatment and islet cell tumors 
gastrinomas, 116-117 
glucagonomas, 115 
GRFomas, 117-118 
insulinomas, 115-116 
issues related to, 119 
side effects, 118 
tumor control, 123-124 
VIPomas, 113-114 

Sodium benzoate, hepatic encephalopathy, 10 1 
Sodium phenylacetate, hepatic encephalopathy, 

101 
Sodium retention: see Ascites 
Sodium valproate toxicity, fatty liver, 18 
Sorbitol, hepatic encephalopathy, 101 
Spin-echo technique, CT scan, 3 
Spirochetosis, 276-277 
Spironolactone, ascites 77, 78 
Splenectomy, 34-35 
Spontaneous bacterial peritonitis, complica-

tions of ascites, 69, 79, 80-81 
Sprue, and celiac disease, 239 
Starling forces, 70 
Starvation, nutrient transport, 219 
Steatohepatitis, and fatty liver, 3-4, 8, 9 
Stomach disease, and drug absorption, 141-

142 
Stress 

and diarrhea, 257 
and gastrointestinal motility, 180 

Sugiura operation, 36 
Sulfasalazine, inflammatory bowel disease, 

302 
Sulfation, and LCA-induced cholestasis, 58 
Sympathomimetic agents, effect of, diarrhea, 

262 

T antigen, colorectal cancer, 202-203 
Taurine supplementation, and LCA-induced 

cholestasis, 55 
Treponema pallidum, 274 

319 

Tetracycline toxicity, fatty liver, 18 

Transepithelial potential differences, diarrhea, 
261 

Transesophageal varix ligation, 33-34 
Transient gluten intolerance, celiac disease, 

238 
Transport maximum, 56 
Triglycerides, fatty liver, 1-2, 8 
Tumors: see Islet cell tumors 

Ulcerative colitis, fatty liver, 12; see also 
Inflammatory bowel diseases 

Ulcerative ileojejunitis, celiac disease, 239 
Ulcers: see Proximal gastric vagotomy 
Ultrasound, fatty liver, 2-3 
Underfilling theory, portal hypertension, 70 
Urea cycle enzyme defects, fatty liver, 18 
Urinary prostaglandins, and ascites, 75 

Vagotomy: see Proximal gastric vagotomy 
Vasopressin, and gastrointestinal motility, 179 
VIPomas, islet cell tumors, SMS 201-995 

treatment, 113-114 
Visual evoked response, diagnosis, hepatic 

encephalopathy, 99 
Vitamin transport, 217 

Warren procedure 
complications of, 32-33 
Warren shunt, 31-33 

Wasting diseases, fatty liver, 12 
Water load test 

excretors/nonexcretors, 75 
lack of free water, 77 

Weber-Christian disease, fatty liver, 12 
Wilson's disease, fatty liver, 13 

Zaroxylen, ascites, 78 
Zinc, hepatic encephalopathy, 10 1 
Zollinger-Ellison syndrome, 110, 111, 116, 

120, 122 
diarrhea in, 252 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0033002e00310029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




