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Effects of Obesity and Caloric Intake

on Biliary Lipid Metabolism in Man

LyNN J. BENNIONand Scoor M. GRUNDY

From the Phoenix Clinical Research Section, National Institute of Arthritis,
Metabolism, and Digestive Diseases, Phoenix, Arizona 85016, and Department
of Medicine, University of California at San Diego, Veterans Administration
Hospital, La Jolla, California 92161

A B S T R A C r The effects of obesity and caloric intake
on biliary lipid metabolism were investigated in a series
of related studies. The degree of saturation of gall-
bladder bile with cholesterol was found to be significantly
higher in a group of 23 obese healthy subjects than in a
group of 23 nonobese controls matched for age, sex, and
race. Bile was also significantly more saturated in 11
obese subjects before than after weight reduction. To
determine whether supersaturated bile in obesity is due to
excessive secretion of cholesterol or to deficient secre-
tion of bile acids and phospholipids, the hepatic outputs
of these three lipids were measured during constant
duodenal infusion of formula in the same 11 subjects
before and after weight reduction. Weight reduction
resulted in significant reduction of cholesterol output but
not of bile acid or phospholipid output. Moreover, very
obese subjects were found to have cholesterol secretion
rates markedly higher than less obese subjects previously
studied by the same method. In obese subjects, bile was
supersaturated with cholesterol despite increased bile
acid pool sizes and increased secretion rates of bile acids
and phospholipids. Supersaturated bile in the obese could
therefore be attributed to a single defect in lipid secre-
tion, namely, an excessive output of cholesterol.

To determine whether the rate of caloric intake can
account for the effects of obesity on biliary lipid com-
position and secretion, nine obese white men were stud-
ied on a weight maintenance diet and then during weight
reduction on a 1,000 cal diet. As compared to weight
maintenance, chronic caloric restriction resulted in re-
duced outputs of cholesterol, bile acids, and phospholipids,
reduced bile acid pool size, and reduced synthesis and
fecal excretion of cholesterol. Saturation of bile with cho-
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lesterol did not decrease during weight reduction, evi-
dently because of the mobilization of cholesterol from
adipose stores and the marked reduction in bile acid
and phospholipid output observed during chronic caloric
restriction. Acute alterations in caloric infusion rates
did not fully reproduce the effects of chronic administra-
tion of high and low calorie diets. Likewise, chronic
intake of hypercaloric diets by nonobese subjects did
not reproduce the cholesterol hypersecretion character-
istic of the obese. Thus, increased cholesterol secretion
in obese subjects could not be fully explained by the
amount of calories they ingested to maintain stable
weight.

It is concluded that obesity is characterized by exces-
sive hepatic secretion of cholesterol which results in
supersaturated bile.

INTRODUCTION

On the basis of clinical observations, obesity has long
been suspected of contributing to cholelithiasis (2).
Epidemiologic Ftudies relating obesity to gallstones have
thus far been inconclusive, but several studies have re-
ported a positive correlation between obesity and gall-
stone prevalence (3-10). The causes of this correlation
have not been elucidated, but most gallstones in obese
patients are composed predominantly of cholesterol (10).

A biochemical approach to the etiology of cholesterol
cholelithiasis has been opened by recent advances in
understanding of the physicochemical bases of gallstone
formation (11). Cholesterol, insoluble in water, is solu-
bilized in bile by mixed micelles of bile acids and phos-
pholipids (12-14). Cholesterol precipitation and gall-
stone formation are favored when bile contains more
cholesterol than can be held in stable solution by avail-
able bile acids and phospholipid (11, 15-19). It is gen-
erally agreed that supersaturation of bile occurs when
cholesterol is in the range of 6-10 molar percent of the
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total lipid mixture of cholesterol, bile acids, and phos-
pholipids (11, 20, 21).

The relative proportion of cholesterol in bile will ob-
viously be increased by whatever factors induce a dis-
proportionate decrease in hepatic secretion of bile acids
or phospholipids or an increase in cholesterol secretion.
The importance of a deficiency of solubilizing lipids
(bile acids and phospholipids) in the production of
supersaturated bile has been shown by several studies
(22-26). On the other hand, studies in our laboratory
have demonstrated that an absolute increase in secre-
tion of cholesterol also contributes to formation of su-
persaturated bile in both American Indian and young
white women with cholesterol gallstones (18, 19). In
both Indian and white women, however, gallstone pa-
tients were more obese than control subjects, suggesting
that obesity may have been responsible for the enhanced
cholesterol secretion. Previous studies have established
that obesity is associated with an increased production
of cholesterol (27-32), and since the biliary tree is the
main route of cholesterol excretion in man, it might be
expected that biliary secretion of cholesterol would be
increased in obesity.

The present work was undertaken to study the rela-
tion between obesity and biliary lipids; specifically, it
was designed to answer the following questions: (a) Is
obesity associated with increased saturation of bile with
cholesterol? (b) If so, is this increased saturation due
to excessive cholesterol secretion or deficient secretion
of bile acids and phospholipids? (c) Will weight reduc-
tion reverse any increased saturation associated with
obesity? (d) Are the effects of obesity on bile mediated
by the level of caloric intake required to maintain the
obese state ?

METHODS
Several related studies were carried out in the Phoenix
Clinical Research Section (National Institute of Arthritis,
Metabolism, and Digestive Diseases; National Institutes
of Health), Phoenix, Ariz. and in the Special Diagnostic
and Treatment Unit, Veterans Administration Hospital,
San Diego, Calif. The experimental design and location
of these studies are outlined in Table I, and a detailed
description of each study is given below. All subjects were
in good health and were without hepatobiliary or metabolic
disorders except as explicitly noted below. Urinalysis, serum
glutamic oxaloacetic transaminase (GOT), alkaline phos-
phatase, bilirubin, albumen, prothrombin time, thyroxine,
fasting blood sugar, urea nitrogen, and creatinine were
normal in all subjects. Informed written consent was
obtained from each subject before the study.

Experimental design
I. EFFECTS OF OBESITY: STUDIES DURING MAINTENANCE
OF STABLE WEIGHT

A. Composition of lipids in gallbladder bile was deter-
mined in 23 pairs of subjects who were matched according

TABLE I
Experimental Design

I. Effects of obesity: studies during main-
tenance of stable weight
A. Bile lipid composition in matched pairs

of obese vs. nonobese persons
Five pairs of Indian women
Five pairs of Indian men
Five pairs of white women
Eight pairs of white men

B. Bile lipid secretion in 16 very obese
subjects, compared to previously
published studies using same method.

C. Bile lipid composition and secretion in
11 obese subjects

1. Before weight reduction (Period C-1)
2. After weight reduction (Period C-2)

II. Effects of caloric intake: studies during
weight maintenance (eucaloric diet),
weight loss (hypocaloric diet), and weight
gain (hypercaloric diet)
A. Bile lipid composition and secretion,

bile acid pool size, and steroid
synthesis and excretion in obese
white men

1. Eucaloric (Period A-1)
2. Hypocaloric (Period A-2)

B. Bile lipid secretion in nonobese subjects
1. Eucaloric (Period B-1)
2. Hypercaloric (Period B-2)
3. Hypocaloric (Period B-3)

[Table II]*

[Table IV]t

[Tables V, VI]*

[Tables VIl-IX]I

[Table Xi:

* Studies performed at Phoenix Clinical Research Section.
t Studies performed at Veterans Administration Hospital Special Diagnostic
and Treatment Unit.

to age, sex, and race. One member of each pair was
obese and the other was near normal weight (33). They
consisted of five pairs of Indian women, five pairs of In-
dian men, five pairs of white women, and eight pairs of
white men. All were in good health except that the non-
obese white men had chronic peptic ulcer disease; they
were in the hospital as part of a protocol which provided
extensive evaluation for possible vagotomy. None had evi-
dence of hepatobiliary disease, and all were in a good state
of nutrition.

B. Hepatic secretion rates of biliary lipids were deter-
mined during weight maintenance before caloric restriction
in 16 very obese subjects. These comprised all subjects
weighing more than 150% of ideal weight (33) included
in studies I-C and II-A below. Seven of these subjects were
studied in Phoenix (study I-C before weight loss) and
nine in San Diego (study II-A before caloric restriction).
Their biliary lipid secretion rates were compared with
those of other groups of subjects previously studied by the
same method in our laboratories (Table IV). These latter
groups include American Indian women with cholesterol
gallstones, non-Indian women with gallstones, Indian men
without gallstones, and white women without stones; the
results of these patients have been presented previously
(18, 19). For additional comparison, data from 10 non-
obese white men are also included; these men were re-
cently studied in our laboratory as part of an investigation
of lipid metabolism in mild fasting hypertriglyceridemia.
They were in good health and without evidence of hepato-
biliary disease.

C. Composition and secretion of biliary lipids were studied
during weight maintenance before and after weight re-
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(luctioln in II obese subjects. Their age, race, sex, and
weight are shiowtn in Table V. All asere in good health
and normal by the criteria specified above except that one
subject (G. D.) had undergone cholecystectomy for gall-
stones several years previously. During the period of
weight maintenance, both before and after weight reduc-
tion, four of the subjects were inpatients on the metabolic
ward and they consumed a repetitive, solid-food diet con-
taining 40% fat and average daily cholesterol content of
1,230 mg before weight reduction and 1,170 mg after
weight reduction. The other seven subjects were outpatients
who adjusted their own food intake to maintain constant
weight; these subjects were employees at or near the
hospital, and their weights were measured daily at the
metabolic ward. Before weight reduction, while in the
weight-maintaining state, lipid composition of gallbladder
bile and the hepatic secretion rates of biliary lipids were
determined. After completion of these initial studies, the
subjects lost weight by adherence to a solid food diet con-
taining 300-500 cal per day. This diet was provided daily
at the metabolic ward with daily vitamin supplementation
and liberal fluid intake. Serum potassium, uric acid, and
creatinine were monitored weekly. Intermittent oral KCl
supplementation was required in two subjects to maintain
serum potassium within the normal range of 3.5-5.0 meq/
liter. After weight loss, constant weight was re-established
and maintained for an average of 23 days (range 11-44
days); this period was allowed to eliminate effects of the
catabolic state. The studies of biliary lipid composition and
secretion listed above were then repeated in each subject.

II. EFFECTS OF CALORIC INTAKE: STUDIES DURING WEIGHT
MAINTENANCE(EUCALORIC DIET), WEIGHT LOSS (HYPOCAI.-
ORIC. DIET), AND WEIGHT GAIN (IIYPERCAIoRIC DIET)

A. Bile lipid corn position anid secretion, steroid synthicsis
(Did excretion, anid bile acid pool sine in 10 obese subjects
were determined during weight maintenance on a eucaloric
diet and then during weight loss on a hypocaloric diet.
All 10 subjects were hospitalized on the metabolic ward
for 3-5 mo. After a brief period of stabilization in the
hospital, they were started on a eucaloric diet and main-
tained at constant weight for approximately 1 mo (Period
A-1). Throughout this period, all stools were collected for
measurement of cholesterol balance. The caloric content of
the diet was then reduced to 1,000 cal per day, and stool
collections were discontinued for 1-2 mo. Then, while the
subjects were still on the hypocaloric diet, cholesterol bal-
ance studies were resumed and continued for several weeks
(Period A-2). Throughout both the eucaloric and the hy-
pocaloric periods, the subjects consumed a diet of mixed
solid food and formula containing 40% of calories as fat.
The diet consisted of two solid food and three formula
feedings per day; calories were distributed equally among
feedings. Formulas contained milk protein (RI-5, Ross
Laboratories, Columbus, Ohio), dextrose, and lard. Solid
foods consisted of chicken stripped of fat, nonfat bread,
dry cereal, potatoes, sugar, and lard. The composition and
timing of meals was the same during the eucaloric and the
hypocaloric periods, except that during the eucaloric period
daily intake of calories ranged from 3,400 to 4,500 and of
cholesterol from 188 to 518 mg, and during the hypocaloric
period the daily intake of calories was 1,000 and of cho-
lesterol was 61-98 mg. Vitamin and mineral supplements
were given daily.

Throughout Periods A-1 and A-2 several samples of
fasting gallbladder bile were obtained for lipid analysis, and
at the end of Periods A-1 and A-2 biliary lipid secretion

rates anid bile acid pool size were measured. TIn several
subjects, adipose tissue biopsies were taken during Periods
A-1 and A-2 to determine the ratio of cholesterol to tri-
glyccrides and to permit estimation of the extent of nio-
bilization of adipose tissue cholesterol during weight re-
duction. 9

B. Biliary lipid secretion rates awd bile acid pool size
in two nonobese subjects were determined during weight
maintenance on a eucaloric diet (Period B-1), again on a
hypocaloric diet (Period B-2), and then on a hypercaloric
diet (Period B-3). The level of caloric intake of these
nonobese su')jects during Periods B-2 and B-3 was the
same as that of the obese subjects( above) during Periods
A-i alI(1 A-2, respectively. The purpose of this study was
to see whether the level of caloric intake can alone account
for the changes in biliary lipid metabolism observed in
obesity or whether differences between obese and nonobese
persist even during identical dietary intake. Dietary com-
position was similar throughout this study to that described
above. Each period was approximately 1 mo, and measure-
ments of biliary lipid outputs and bile acid pool size were
made at the end of each period.

Techniques of sample collection and analysis

Gallbladder bile was collected after an overnight fast
through a tube positioned in the second portion of the
duodenum. After stimulation of gallbladder contraction, 40-
80 ml of bile was collected on ice by siphonage through
the tube, mixed well, and a 3-10-ml portion taken for
analysis. Samples were analyzed for cholesterol, bile acids,
and phospholipids, as described previously (34).

Composition and secretion rates of biliary lipids dnrlio
formula infuision were determined by the method of Grundy
the Metzger (34) as follows. The night before the study the
subjects swallowed a 3-lumen tube. The next morning the
tube was positioned with X-ray guidance in the duodenum
so that two proximal outlets were adjacent to the ampulla
of Vater and the third outlet was 10-12 cm distal. After
collection of gallbladder bile, as above, that portion of the
gallbladder bile which was not saved for analysis was
returned to the subject via the tube. Then a liquid for-
mula containing 40% of calories as lard was infused con-
tinuously through one of the proximal outlets for the
remainder of the study. P-sitosterol or ["4C]cholesterol (New
England Nuclear, Boston, Mass.) was infused with the
formula as a dilution marker. After allowing 4 h for gall-
bladder contraction and for stabilization of hepatic bile
secretion, hourly samples were obtained from the second
proximal and distal outlets by slow continuous aspiration.
Lipid composition of stimulated hepatic bile was determined
by analysis of the samples obtained at the proximal aspi-
ration port. The rate of cholesterol output was determined
from its ratio to the dilution marker at the distal port. Out-
puts of bile acids and phospholipids were then calculated
from their concentration ratios to cholesterol at the proxi-
mal outlet. Evidence that the gallbladder is relatively in-
active after 4 h of infusion, so that outputs of lipid at the
ampulla of Vater should closely approximate their hepatic
secretion rates, has been previously published (34).

In study I-C, the rate of formula infusion was the same
before and after weight reduction; in studies II-A and
II-B formula was infused at an hourly rate of one-twenty-
fourth of the daily caloric intake of the current dietary
period. After measurements of lipid secretion rates had
been made in study II-A, the rate of formula infusion was
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altered to examine the effects of acute changes in caloric
intake on biliary lipid secretion.

Individual bile acids. The relative proportions of cholic,
chenodeoxycholic, and deoxycholic acids were determined
by gas-liquid chromatography (GLC) of the trimethylsilyl
(TMS) 1 ethers on a 1% Hi-Eff 8BP column (Applied
Science Laboratories Inc., State College, Pa.) as described
previously (35). Comparison to a standard mixture of bile
acids injected with each GLC run permitted correction for
differential detector responses of these three bile acids. In
isolation of bile acids for methylation, deconjugation was
effected using the enzyme cholylglycine hydrolase
(Schwarz-Mann, Orangeburg, N. Y.).

Bile acid pool size was estimated at the time of biliary
lipid studies by a method recently described (36). In
brief, 5 1tCi of [24-"C]cholic acid (New England Nu-
clear) in 10 ml of ethanol were flushed with water through
the distal lumen of the duodenal tube at the outset of for-
mula infusion. After allowing 4 h for equilibration, the
ratio of isotope to total bile acids ("specific activity") be-
came constant (36). A mean specific activity was deter-
mined on hourly samples over the next 6 h, and the total
pool of bile acids was determined by dividing the dose of
radioactivity given by the mean specific activity.

Cholesterol balance studies were carried out by methods
described previously (37-4). Analyses were carried out
entirely by chemical procedures. To correct for losses or
degradation of neutral steroids during intestinal transit, fi-
sitosterol was given in small doses (less than 500 mg/day)
in capsule form (39), and chromic oxide was given to cor-
rect for variations in fecal flow and losses of acidic steroids
(40).

Adipose tissue biopsies were obtained by open surgical
biopsy from the abdominal wall. Samples were carefully
dissected to remove obvious connective tissue. A weighed
piece of tissue was transferred to a tissue grinder and
homogenized in 10 ml ethanol with a Teflon pestle. The
resultant mixture was heated at 650C until all lipids were
dissolved, and the solution was brought to 100 ml with
ethanol. Cholesterol was determined on the ethanolic solu-
tion by GLC analysis of the TMS ethers using 5a-cho-
lestane as internal standard. Triglycerides were measured
on appropriate dilutions by the Auto Analyzer II (Tech-
nicon Instruments Corp, Tarrytown, N. Y.) (41).

Data computation
Cholesterol synthesis should be equal to cholesterol bal-

ance (i.e., the difference between intake and excretion of
cholesterol and its products) in the metabolic steady state.
During weight maintenance (period A-1), subjects were
presumably in a steady state, and synthesis could be esti-
mated directly from balance measurements. During caloric
restriction (period A-2), cholesterol balance alone could
not be equal to synthesis because a metabolic steady state
did not exist; in this period, cholesterol was being mo-
bilized from adipose tissue and possibly other tissues.
Although a precise measurement of mobilized cholesterol
cannot be made, a rough estimate should be possible from
the rate of weight loss. Table IX is laid out according to our
method of calculation. The assumption was made that after
several weeks of weight reduction, the daily rate of weight
loss approximates the loss of triglyceride from adipose
tissue. Wealso assumed that during this period, cholesterol
and triglycerides were lost proportionately from adipose

1Abbreviation used in this paper: TMS, trimethylsilyl.

tissue. The cholesterol: triglyceride ratio in adipose tissue,
measured in biopsy specimens as above, multiplied by the
rate of triglyceride loss should equal the rate of cholesterol
loss from adipose tissue. When the amount of cholesterol
lost from adipose tissue and the amount of cholesterol in-
gested are both subtracted from total fecal steroid excre-
tion, the remainder should approximate endogenous cho-
lesterol synthesis.

Lipid composition of bile is expressed as molar percent
cholesterol, bile acids, and phospholipids, according to Ad-
mirand and Small (11). The percent saturation of bile
with cholesterol was calculated according to the solubility
limit described by Hegardt and Dam (20) and Holzbach
et al. (21), as well as that of Admirand and Small (11),
using the equations suggested by Thomas and Hofmann
(42).

Secretion rates of biliary lipids were calculated as pre-
viously described (34). To permit comparison of biliary
lipid secretion rates between groups of different body size
(Table IV), values for lipid outputs were normalized to
mg/h per 70 kg of ideal body weight. The method and
rationale for this normalization have been previously pre-
sented (18, 19).

Statistical significance of data was evaluated by Wilcox-
on's matched-pairs signed-ranks test and by Student's t
test for paired data (43, 44). These methods gave the same
result in every instance except where explicitly noted.

RESULTS
I. EFFECTS OF OBESITY: STUDIES DURING MAINTE-
NANCE OF STABLE WEIGHT

A. Lipid composition of gallbladder bile for the 15
pairs of obese vs. nonobese normal volunteers studied
in Phoenix is shown in Table II. In 14 of the 15 matched
pairs, the molar percent cholesterol was higher in the
obese subject than in the nonobese control. The average
molar percent of cholesterol in gallbladder bile of the
obese subjects was 9.7, whereas that of the nonobese
controls was significantly lower, i.e., 6.5 (P < 0.01).
The mean molar percent bile acid in the bile of the obese
subjects was significantly lower than that of the non-
obese matched controls (67.2 vs. 74.0, P < 0.05).

Lipid composition of gallbladder bile in the eight
pairs of age-matched white men studied in San Diego
is given in Table III. The mean molar percent choles-
terol in the obese subjects was 11.1 compared with 6.7
for the nonobese controls (P <0.05). In seven of the
eight matched pairs, molar percent cholesterol was
higher in the bile of the obese subject.

When the data from the two above studies are com-
bined, the molar percent cholesterol in gallbladder bile
is significantly higher (P <0.01) and the molar per-
cent bile acid significantly lower (P < 0.02) in the
obese subjects than in the nonobese controls. Moreover,
calculation of the percent saturation of bile with cho-
lesterol, using either the line of equilibrium solubility
(20, 21) or that of Admirand and Small (11),
again shows the bile of the obese subjects to be sig-
nificantly more saturated than that of the nonobese
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TABLE II
Lipid Composition of Gallbladder Bile in 15 Pairs of Obese Versus Nonobese Human

Volunteers Matched for Age, Sex, and Race

Bile lipid composition

% ideal Choles- Bile Phospho-
Subject weight* Age Race/sex terol acid lipid

molar %

Obese subjects
1. D. H. 216 21
2. R. S. 163 19
3. M. F. 177 32
4. V. M. 158 34
5. F. B. 273 36
6. L. M. 277 34
7. R. A. 172 18
8. L. S. 178 43
9. H. M. 225 25

10. B. C. 141 27
11. C. M. 160 46
12. M. M. 137 19
13. M. R. 135 21
14. N. F. 138 25
15. M. P. 125 22

Mean 178 28.1

Nonobese subjects
1. C. G. 112 23
2. N. E. 103 20
3.F.T. 93 28
4. A. M. 108 31
5. L. H. 108 36
6. R. W. 115 33
7. R. N. 81 22
8. E. S. 107 39
9. R.K. 98 23

10. W. A. 119 29
11. T. M. 103 62
12. E. B. 100 19
13. L. J. 108 21
14. M. T. 104 30
15. C. P. 109 23

Mean 105 29.3

Ind/F
Ind/F
Ind/F
Ind/F
Ind/F
Ind/M
Ind/M
Ind/M
Ind/M
Ind/M
Cau/F
Cau/F
Cau/F
Cau/F
Cau/F

Ind/F
Ind/F
Ind/F
Ind/F
Ind/F
Ind/M
Ind/M
Ind/M
Ind/M
Ind/M
Cau/F
Cau/F
Cau/F
Cau/F
Cau/F

13.4
10.1

8.7
11.1

8.4
17.1

7.5
8.9

10.3
5.1
9.5

12.1
8.7
8.4
5.9

9.7t

11.1
4.4
7.4

10.7
8.3
5.1
6.7
4.1
6.3
8.5
6.8
3.9
6.0
3.8
4.5

6.5

58.3
65.5
66.2
67.4
78.8
59.8
64.6
66.0
60.9
70.2
79.4
54.4
69.7
70.0
76.8

67.2§

73.0
77.3
72.3
67.6
64.7
85.8
75.5
70.1
74.7
67.8
71.4
81.4
76.2
78.0
73.4

74.0

28.3
24.4
25.1
21.6
12.8
23.1
27.9
25.1
28.8
24.7
11.1
33.4
21.6
21.6
17.2

23.1

15.9
18.3
20.3
21.6
27.0

9.1
17.8
25.8
19.0
23.7
21.8
14.6
17.8
18.2
22.1

19.5

The subject numbers indicate the matched pairs.
* Calculated according to life insurance tables (33).
T P < 0.01, compared to nonobese subjects.
§ P < 0.05, compared to nonobese subjects.

controls (P < 0.01). As shown in Fig. 1, this difference
was independent of race or sex. Since pairs were matched
for age, this difference was also apparently independent
of age.

B. Bile lipid secretion was measured in 16 very obese
subjects to elucidate mechanisms responsible for the
highly supersaturated bile found in obesity. The results
are summarized in Table IV; secretion rates for the

individual subjects are given in Tables VI and VII.
Table IV compares lipid secretion rates in two groups
of very obese subjects with three groups of relatively
nonobese subjects without gallstones (Indian and non-
Indian men and non-Indian women) and two groups of
moderately obese subjects with gallstones. The results
show that increased cholesterol saturation in very obese
subjects cannot be explained by a decreased output of
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TABLE I II
Lipid Composition of Gallbladder Bile in Eight Obese

Caucasian Males and Eight Age-Matched
Caucasian Male Controls

Bile lipid composition*

%ideal Choles- Bile Phospho-
Subject weightl Age terol acid lipid

molar %

Obese subjects
1. S. A. 191 26 12.8 61.6 25.6
2. V. C. 184 37 11.0 59.9 29.1
3. D. L. 225 46 12.7 61.3 26.0
4. R. J. 152 48 14.1 63.0 22.8
5. J. M. 155 50 11.3 57.3 31.3
6. T. P. 153 50 8.5 67.7 23.8
7. I,. McG. 165 55 10.0 66.9 23.1
8. W. R. 227 56 8.4 62.7 28.8

Mean 182 46 11.1§ 62.6 26.3

Nonobese patients
1. S. A. 104 24 4.6 69.2 26.1
2. C. S. 119 31 6.5 70.6 22.9
3. G. F. 91 44 2.6 86.1 11.4
4. E. H. 85 49 4.2 79.6 16.3
5. E. E. 94 52 7.5 58.4 34.1
6. B. H. 123 53 8.3 62.9 28.8
7. 0. R. 104 55 8.9 70.7 20.4
8. J. 0. 119 60 10.7 65.9 23.4

Mean 105 46 6.7 70.4 22.9

The subject numbers indicate the matched pairs.
* The bile lipid composition for the obese subjects represents the results
from the single sample that is nearest to the mean of multiple samples
shown in Table VII. The mean molar percent for cholesterol was 11.1 for
the single samples and 10.9 for the multiple samples in the same patients.
1 Calculated according to life insurance tables (33).
§ P < 0.05, compared to nonobese subjects.

solubilizing lipids: bile acid outputs were not reduced
and outputs of phospholipids were actually elevated in
the obese subjects. On the other hand, cholesterol out-

.Male * Male
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Female * Female:
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FIGURE 1 Cholesterol saturation of gallbladder bile in 23
pairs of humans matched for age, sex, and race. On the
left (A) are shown the data calculated according to the
solubility limits of Admirand and Small (11, 42) and on
the right (B) according to the equilibrium solubility limit
of Hegardt and Dam (20) and Holzbach et al. (21). Each
point represents bile compositions from one matched pair:
the percent saturation of gallbladder bile from the obese
subject is plotted on the ordinate against that of the non-
obese matched control on the abscissa. If there were no
relationship between obesity and bile saturation, the points
would tend to fall about the line of identity at 45°. A
significant association of obesity and increased saturation
is shown by the fact that most of the points (P < 0.01)
fall above the line of identity.

puts were markedly increased in these very obese pa-
tients.

C. Bile lipid composition and secretion for 11 subjects
studied before and after weight reduction are shown in
Tables V and VI. The 11 subjects lost an average of
25 kg or 43% of ideal body weight. In every instance,
the molar percent cholesterol in gallbladder bile was
greater before weight loss than after. Mean molar per-
cent cholesterol before weight loss was 12.0; after weight

TABLE IV
Biliary Lipid Outputs in Two Groups of Very Obese Subjects in Comparison to Several Less Obese Groups

Average
percent

Average ideal Bile acid
Subjects Number age weight Cholesterol Bile acids* Phospholipids pool size

mg/70 kg ideal wt/h +SE.M mg

VeryobesemenstudiedinSanDiegol 9 45 188 10319 1.390±90 760+60 4,010+520
Very obese subjects studied in Phoenixt 7 36 210 103±12 1,100±190 470±80-
White men without gallstones§ 10 49 113 59±4 1,100+120 480±50 3,030i480
Indian men without gallstones 7 41 123 51 ±8 1,370±140 330+40 -

White women without gallstones¶ 14 22 99 38±3 1,460±230 350±50 -

Indian women with gallstones 17 29 134 67+5 810±60 320±30 -

Non-Indian women with gallstones¶ 8 29 147 75 ±6 1,000 ±80 350 ±40 -

* Values for hourly outputs of bile acids are expressed for conjugated bile acids assuming an average mol wt of 500. In a previous study (19), values were
expressed in terms of free bile acids.
* Original data reported in Tables VI and VIII.
§ Previously unpublished data from subjects normal except for mild hypertriglyceridemia.
ii Original data reported in reference 19. See footnote*.
¶ Original data reported in reference 18.
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Bile Composition in 11 HIum(an
TABLE V
Volunteers before and (ater Weight Reduction

Gallbladder bile Stimulated hepatic bile

Age, Sex, %ideal Choles- Bile Phospho- Choles- Bile Phospho-
Subject Race Period* Weight weightb terol acids lipids terol acids lipids

F. B.

C. J.

35F
Ind

22F
Indl

kg
C-1 134.5
C-2 98.2

C-1
C-2

84.5
74.0

M. H. 47F C-1 91.3
Ind C-2 84.0

G. D.

L. A.

26F C-1 92.0
Ind C-2 71.5

molar %

273 8.4 78.8 12.8
200 7.0 69.9 23.1

156 18.6 72.0 9.4
137 13.8 80.2 6.0

166 20.7 59.0 20.3
153 11.3 67.2 21.4

157
122

CholecN-stectomized

34M C-1 184.3 277 17.1 59.8 23.1
Ind C-2 122.0 184 6.9 78.9 14.2

G. H. 45M C-1 175.0
Ind C-2 115.0

C. M. 46F C-1 92.2
Cau C-2 65.9

J. E. 19F C-1 66.4
Cau C-2 55.0

N. F. 25F C-1 73.3
Cau C-2 61.9

E. B. 19F C-1 63.7
Cau C-2 52.6

M. T. 30F C-1 72.3
Cau C-2 54.2

Mean 32 yr C-1 102.7
C-2 77.7

281 11.5 62.7 25.8
184 3.9 80.7 15.3

160 9.5 79.4 11.1
115 2.8 75.6 21.5

125 10.6 69.1 20.3
104 9.0 70.6 20.4

138 8.4 70.0 21.6
117 8.2 72.1 19.7

121 8.7 70.5 20.8
100 3.4 81.4 14.6

139 6.2 70.4 23.5
104 3.8 78.0 18.2

181 12.0 69.2 18.9
138 7.1 75.5 17.4

molar %
9.3 67.7
4.8 77.0
8.3 76.4
6.4 77.0

15.2 65.3
12.8 68.5

13.2 67.7
9.4 69.0

9.2 72.7
5.6 79.3

4.9 74.4
2.8 83.1

9.4 69.9
2.5 81.6

6.6 76.6
6.0 79.5

5.6 77.1
7.3 76.3

5.1 80.8
3.8 85.2

4.1 76.8
5.1 77.8

8.3 73.2
6.0 77.7

Percent change
Significance

-24 -24 -41 9 -7
P < 0.01 P < 0.01 P < 0.01 NS NS

-29 6 -12
P < 0.05 NS NS

* Period C-1: before weight reduction. Period C-2: after weight reduction. In both periods, subjects were at weight maintenance
on eucaloric diets.
I Calculated according to life insurance tables (33).

loss it was 7.1.. This difference was significant at a

level of P < 0.01. The percent saturation of gallbladder
bile with reference to the metastable-labile limit (11)
was higher before weight loss than after in every sub-
ject studied (P <0.01). When calculated relative to
equilibrium solubility (20, 21), the percent saturation
was higher before weight loss than after in every sub-
ject except one (P < 0.01). Stimulated hepatic bile
obtained at the ampulla of Vater during formula infu-
sion was also more highly saturated in the more obese
state in 8 of the 11 subjects. Before weight loss, the
mean molar percent cholesterol in stimulated hepatic

bile was 8.3; after weight loss it was 6.0, a decrease
significant at a level of P < 0.05.

Additional studies were carried out at intermediate
weights on five subjects, as shown in Fig. 2. In general,
at intermediate weights, intermediate values for bile
saturation were found. Four of these subjects were re-
studied after weight gain. In each instance, they dem-
onstrated on increase in molar percent cholesterol after
weight gain. These data indicate that the response of
bile composition to obesity is both graded and reversible
and that its reversibility is bidirectional.
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TABLE VI
Bilary Lipid Secretion in Obese Human Volunteers before and (after IVeight Reduction

Age, Sex,
Subject Race Period* Weight Cholesterol Bile acids Phospholipids

kg
35F C-1 134.5
Ind C-2 98.2

22F C-1 84.5
Ind C-2 74.0

47F C-1
Ind C-2

C-1
C-2

91.3
84.0

92.0
71.5

C-1 184.3
C-2 122.0

C-1 175.0
C-2 115.0

C-1 92.2
C-2 65.9

C-1 66.4
C-2 55.0

C-1 73.3
C-2 61.9

C-1
C-2

63.7
52.6

C-1 72.3
C-2 54.2

mg/h§
91 1,000
25 500

81 970
80 1,270

60
74

93
92

520
180

300
420

330 150
540 210

620 270
890 430

146 1,550
76 1,360

72 1,420
44 870

54 520
23 1,010

600
400

620
350

240
300

50 780 270
49 860 260

84 1,460
65 900

49 1,030
39 1,140

46 1,100
40 770

520
300

280
230

420
270

C-1 102.7
C-2 77.7

75
55

980 380
920 300

Percent change
Significance

-27 -6
P < 0.01$ NS

* Period C-1: before weight loss. Period C-2: after weight loss, stable weight having been
re-established for at least 11 days before study.
I When significance is computed byx Student t test for correlated data, rather than Wilcoxon's
matched-pairs signed-ranks test, the decrease in cholesterol secretion is significant only at a

level of P < 0.05.
§ Each value represents the mean of 8 1-h sample collections.

Lipid secretion studies were performed on these same

II subjects (study I-C in Table I) before and after
weight loss to further clarify the mechanisms responsi-
ble for the observed changes in bile composition. As
shown in Table VI, cholesterol secretion was higher
before weight loss than after in 10 of the 11 subjects.
When data from all 11 subjects were averaged, the out-
puts of all three biliary lipids were greater in the more

obese state, but significantly so only for cholesterol.
Bile acid and phospholipid secretion showed no con-

sistent or significant change after weight reduction.

Thus, the biliary output of cholesterol was dispropor-
tionately increased in the obese state. This increase in
cholesterol secretion evidently contributed to the forma-
tion of bile of increased saturation. There was a sig-
nificant relationship between the amount of weight lost
and the amount of decrease in cholesterol output, with a

correlation coefficient (r) of 0.776 (P < 0.01). As shown
in Fig. 3, those subjects who lost the most weight
(F. B., G. H., C. M.. L. H.) had the most marked re-

ductions in cholesterol ouptut. They were also the sub-
jects who were initially the most obese. In those sub-
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F. B.

C. J.

M. H.

G. I).

L. M.

G. H.

C. M.

J. E.

N. F.

E. B.

M. T.

26F
Ind

34M
Ind

45M
Ind

46F
Cau

19F
Cau

25F
Cau

19F
Cau

30F
Cau

Mean 32 yr

-12
NS
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FIGURE 2 Effects of successive changes in weight on gall-
bladder bile composition. Five subjects (L. M., G. H.,
M. T., C. M., F. B.) were studied during weight mainte-
nance at three or more different weights. Weight loss
resulted in decreased molar percent cholesterol. Weight
gain resulted in a return to higher levels of relative cho-
lesterol content. In general, at intermediate weights, gall-
bladder bile demonstrated intermediate degrees of satura-
tion with cholesterol.

jects whose weights were greater than 50 kg over ideal
(F. B., G. H., L. M.), cholesterol output declined an
average of 1.2 mg/h per kg of weight lost, whereas sub-
jects whose weights were less than 50 kg over ideal
showed an average decline in cholesterol output of only
0.4 mg/h per kg lost.

II. EFFECTS OF CALORIC INTAKE: STUDIES DURING
WEIGHT MAINTENANCE, WEIGHT GAIN, AND WEIGHT
LOSS

A. Bile lipid composition in 10 obese white men on
eucaloric and hypocaloric diets is shown in Table VII.
Despite the fact that these subjects weighed less while
on the hypocaloric diet than on the eucaloric diet, the
relative cholesterol content of gallbladder bile was
higher in 6 of the 10 while on the hypocaloric diet.
Stimulated hepatic bile was generally less saturated
than gallbladder bile; it showed no regular or significant
decrease in cholesterol saturation during weight loss.

Secretion rates of bile lipids in nine obese men on
eucaloric and then hypocaloric diets are given in Table
VIII. Outputs of all three types of biliary lipids were
significantly lower after the hypocaloric dietary period
than the eucaloric period. To test whether the changes
observed were due simply to the rate at which formula
was being infused, rather than to the chronic level of
daily caloric intake, the rate of caloric infusion was
varied acutely in several subjects. After measurements
of lipid secretion rates had been made during the last
6 h of a 10-h period of hypocaloric infusion, the in-
fusion rate was increased from a rate of 1,000 cal daily
to 3,000-4,000 cal. As shown in Table VIII, this re-

turn of the infusion rate to approximately that of the
eucaloric period did not raise the rate of bile lipid se-
cretion to the levels observed at the end of the eucaloric
period. Therefore, the findings of reduced output of
cholesterol, bile acids, and phospholipids during chronic
caloric restriction cannot be explained by the rate of
formula infusion employed, nor can they be reversed by
an acute increase in caloric input. Moreover, as shown
in Table VIII, a halving of the infusion rate at the end
of the eucaloric period does not reduce biliary lipid
outputs to the level reached during chronic hypocaloric
feeding. Thus, regardless of the rates of caloric infusion
used to assess biliary lipid outputs, it is clear that
chronic caloric restriction reduces the outputs of cho-
lesterol, bile acids, and phospholipids.

Composition and pool size of bile acids were deter-
mined in eight obese white men during formula infu-
sion at the end of the eucaloric and hypocaloric dietary
periods. There was no significant difference between the
two periods in the relative proportions of cholic, deoxy-
cholic, and chenodeoxycholic acids in stimulated hepatic
bile. The size of the total pool of bile acid, however,
was significantly greater during weight maintenance on
eucaloric diet than during weight reduction on hypo-
caloric diet. The total bile acid pool during weight
maintenance averaged 4,088 mg and during weight re-
duction averaged 2,378 mg, a significant difference
(P < 0.02). As noted above, bile acid secretion was
also lower during caloric restriction. A reciprocal re-
lationship between pool size and secretion rate of bile
acids, previously reported for nonobese gallstone pa-
tients (45), was thus not observed in these obese men
studied at two different levels of caloric intake.

Change in Weight (kg)
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FIGURE 3 Effect of weight reduction on biliary cholesterol
output. Hepatic secretion of cholesterol into bile was mea-
sured before and after weight reduction in 11 subjects. The
amount of weight lost is plotted against the change in
cholesterol secretion. The slope of the least squares re-
gression line of weight lost vs. decrease in cholesterol
output is significantly different from zero, indicating a
significant relationship between these two parameters (r =
0.776, P < 0.01).
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TABLE VII
Bile Lipid Composition during Weight Maintenance and during Weight Reduction in 10 Obese White Males

Gallbladder bile Stimulated hepatic bile

Choles- Bile Phospho- Choles- Bile Phospho-
Subject Age Period* (n) Weight* terol acids lipids terol acids lipids

kg molar % molar %,§
S. A. 26 A-i (1) 145 12.8 61.6 25.6 6.0 73.3 20.7

A-2 (3) 127 13.5 62.1 24.5 5.8 74.3 19.9

V. C. 37 A-i (3) 133 9.7 63.1 27.2 5.5 67.1 27.4
A-2 (6) 113 9.4 56.5 34.1 3.0 82.2 14.7

R. L. 39 A-1 (4) 124 11.6 62.1 26.3 - -
A-2 (5) 101 7.4 75.0 17.6

C. L. 41 A-1 (4) 132 9.0 65.2 25.8 5.6 71.8 22.6
A-2 (3) 117 12.3 56.6 31.1 9.0 67.6 23.4

D. L. 46 A-i (4) 137 11.9 58.3 29.8 6.5 71.4 22.1
A-2 (4) 120 16.1 55.1 28.9 2.1 84.8 13.1

R. J. 48 A-1 (3) 124 14.4 58.7 26.9 8.2 65.0 26.8
A-2 (2) 101 17.1 53.6 29.4 8.5 64.6 26.9

J. M. 50 A-i (2) 122 9.3 63.6 27.1 6.5 67.7 25.8
A-2 (7) 96 9.2 66.8 24.0 5.9 69.7 24.3

T. P. 50 A-i (2) 155 10.0 67.3 22.8 6.8 72.3 20.9
A-2 (3) 139 12.9 66.5 20.6 7.5 77.1 15.4

L. McG. 55 A-1 (5) 114 10.0 66.9 23.1 5.6 71.5 22.9
A-2 (7) 99 14.5 52.9 33.1 9.0 61.8 29.3

WV. R. 56 A-1 (2) 159 9.7 63.5 26.8 9.0 63.3 27.6
A-2 (6) 126 8.8 68.1 23.3 7.1 66.0 26.9

Mean 45 A-i (3) 135 10.8 63.0 26.1 6.6 69.3 24.1
A-2 (5) 114 12.1 61.3 26.7 6.4 72.0 21.5

Significance NS NS NS NS NS NS

* Period A-1: weight maintenance on eucaloric diet. Period A-2: losing weight on a 1,000 cal diet. Number in paren-
theses represents number of determinations of gallbladder bile lipid composition during that period.
t Weight given for Period A-1 is the stable weight at which the subject was maintained throughout that period. The
subject's weight at the end of the period of gradual weight loss on 1,000 cal is given for Period A-2.
§ Values for hepatic bile represent the average for six determinations during the steady-state period of formula
inf usion.

Cholesterol synthesis and fecal steroid excretion in
nine obese men during weight maintenance and reduc-
tion are presented in Table IX. Since the diets in both
periods contained cholesterol, fecal neutral steroids were
derived from both endogenous and exogenous cholesterol.
In the eucaloric period (A-1), cholesterol intake was
greater, and this may partly account for the greater ex-
cretion in that period. During weight loss a similar pat-
tern of change was noted for both neutral and acidic
steroids: in some subjects the excretion of acidic and/or
neutral steroids was markedly decreased during caloric
restriction, while in others it was only slightly de-
creased; in every case, however, excretion was less dur-

ing caloric restriction than during weight maintenance.
As shown in Table IX, estimated total body synthesis
of cholesterol was also less during caloric restriction
than during weight maintenance in every subject.

In several subjects, the cholesterol: triglyceride ratio
in adipose tissue was higher in Period A-2 than A-1,
suggesting that triglyceride may have been mobilized
somewhat more rapidly than cholesterol. If so, our
estimate of cholesterol mobilization would be correspond-
ingly overestimated in these subjects. Nevertheless, the
results provide an interesting comparison between mo-
bilized and newly synthesized cholesterol. They show
that mobilization of cholesterol from adipose tissue may
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TABLE VIII
Effects of Chronic and Acute Changes in Caloric Intake on Hourly Output of Biliary Lipids

and Bile Acid Pool Size in Obese Caucasian Men

Biliary lipid outputs

Dietary Infusion§ Choles- Bile Phospho- Bile acid
Subject Period* Weight: calories calories terol acids lipids pool size

A-i
A-2

A-1
A-2

kg cal/24 h

145 3,600
127 1,000

133 4,000
113 1,000

A-1 132 4,000

A-2 117 1,000

A-i 137 3,800

A-2 120 1,000

A-i 124 3,600

A-2 101 1,000

A-1 122 3,700
A-2 96 1,000

A-i 155 3,600
A-2 139 1,000

A-1 114 3,400

A-2 99 1,000

A-1 159 4,500
A-2 126 1,000

A-1
A-2

Percent change

Significance

136 3,800
115 1,000

-74

cal/24 h

3,600
1,000
4,000

4,000
1,000
4,000

4,000
2,000
1,000
1,000
3,000

3,800
1,600
1,000
4,000

3,600
1,800
1,000
3,000

3,700
1,000
4,000

3,600
1,000
4,000

3,400
1,700
1,000
3,000

4,500
1,000
4,000
3,800
1,000
-74

mg/h
86 1,340
61 1,010
44 830

86 1,360
32 1,120
42 1,490
87 1,430
92 1,180
94 1,050
57 560
67 670

92 1,310
76 1,040
26 1,370
37 960

124 1,270
85 710
69 680
59 860

98 1,320
37 560
44 470

86 1,880
54 720
66 950

110 1,810
96 940
63 560
78 900

157 1,420
83 1,000
62 760

103 1,460
54 840

-48 -42
P <0.01 P <0.01

mg

2,390
2,760

600
420
350

870
310
320

700
670
660
300
400

630
480
330
330

820
520
440
480

780
310
340

530
220
390

910
720
410
500

970
630
230

3,420
2,090

7,220

2,100

2,730

2,300

4,210

2,650

3,110
1,190

4,010
3,400

5,610

2,630

760 4,090
370 2,390

-51 -42
P < 0.01 P < 0.01

* Period A-I: subject maintaining weight for a month on eucaloric diet. Period A-2: subject losing weight for more than a month
on 1,000 cal diet.
I Weight at end of period shown.
§ Rate of constant infusion of liquid formula into duodenum during measurement of biliary lipid outputs. Hourly caloric
input was 1/24th of value shown. Formula was infused for 10 h at constant rate. After 4 h for equilibration, six hourly deter-
minations of lipid output were made. Then, as shown by a second value for infusion rate, in several instances the rate of in-
fusion was acutely changed to a new level of caloric intake. Formula was then infused at this new rate for 9 h. After 3 h of
equilibration at the new rate, six hourly determinations of lipid output were again made.
11 Each value represents the mean of six 1-h sample collections.
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TABLE IX
,Synthesis and Excretion of Steroids during W17eight Maintenance (and Reduction in Nine Caucasian AMen

Diet
Adipose tissue

Choles- Fecal excretion
terol TG Chol Cholesterol

Subject Period* intake Neutral steroids Acidic steroids Chtol, TG loss loss svttlthesis

mg/day mng/day -SD mg/g g/day mg/day mg/day

S. A. A-1 340 1,010±100 470+180 0.94 1,140
A-2 70 980+150 240±110 0.69 290 270 880

V. C. A-1 260 1,210±170 490±110 0.76 1,440
A-2 70 750±60 160±50 2.08 290 220 620

R. L. A-1 180 950±300 180±60 1.08 950
A-2 60 570±70 70±10 1.32 350 380 200

D. L. A-1 210 950±120 610±10 0.91 1,350
A-2 90 580±100 130±40 1.81 180 160 460

R. J. A-1 360 1,350±t160 300±80 1.24 1,290
A-2 90 1,220±290 210±50 1.42 390 480 860

J. M. A-1 290 1,180±340 600±80 0.85 1,490
A-2 90 520±40 200440 1.22 300 260 370

T. P. A-1 360 1,100 ±120 300±70 1.62 1,040
A-2 90 860±110 250±70 320 520 500

L. McG. A-1 240 1,080±170 500±190 1.01 1,340
A-2 100 9404 150 240± 110 0.95 200 200 880

W. R. A-1 520 1,250±180 960±170 1.46 1,690
A-2 90 840±80 240±50 1.70 380 560 430

Mean A-i 310 1,120 490 1.10 1,300
A-2 80 810 190 1.40 300 340 580

Significance P < 0.01 P < 0.01 P < 0.01

* Period A-1: maintaining weight on eucaloric diet. A-2: losing weight on 1,000 cal diet.

TABLE X
Effects of Caloric Intake on Biliary Lipid Outputs in Two Nonobese Caucasian Men

Biliary lipid outputs

Dietary Infusion Choles- Phospho- Bile acid
Patient Period* Days Weightl calories calories terol Bile acids lipids pool size

kg cal/24 h mg/h mg

D. M. B-1 27 75.2 2,600 2,600 49±9 1,190±-310 480±t110 6,570
B-2 32 78.4 4,000 4,000 66±-20 1,560±-250 600±t150
B-3 29 74.0 1,000 1,000 28±t7 630--270 220±-70 3,520

W. V. B-1 30 72.9 3,000 3,000 56±2 1,000i190 480±90
B-2 24 76.4 5,000 5,000 46±8 1,160±220 500±90
B-3 29 73.8 1,000 1,000 44±3 520±150 190±50

1,870
3,130
1,220

* Period B-1: subject maintaining stable weight on eucaloric diet. Period B-2: subject gaining weight on hypercaloric diet.
Period B-3: subject losing weight on hypocaloric diet. Subjects were studied at end of each period, the durations of which are
listed in the adjacent column.
$ Weight at end of period shown.
§ Each value represents the mean-±SD of six hourly determinations which were carried out.
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contribute significantly to cholesterol balance during
weight reduction. The calculated average for mobilized
cholesterol was 338 mg/day. Since cholesterol synthesis
was markedly reduced during caloric restriction as com-
pared to weight maintenance (547 vs. 1,301 mg/day),
about one-third of the total excretion of endogenous
steroids was probably derived from adipose tissue stores.
Production of bile acids was also reduced during ca-
loric restriction, as evidenced by decreased bile acid se-
cretion and pool size and decreased acidic steroid excre-
tion, and thus a major fraction of the mobilized choles-
terol must have been secreted into bile as cholesterol
itself. This excess cholesterol was undoubtedly one
factor preventing the reduction of biliary cholesterol
saturation during active weight loss.

B. Bile lipid secretion and bile acid pool size in two
nonobese subjects on eucaloric, hypercaloric, and hy-
pocaloric diets are shown in Table X. The subjects
gained about 3.5 kg while on hypercaloric intake (Pe-
riod B-2) and lost approximately the same amount on
hypocaloric intake (Period B-3). Lipid outputs for both
subjects during weight maintenance were similar to
those previously reported for subjects of normal weight
(Table IV), but subject D. M. had an unusually large
bile acid pool. As in the obese subjects reported above,
caloric restriction resulted in a decreased bile acid pool
and decreased output of all three biliary lipids in both
subjects. On a hypercaloric diet, however, despite ca-
loric intake equal to that required for weight mainte-
nance in the obese subjects reported above, cholesterol
output did not rise to' the levels found among obese sub-
jects. Therefore, the high caloric intake (3,500-5,000
cal per day) required to maintain weight in the very
obese state cannot alone account for the hypersecre-
tion of cholesterol in that state. This would suggest
that something about obesity itself, apart from the
caloric intake required to maintain that obesity, con-
tributed to the excessive secretion of cholesterol found in
the obese subjects reported above in studies I-C and
II-A.

DISCUSSION
The present study shows that obesity is associated with
supersaturation of gallbladder bile with cholesterol.
Most of our obese subjects had gallbladder bile that was
supersaturated by any criteria (11, 20, 21); their bile
was clearly more saturated before weight loss than after
and more saturated than the bile of matched nonobese
controls. Since supersaturated bile evidently precedes and
predisposes to gallstone formation (17, 26, 46, 47), it
is likely that the clinical association between obesity and
gallstones can be explained by the formation of bile con-
taining a relative excess of cholesterol.

Our results indicate that production of supersaturated
bile in obese humans is due principally to enhanced se-

cretion of cholesterol into bile. Obese subjects showed
increased biliary cholesterol secretion in comparison to
previously studied nonobese subjects and in comparison
to themselves during and after weight reduction. Previ-
ous studies in this laboratory demonstrated that super-
saturated bile in American Indian and Caucasian gall-
stone patients resulted from a dual defect in biliary lipid
secretion: excessive cholesterol secretion and diminished
bile acid secretion (18, 19). The gallstone patients,
however, were more obese than the controls, suggesting
that their obesity may have accounted for at least part
of these changes. Using the data from those reports,
one can calculate that for each kilogram by which the
Indian gallstone subjects were heavier than the normal
Indian controls, they secreted an average of 1.2 mg more
cholesterol per h (19). Similarly, for each kilogram by
which the non-Indian gallstone subjects were heavier
than their controls they secreted 1.1 mg more cholesterol
per h (18). These figures are within the range by which
cholesterol secretion decreased in the subjects who lost
weight in the present study. Northfield and Hofmann,
moreover, found no significant difference in 24-h lipid
outputs between seven gallstone patients and seven
weight-matched controls (48). It would thus appear
that the excessive biliary secretion of cholesterol in the
gallstone patients previously studied in our laboratory
was due to their obesity.

The present study also demonstrates that decreased
outputs of solubilizing lipids are not required for forma-
tion of supersaturated bile. Pool sizes of bile acids in
our obese men were among the highest reported in the
literature (22, 26, 49, 50), and phospholipid outputs
were also markedly increased. Thus, our results strongly
support the concept that supersaturated bile can occur
independently of a decrease in solubilizing lipids and
can be due entirely to an increased secretion of cho-
lesterol.

Elevated secretion of cholesterol evidently continues
during overnight fasting. This conclusion is implied by
our finding that gallbladder bile obtained after overnight
fasting was consistently more saturated with cholesterol
than was stimulated hepatic bile. Thus, the normal "di-
urnal" variation in bile lipid composition (48, 51) ap-
parently persists in obesity. Indeed, this variation may
be accentuated by obesity.

Since saturation of gallbladder bile in obesity seems
to be especially high, as compared to stimulated hepatic
bile, it is likely that during overnight fasting even more
than during caloric infusion, the secretion of choles-
terol is disproportionately increased in obesity. One
possible mechanism for such an increase in fasting cho-
lesterol secretion could be that the diurnal variation in
cholesterol synthesis, which is related to feeding and
fasting (52-54), might be obliterated by obesity. The
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obese subject should have ready access to fatty acids
as a source of two-carbon fragments for cholesterol syn-
thesis even during fasting. Moreover, in obesity plasma
insulin levels are particularly elevated in the fasting
state (55), and insulin has been reported to induce in-
creased activity of hydroxymethylglutaryl CoA reduc-
tase (56, 57), the rate-limiting enzyme in cholesterol
synthesis. If excess cholesterol is produced in the liver
during fasting in obese persons, its secretion directly
into bile would account for our observation of increased
saturation of gallbladder bile in obese subjects.

The increased hepatic secretion of cholesterol in
obesity is almost certainly related to excessive produc-
tion of cholesterol. Several studies have shown that
cholesterol synthesis is increased in obesity (27-32),
and the nine obese men whose cholesterol synthesis was
measured in the present study had higher synthesis rates
than those reported for nonobese subjects (reference
30, Table II). The major route for excretion of newly
synthesized cholesterol is via the biliary tract, and it
might therefore be expected that obese subjects would
secrete increased amounts of cholesterol into their bile.

The mechanisms responsible for the increased cho-
lesterol synthesis and secretion in obesity are not known.
It is conceivable that the hypertrophied adipose tissue
itself might produce increased amounts of cholesterol,
but Schreibman et al. (58) did not detect significant
amounts of cholesterol synthesis in adipose tissue. On
the other hand, some of the excess production of cho-
lesterol might simply be a consequence of the increased
caloric intake required to maintain the obese state.

It is possible that greater caloric intake might en-
hance biliary lipid secretion through a direct affect
upon the intestinal tract. For example, Brunner et al.
(59) reported that secretion rates of biliary lipids are
acutely dependent on caloric intake; these workers found
that recycling rates of bile acids in the enterohepatic
circulation depend on the level of caloric input, and that
secretion rates of other lipids are in turn related to the
quantity of bile acids fluxed through the liver. Our re-
sults do not support this mechanism as the whole ex-
planation of abnormal lipid secretion in obesity. Al-
though acute increases in the rate of caloric infusion
usually resulted in increased lipid secretion rates, these
changes were not of the magnitude found after pro-
longed dietary intake of calories at the levels required
to maintain massive obesity.

Another possible cause of the increased secretion of
cholesterol in obesity might be the chronic ingestion of
a high caloric diet, as required for weight maintenance.
The finding that biliary lipids are reduced during caloric
restriction supports this possibility. However, the high
outputs of cholesterol found in obese subjects could not
be reproduced in our two nonobese subj ects studied

after a month of weight gain on high calorie diet.
Thus, increased chronic food intake may enhance biliary
lipid secretion by promoting the flux of bile acids in the
enterohepatic circulation and by increasing synthesis of
all constituents, but obesity per se seems to cause a
further, disproportionate increase in cholesterol secre-
tion, especially in the fasting state. The mechanism of
the latter effect is not apparent, but it might be related
to loss of diurnal variation in cholesterol synthesis.

Since obesity is associated with supersaturated bile,
an important question is whether weight reduction will
cause a decreased saturation. In these studies, weight
reduction has been examined in two phases: (a) the
transitional period of active weight reduction, and (b)
the period after weight loss in which a constant weight
had been re-established at a new lower level. As dis-
cussed below, there are important differences between
these two phases in the metabolism of biliary lipids.

An unexpected observation was that saturation of
gallbladder bile did not decrease during the period of
active weight reduction. Indeed it increased in 6 out of
10 subjects. This same finding has been recently re-
ported in a preliminary communication by Schreibman
et al. (60). Increased saturation could be due to fur-
ther enhancement of cholesterol secretion or to reduc-
tion in output of solubilizing lipids. Schreibman and
coworkers (60) suggested that mobilization of cho-
lesterol from adipose tissue pools into bile might be
responsible for the greater saturation. In absolute terms,
however, hepatic secretion of cholesterol in our obese
patients was not increased during weight reduction; in
fact, there was a significant decline in cholesterol out-
puts with caloric restriction. Thus, a net increase in
saturation during weight reduction must be due to a
greater decrease in solubilizing lipids than in cholesterol.
Nevertheless, while absolute secretion rates of choles-
terol were decreased during the period of weight loss,
mobilization of cholesterol from adipose tissue could
still play an important role in the greater saturation of
this period. Our calculations indicate that a significant
fraction of the fecal excretion of cholesterol and its
products could have been derived from cholesterol that
was lost from adipose tissue. If it were not for this in-
crement of cholesterol, depression of cholesterol secre-
tion during caloric restriction might have been uniform
for all lipids so that saturation would not be increased.
The contribution of cholesterol from adipose tissue
therefore may be significant in preventing a decrease in
saturation of fasting gallbladder bile during weight
reduction.

After re-establishment of constant weight at a re-
duced level, gallbladder bile is consistently less saturated
with cholesterol than before weight reduction. This de-
creased saturation apparently results from reduced cho-
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lesterol secretion, which in turn is probably secondary
to the reduced cholesterol synthesis shown by Miettinen
to follow weight loss (30). Maintenance of constant
weight at a reduced level differs from active weight re-
duction in two important respects: (a) secretion rates
of bile acids and phospholipids are not significantly
curtailed, and (b) there is no net mobilization of cho-
lesterol from adipose tissue. Both of these differences
would favor a decreased saturation of bile during
weight maintenance, as compared to the period of caloric
restriction.

In conclusion, these studies show that saturation of
gallbladder bile is increased in obesity. This increase is
primarily the result of enhanced secretion of cholesterol
into bile and not of a reduction in solubilizing lipids.
During caloric restriction in obese subjects, saturation
can actually increase because of decreased output of bile
acids and phospholipids, as well as mobilization of
cholesterol from adipose stores. When weight main-
tenance is re-established at a lower level, however,
saturation is consistently reduced as compared to the
more obese state. Thus, although some subjects may
transiently be at increased risk for gallstone formation
during active weight reduction, if a lower weight can
be established and maintained the chances of gallstone
formation would appear to be consistently decreased.
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