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Abstract In order to study the metabolic responses of 
humans consuming a diet moderately high in cholesterol 
content, we carried out a long-term sterol balanc\e study, 
up t o  25 weeks in duration. T w o  subjects, one normo- 
cholesterolemic and one hypercholesteroleinic, were given, 
in sequence, a very low cholesterol diet and then a diet 
containing 1000 mg cholesterol per day. The  plasma 
lipids, lipoproteins, cholesterol absorption arid synthesis, 
and fecal steroid excretion were then measured during 
the different dietary periods ( 1  0- 14 weeks of a very low 
cholesterol diet and 1 1  weeks o f  ;I moderately high cho- 
lesterol diet). During the high cholestrol dietary period, 
the plasma cholesterol level increased from 280 t o  427 
mg/dl for Subject 1 and from 123 t o  166 mgidl for Subject 2. 
The  low density lipoprotein (LDL) cholesterol increased 
from 215 to 318 mg/dl and from 76 to I 1 2  mgidl. The  
high density lipoprotein (HDIJ cholesterol also increased. 
Of the possible compensatory mechanisms against cho- 
lesterol overloading from the diet, t w o  mechanisms were 
partially effective: cholesterol biosynthesis decreased (feecl- 
back inhibition) and bile acid excretion increased. Cho- 
lesterol absorption remained unchanged after the high 
cholesterol diet and was not a compensatory mechanism 
despite earlier assumptions that it  might he. I n  spite of these 
compensatory mechanisms, the cholesterol feeding led t o  :I 
44';: incre;ise in the plasma cholesterol levels of' these 
subjects. 'I'he predominant componcnt o f  the plasma cho- 
lesterol increase was in the cholesterol traiisported hy 
LDL arid ivith presumably greater atlicrogenicity as a result. 
I n  the h).percholesterolernic subject, thc LDLIFTDL ratio 
increased and there w a s  a net storage of cholesterol in the 
b o d y .  Storage of cholesterol did not occ~ir in the normal 
subject.-Lin, D. S. ,  and W. E. Connor. T h e  long term 
effects of dietary cholestcr-ol upon the plasma lipids, 
lipoproteins, cholesterol absorption, and the sterol balance 
in man: the demonstration of feedback inhibition of cho- 

lesterol biosynthesis and increased bile acid excretion. 
/. Lipid RPS. 1980. 21: 1042-1052. 
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Cholesterol homeostasis in the body is governed 
by an interplay of cholesterol absorption, synthesis, 
storage, and excretion. When a given steady state is 
disturbed by cholesterol feeding, the responses to the 
changes in these parameters are  different in different 
species and are  correspondingly reflected in their 
serum cholesterol levels. In  the rat, for example, there 
is only minor elevation of serum cholesterol after feed- 
ing large quantities of cholesterol. Control mecha- 
nisms prevent a disturbance in homeostasis by a re- 
duction in the body's synthesis of cholesterol and by 
increased conversion of cholesterol to bile acids which 
promotes the excretion of steroids in the stool (1  -3). 
O n  the other hand, the feeding of-  dietary cholesterol 
t o  rabbits results in an extraordinary hypercholes- 
terolemia, atherosclerosis, and a debilitating choles- 
teryl ester storage disease (4). T h e  rabbit has both 
high cholesterol absorption and a relative failure to  
synthesize and excrete bile acids in compensation. 

In  human beings, the plasma cholesterol level may 
be increased moderately by the addition of cholesterol 
t o  a baseline cholesterol-free diet; i.e., from 190 to 260 
mg/dl ( 5 ) .  Similar elevations of serum cholesterol 
levels have been observed under  wide-ranging 

1042 Journal of Lipid Research Volume 2 1 ,  I980 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


amounts of dietary cholesterol intake (up to 4500 mg/ 
day) (5- 11). Absorption data from this laboratory 
and others have pointed out the fact that, while there 
is always only a fraction of the dietary cholesterol 
absorbed in man, the net absorption has a roughly 
linear relationship with the amount of cholesterol in 
the diet ( 1  2- 15). As much as 1 g of dietary cholesterol 
was absorbed when 3 g cholesterol was given daily 
(14). I t  is, therefore, conceivable that in order to pre- 
vent great elevations of serum cholesterol levels and 
expansion of the tissue cholesterol pool in the face 
of large cholesterol intakes, some compensatory 
mechanisms must be operative in man in response to 
the absorbed cholesterol. These could include feed- 
back inhibition of cholesterol biosynthesis, enhance- 
ment of bile acid and/or neutral steroid excretion, 
and reduction of cholesterol absorption. 

T h e  reduction of cholesterol biosynthesis through 
the negative feedback mechanism has been demon- 
strated in different experimental animals after a high 
cholesterol diet and has been considered as an im- 
portant protective mechanism for cholesterol homeo- 
stasis (16-20). In man, however, the experimental 
evidence has been somewhat contradictory. An in vitro 
study of human liver slices indicated that with prior 
cholesterol feeding there was marked reduction of 
cholesterol biosynthesis (2 1). However, studies by 
Wilson and Lindsey (22) and Taylor and his col- 
leagues (23-25) in intact man using either the isotopic 
steady state technique o r  the deuterium-labeling 
technique did not confirm significant feedback con- 
trol from the ingestion of dietary cholesterol. Other 
workers have obtained extremely variable results from 
subject to subject with feedback inhibition never at- 
taining the significance that it has in animals (26-29). 

With regard to increased fecal bile excretion after 
a high cholesterol diet, the results have been incon- 
clusive. In fact, one review of the subject stated that 
increased bile acid excretion after cholesterol feeding 
has never been reported in man (30). The  increased 
excretion of neutral steroids after cholesterol feeding 
was observed in some of the subjects in the previous 
studies (26, 27). 

In the present experiment, long term sterol balance 
studies were carried out in two human subjects who 
were given, in sequence, a “very low cholesterol” diet 
and then a diet containing about 1000 mg cholesterol 
per day, an amount certainly consumed by some 
Americans. These subjects were hospitalized in the 
Clinical Research Center for the entire course of the 
study in order to have proper control of dietary intake 
and sample collection. These long-term feeding 
studies were carreid out for 21 to 25 weeks duration 

to ensure the establishment of a metabolic steady state. 
The  baseline “very low cholesterol” diet was fed for 10 
and 14 weeks to the two subjects, respectively, fol- 
lowed by 1 1  weeks of a high cholesterol diet. The  
plasma lipids, lipoproteins, cholesterol absorption 
cholesterol synthesis and fecal steroid excretion were 
measured during the first steady state period (base- 
line period), in the transition period, and during the 
second steady state period (the high cholesterol feed- 
ing period). The  results indicated new and unequiv- 
ocal findings about the effects of dietary cholesterol 
in man. 

MATERIALS AND METHODS 

Two subjects, one normal subject and one type I1 
hypercholesterolemic patient, were hospitalized in the 
Clinical Research Center during the entire 22-25 
week period of study. The  protocol of study had been 
approved by the Human Ethics Committee and in- 
formed consent was obtained. Subject 1 was a 67-year- 
old woman who weighed 44.3 kg, and was 152 cm in 
height. She was a type IIa hypercholesterolemic 
patient and had xanthelasmas and extensor tendon 
xanthomas of the hands. Her thyroid, renal, and liver 
function tests were normal. She was not diabetic. All 
causes of secondary hyperlipidemia were ruled out. 
However, familial data could not be obtained; all 
family members were deceased. Subject 2 was a 31- 
year-old normocholesterolemic healthy man. His 
weight and height were 65.6 kg and 185 cm, respec- 
tively. Both subjects were slender. Their food intake 
for the entire experiment consisted exclusively of 
orally administered liquid formula feedings in which 
protein contributed 15%, fat 40%, and carbohydrate 
45% of the total caloric intake (7) (Table 1). Vitamins 
and minerals were added to meet the daily recom- 
mended allowances of the National Research Council. 
The  cholesterol content of the diets averaged 45 mg 
per day during the very low cholesterol period. The  
total caloric intake was adjusted to maintain constant 
body weight. The  subjects were given this basic very 
low cholesterol formula diet for 10-14 weeks and 
then were fed, for another 10-11 weeks, a moder- 
ately high cholesterol diet which was composed of the 
basic formula diet with the daily addition of 1000 mg 
cholesterol. This cholesterol was supplied as egg yolk 
incorporated into the diet as in previous studies in a 
way to keep the total fat and fatty acid compositions 
of the two formulas very similar. 

Venous blood samples, after an overnight fast of 14 
hours, were collected twice weekly. Plasma lipo- 
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TABLE 1. The  composition of the fortnulas for the two dietary periods" 

sou1-cc~ o f  Fat 

Whole \ 'egetahlc 
Fatty Acids 

(:tiole\- Egg Oil I ( )d i ne Satu- hlonoun- Polyun- 
Dietary Period terol Yolk  IIZ i X t  11 re" \';llue rated saturated saturated Pis 

I Very low cholesterol diet 4.5 0 1 1 1  X I  47.5 21.3 31.2 0.8 

cholesterol diet 1126 28 83 X X  48.0 22.2 29.8 0.8 

I' These representative formulas are calculated fo r  a daily intake of 2500 calories. Vitamins and minerals were added to meet the 

" A combination of peanut oil and cocoa butter, typicalls 80% and 20%. respectively, fo r  Period I ,  and 58%# and 16% tor Period 11, io 

I 1  Moderately high 

recommended dietary allowances of the National Research Council and remained constant throughout the study. 

compensate for the incorporation o f  egg yolk fatty acids 

proteins were separated by ultracentrifugation and 
heparin-MnC12 precipitation (3 I ) .  The  cholesterol 
and triglyceride contents in the plasma and in lipo- 
protein fractions were determined by an Autoanalyzer- 
I 1  (Technicon Instruments Corp., Tarrytown, NY). 
The  intestinal absorption of cholesterol was measured 
by a single test meal technique ( 1  2). Four repeated 
absorption tests at 3-week intervals were performed 
during the cholesterol feeding period. [ 1 ,2-3H]- 
Cholesterol used in the test meal was obtained from 
AmershamEearle Corp., Arlington Heights, IL. A 
tracer dose of /3-[4-'4C]sitosterol, obtained from the 
same company, was also incorporated into the meal 
to correct possible bacterial degradation (14). The  
purity of the isotopes was verified by thin-layer 
chromatography (3 2). 

Daily stools of the last 5 weeks of the very low cho- 
lesterol feeding period and the entire moderately 
high cholesterol feeding period were collected and 
frozen immediately. At the end of the study, these 
fecal specimens were thawed and pooled in 7-day lots. 
The  stools were  homogenized with water in a paint 
can shaker (33). Aliquots were then taken for analyses. 
The  analytical methods used for fecal neutral steroid 
and bile acid analysis were the same as we have re- 
ported previously (34). They are based on the original 
work of Miettinen, Ahrens, and Grundy (35) and 
Grundy, Ahrens, and Miettinen (36) involving the 
separation of the fecal steroids into neutral and acidic 
fractions. These separate fractions were purified by 
thin-layer chromatography, and the individual com- 
ponents subsequently were measured by gas-liquid 
chromatography. The  gas-liquid chromatography 
was performed on an instrument equipped with a 
hydrogen flame ionization detector (Hewlett-Packard 
Model 7610A, Skokie, IL). The  column was a 4-ft glass 
U-tube, 4 mm i.d., packed with Diatoport S (SO/lOO) 
coated with 3.8% film of SE-30. Temperature of 
column, injection port, and flame detector were 230"C, 
250°C and 280"C, respectively, for neutral steroids 

and the temperature of the column for bile acids was 
240°C. Helium was used as carrier gas with a flow 
rate of 75 mm/min. The  inlet pressure was 40 psi. An 
integrator (Hewlett-Packard Model 3370B) was used 
for quantitation of the peak area. Aliquots of the 
formula diets were analyzed for sterol content accord- 
ing to the same procedure utilized for neutral 
steroids. (35). 

For the measurement of cholesterol absorption, 
the radioactivity in the fecal neutral steroid fraction 
was determined. The  same procedure as described 
before for mass determination was used. Fecal steroids 
were first separated into neutral and acidic fractions 
after mild saponification. The  neutral steroids ex- 
tracted in hexane were dried and redissolved in 10 ml 
scintillation mixture (2, 5-diphenyloxazole (PPO) and 
1,3-bis-(2(5-phenyloxazolyl)) benzene (POPOP) in 
toluene. The  specimens were counted in a Packard 
Tri-Carb liquid scintillation counter (Model 3380, 
Packard Instrument Go., Downers Grove IL). The  
quench of the sample, if any, was corrected with an 
absolute activity analyzer (Model 544, Packard Instru- 
ment Co.). 

Statistical analyses were performed by standard 
methods (37). 

RESULTS 

Changes in plasma lipids, lipoproteins 
and body weight 

The  weekly mean plasma cholesterol and triglyc- 
eride levels of these two subjects, consuming very 
low cholesterol and high cholesterol diets, are given 
in Table 2. In both subjects, the response to dietary 
cholesterol occurred quickly. Increased plasma cho- 
lesterol was observed in the first week of feeding for 
Subject 2 (the normal subject) and in the second week 
for Subject 1 (the hypercholesterolemic patient). The  
hypercholesterolemic patient not only responded 
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TABLE 2. The  plasma lipids of two subjects fed very low cholesterol and high cholesterol diets 
~~ ~~~ 

Subject I Subject 2 
Weeks Plasma Lipids P1;rsnra Lipids 

Dietary Period Subject 1 Subject 2 Cholesterol Triglyceride (:holesterol Triglyceride 

Imw cholesterol 
(<45 mgiday) 

Mean and S.D. 
(last 5 weeks) 

Moderately high 
cholesterol 
( 1000 mgiday) 

Mean and S.D. 
(last 5 weeks) 

1-4th I-5th 
5-9th 
10th" 6th" 
1 l th  7th 
12th 8th 
13th 9th 
14th 10th 

1 St  

2nd 
3rd 
4th 
5th 
6th 
7th 
8th 
9th 

10th 
1 l th  

333 
263 
2 84 
270 
286 
279 
290 

280 2 6.7 

293 
347 
36 1 
39 1 
39 I 
397 
419 
432 
416 
44 1 
426 

427 ? 14.5 

84 
77 
80 
81 
85 
78 
88 

82 2 4.0 

87 
80 
71 
7 9 
90 
73 
78 
78 
7 3  
84 
78 

78 ? 3.9 

?ngldl 

134 99 

128 96 
1 I6 93 
123 96 
127 85 
120 76 

123 2 6.2 89 ? 8.6 

141 91 
147 77 
163 87 
161 96 
167 9.5 
169 79 
I64 88 
171 78 
172 94 
I62 7 .i 
167 74 

166 -t 7.0 82 ? 8.8 

'' Subject 1 received the very low cholesterol diet for a total of 14 weeks and Subject 2 received the same diet 
for I O  weeks. Each value represents two determinations per week. 

more slowly than the normal subject, but her plasma 
cholesterol level also reached a plateau much later 
during the period of high cholesterol feeding: 6 weeks 
versus only 2 weeks for the normal subject. During 
the last 5 weeks of each dietary period, the plasma 
cholesterol level remained relatively constant: the 
variation being less than 5% from the mean value. 
The plasma cholesterol level of 280 f 6.7 mg/dl 
during the very low cholesterol diet for Subject 1 in- 
creased to 427 ? 14.5 mg/dl during the high cho- 
lesterol dietary period, a rise of 147 mg/dl or +52.5%. 
For Subject 2, the plasma cholesterol level was 123 
+- 6.2 mg/dl during the very low cholesterol dietary 
period and 166 2 7.0 mg/dl during the moderately 
high cholesterol dietary period, an increase of 45 
mg/dl or +35.8%. The plasma triglyceride levels of 
both subjects did not change appreciably during these 
two dietary periods (Table 2). The body weights of 
these two subjects remained relatively constant during 
the last 5 weeks of the low and moderately high 
cholesterol dietary periods: 44.0 f 0.09 kg and 44.5 
2 0.16 kg during these two dietary periods for Sub- 
ject 1, and 65.2 ? 0.16 kg and 66.5 2 0.12 kg for 
Subject 2. 

The cholesterol and triglyceride contents of the 
various lipoprotein fractions of these two subjects 
during both the low and moderately high cholesterol 

Lin and Connor 

feeding periods are presented in Table 3. In both 
subjects during the low cholesterol feeding period, 
the bulk of the plasma cholesterol was carried in the 
LDL fraction (75% for the type I1 Subject 1,62% for 
Subject 2). 

When they were challenged with the moderately 
high cholesterol diet, there was an increase in cho- 
lesterol in both LDL and HDL fractions. The major 
increase in plasma cholesterol was carried in the LDL 
fraction. The cholesterol content of LDL increased 
from 215 -+ 10.6 to 348 5 13.4 mg/dl, a rise of 123 
mg/dl or +62% ( P  < 0.025), for Subject 1, and from 
76 -+ 3.2 to 117 -+ 14.8 mg/dl, a rise o f  41 mg/dl or 
+54% ( P  < 0.005), for Subject 2. The cholesterol 
level of HDL increased from 67 f 6.4 to 75 2 4.8 
mg/dl (Al2% P < 0.2) for Subject 1 and from 38 5 4.6 
to 52 ? 9.9 mg/dl (A3'7% P < 0.05) for Subject 2. The 
increases in LDL were proportionately greater than 
the increases in HDL. Consequently, the LDWHDL 
ratio for both subjects increased after the moderately 
high cholesterol diet (3.34 L 0.36 to 4.69 f 0.35, 
P < 0.025 for Subject 1 and 2.04 f 0.24 to 2.32 f 0.54, 
P < 0.2 for Subject 2). 

Because the triglyceride level in the lipoprotein 
fractions of these two subjects changed little during 
the two dietary periods, we chose it as a marker of 
the composition of lipoprotein molecules and cal- 
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TABLE 3 .  Lipid content (mgidl) ot  lipoprotein fraction5 of two suhjects fed very low and high cholesterol diets 

Very low 

Moderately 
cholesterol 6 i 2.1" 215 -t 10.6 67 i 6.4 38 2 3.2 31 2 2.1 11 t 2.1 8 -t 3.3 76 i 3.2 38 t 4.6 60 -t 12.5 16 2 4.0  6 -+ 2.7 

high 
cholesterol 7 2 3.7 348 -t 13.3 73 2 4.8 30 i 5.8 33 f 2.7 12 ? 2.2 10 2.5 117 2 14.8 52 -t 9.9 58 i 10.9 12 i 2.6 12 -+ 4.1 

Change + I  + 123 +8  -8 i 2  + I  +2 f 4  1 + I 4  -2 -4 +6 
P value (low 

vs liigliy' NS 0.025 NS NS NS NS <0.0.', <0.00.5 <0.03 NS <0.05 NS 
~ ~~ ~~ ~ 

" \'LDL., ver) low delisit) lipoprotein fractioii: LDL. low densit) lipopi-otein fi-action; HDL, high density lipoprotein fraction. 
'' F x h  value represeiits the mean and S.D. of the last 5 weeks of each dietary period except for those f o r  Subject 1 in the very l o w  

" l';iii.ed / tcst 
cliolesterol period which represent tlic niem of the last three detrrminations in that dietary period. 

culated the cholesterol concentration in relation to it. 
The  cholesterol/triglyceride ratio in LDL increased 
from 7.07 2 0.84 during the cholesterol-free diet 
to 10.41 2 0.54 ( P  < 0.025) during the moderately 
high cholesterol diet in Subject 1 and from 5.0 1 ? 1.42 
to 10.46 2 2.37 ( P  < 0.005) in Subject 2. The  ratio 
of cholesteroI/triglyceride in VLDL and HDL \vas not 
significantly different in the two dietary periods, ex- 
cept that there was a slight increase in the VLDL frac- 
tion of Subject 2 (from 0.13 t 0.03 t o  0.18 2 0.04, 
P < 0.05). 

Cholesterol absorption 

Four absorption tests were carried out in each sub- 
ject during the 11  weeks of the moderately high 
cholesterol feeding period. The  average recoverage 
o f  P-[4-'4C]sitosterol in these tests was 93.7 * 8.5% 
for Subject 1 and 98.3 ? 12% for Subject 2. The  per- 
centage of intestinal absorption of dietary cholester-ol 
b y  both subjects was similar and remained constant 
throughout the feeding period (Tables 4 and 5). The  
average absorption \vas 4 1 .O 2 2.4%' for Subject 1 and 
38.4 t I .4% for Subject 2 .  7'0 avoid disturbing the 
steady state condition, the cholesterol absorption test 
was not performed in these subjects during the ver) 
low cholesterol dietary period. However, in another 
study, these same subjects had been given test meals 
containing 100 mg cholesterol under conditions of a 
cholesterol-free background diet. The  cholesterol ab- 
sorption was 40.4% for Subject 1 and 47.7% for Sub- 
ject 2. These figures were used for the calculation of 
unabsorbed cholesterol and endogenous neutral 
steroid excretion in very low cholesterol period in 
this study (Table 4). 

Fecal steroid excretion 

The results of the fecal steroid excretion during 
the last 5 weeks of the very low cholesterol diet and the 

entire 1 1  weeks of the moderately high cholesterol 
diet are shown in Table 4. During the very low 
cholesterol dietary period, the fecal steroid excretion 
for Subject 1 was 539 t 18.6 mg/day (unabsorbed 
dietary cholesterol 22 mg/day, endogenous neutral 
steroids 355 ? 1 ti. 1 mgiday, and bile acids 162 t 25.4 
mgiday) and 752 27.6 mgiday (unabsorbed cho- 
lesterol 27 mg/day, endogenous neutral steroids 540 
2 23.7 mgiday, and bile acids 184 t 14.2 mgjday) 
for Subject 2. 

When the moderately high cholesterol diet was fed, 
there was a sudden decrease in endogenous neutral 
steroid excretion during the first 2 weeks for Subject 1. 
The  fecal bile acid excretion began to increase during 
the second week. The  total fecal steroid output in- 
creased gradually and became stabilized after 5 weeks 
o f  feeding. The  average total fecal steroid excretion 
in the entire 1 1-week feeding period was 1201 2 155.7 
mgiday (unabsorbed dietary cholesterol 655 mgiday, 
endogenous neutral steroids 32 1 2 139.8 mg/day, and 
bile acids 22.5 t 52.8 mg/day). For Subject 2,  there 
\vas  also a decrease in endogenous neutral steroid 
excretion during the first week of the moderately high 
cholesterol diet. The  trend toward the increase of 
fecal bile acids \+.as noted after 2 weeks of feeding. 
The  total fecal steroid output became steady after 
the second week. The  average fecal steroid excretion 
for Sub-ject 2 in these 1 1  weeks of feeding was 1489 
? 15 1.4 mgiday (unabsorbed dietary cholesterol 702 
mg/day, endogenous neutral steroids 574 ? 154.5 
mg/day and bile acids 214 2 29.3 mgiday). 

Sterol balance 
The  sterol balance data of these two subjects during 

the metabolic steady state (the last 3 weeks of the two 
dietary regimes) are tabulated in Table 5. The endoge- 
nous neutral steroid excretion was not different for 
the very l o w  cholesterol and the moderately high 

1046 Journal of Lipid Research Volume 2 I .  1980 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


TABLE 4. Intestinal absorption, fecal steroid excretion, and balance of intake and excretion 
of Subjects 1 and 2 consuming low and high cholesterol diets 

Fecal Steroid Excretion 

Neutral Steroids Balance 
Cholesterol Cholesterol Bile (Intake less 

Dietar\ Period Weeks Intake Absorption Unahsorhed Endogenous" Total ,Acids Total escretion) 

Subject 1 
Very low 

cholesterol 

Moderatel) 
high 
chole$terol 

Subject 2 
Very l o w  

rholesterol 

Moderately 
high 
cholesterol 

10th 
1 l t l l  
12th 
13th 
141 h 

1st 
2nd 
31d 
4th 
5th 
6th 
7th 
8th 
9th 

10th 
I l t l l  

6th 
7th 
8th 
9th 

10th 
1 st 
2nd 
3rd 
4th 
.it h 
6th 
7th 
8th 
9t h 

10th 
1 It11 

m g i d q  

37 
37 
37 
37 
37 

1109 
1109 
1109 
1109 
1 I09 
1 I09 
1109 
1 I09 
I109 
1 I09 
1109 

52 
52 
52 
52 
52 

1 I42 
1142 
1 I42 
1142 
1142 
1 I42 
1 I42 
1 I42 
1 I42 
1 I42 
1 I42 

v 

40.4 2 1.8'' 
40.4 5 1.8'' 
40.4 2 1.8'' 
40.4 2 1.8'' 
40.4 * 1.8" 

41.2 

37.6 

42.7 

42.6 

47.7 ? 8.Y' 
47.7 2 8.9" 
47.7 5 8.9" 
47.7 5 8.9" 
47.7 2 8.9" 

39.7 

39.2 

38.1 

36.6 

22 
22 
22 
22 
22 

652 
652 
652 
692 
692 
692 
63.5 
635 
63.5 
635 
635 

27 
27 
27 
27 
27 

689 
689 
689 
694 
694 
694 
707 
705 
707 
725 
725 

mgldci! 

34.5 
349 
377 
365 
34 1 

46 
145 
400 
348 
197 
308 
388 
363 
492 
493 
356 

552 
565 
53 1 
550 
504 
460 
519 
688 
715 
314 
887 
524 
482 
638 
608 
484 

367 
37 1 
399 
387 
363 
698 
797 

1052 
1040 
889 

1000 
1023 
998 

1127 
1 I28 
99 1 

579 
592 
558 
577 
53 1 

1149 
1208 
1377 
1409 
1008 
1581 
1231 
1 I89 
1345 
1333 
1209 

I65 
184 
153 
123 
184 
143 
215 
284 
155 
258 
329 
225 
223 
197 
220 
222 

191 
179 
206 
172 
174 
167 
199 
220 
239 
262 
184 
239 
194 
243 
208 
194 

532 
555 
552 
510 
547 
84 1 

1012 
1336 
1 I95 
1147 
1329 
1248 
1221 
1324 
I348 
1213 

770 
77 1 
764 
749 
705 

1316 
1407 
1597 
1648 
1270 
1765 
1470 
1383 
1588 
1541 
1403 

mglday 

-495 
-518 
-515 
-473 
-510 
+268 
+97 

-227 
-86 
-38 

-220 
-139 
-112 
-219 
-239 
- I04 

-718 
-719 
-712 
-697 
-653 
- I74 
-265 
-455 
- 506 
- 128 
-623 
-328 
-241 
-446 
-399 
-261 

- 
" This value \viis obtained at a different period with the same dietary background (see text). 
" Endogenous neutral steroid excretion was calculated by subtracting unabsorhed dietary cholesterol from the total fecal neutral 

steroid excretion. 

cholesterol feeding periods for Subject 1. Her fecal 
bile acids, however, were significantly increased by 
34%, from 162 t 25.4 mg/day to217 5 11.5 ( P  < 0.01). 
In response to dietary cholesterol, total cholesterol 
biosynthesis decreased (67.7%) from 502 * 18.6 mg/ 
day to 162 t 61.5 mg/day ( P  < 0.001). The calcula- 
tion of biosynthesis was based upon the prerequisite 
that the input of sterol was equal to the output during 
a metabolic steady state. Therefore, the balance (in- 
take minus excretion) equals synthesis. 

For Subject 2, the fecal endogenous neutral steroid 
excretion was also similar during these two dietary 
periods. An increase of fecal bile acids was observed 
from 184 t 14.2 mg/day in the control period of 
2 16 t 23.9 mg/day during the moderately high cho- 
lesterol feeding period, an 18.7% increase ( P  < 0.01). 

Lin and Connor 

Cholesterol synthesis decreased 52.1 %, from 700 
* 27.6 to 335 t 87.7 mg/day ( P  < 0.001). 

The fecal neutral steroid excretion was corrected 
for p-sitosterol recovery (38). The recovery of /3- 
sitosterol during the last 5 weeks of the control period 
was 95.2 2 19.5% for Subject 1 and 99.7 t 12.2% 
for Subject 2. For the last 5 weeks of the moderately 
high cholesterol dietary period the p-sitosterol re- 
covery was 86.5 & 8.5% and 91.3 t 12.8% for Sub- 
jects 1 and 2, respectively. 

Using the parameters measured in this present 
study (the plasma cholesterol, cholesterol absorption, 
cholesterol synthesis and cholesterol excretion), we 
have estimated the overall sterol economy in these two 
subjects consuming the moderately high cholesterol 
diet (Table 6) .  During these 11 weeks, Subject 1 ab- 
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TABLE 5. Sterol balance data o f  two subjects at metabolic steady states on two dietary regimens (last 5 weeks o f  each dietary period) 

Subject I Sihject 2 

IO00 111g I OO(1 mg 
(:h(JleSIel-Cl- (: tiolesterol- 

1 1  re (:holesterol P P \'slue" flee ~ ~ l l ~ l l e ~ l ~ ~ r o l  ' X  P Valuc" 
Period (11)  (:hange ( I  \ s  11) l'eriod ( 1 )  Period ( I )  Period (11)  (:h.rngc ( I  \ \  I I j  

Duration (weeks) 
Plasma cholesterol (mgldl) 
Cholesterol intake 

in gld a y 
mglkglday 

Intestinal absorption (%) 
Fecal steroid excretion 

Neutral steroids (NS) 
Unabsorbed 

mglday 
mglkgiday 

Endogenous 
mglday 
mglkglda y 

mglday 
mglkglday 

Bile acids (BA) 
mglday 
niglkglday 

niglday 
niglkglday 

Total body cholesterol 

Total 

Total excretion (NS + BA) 

synthesis measured by 
balance (intake less total 
excretion) 

mgiday 
mgikglday 

1 4 
280 t 6.7 

37 
0.8 

40.4 

22 
0.5 

355 t 15.1 
8.1 t 0.4 

377 t 15.1 
8.6 t 0.4 

162 t 2.5.4 
3.7 t 0.6 

539 t 18.6 
12.3 t 0.4 

302 t 18.6 
11.4 t 0.4 

1 1  
427 5 14.5 +52.5 c0.001 

I I09 
2.5.1 
42.7 

635 
14.2 

418 t 68.7 
9.4 t 1.6 

1053 -+ 68.7 
23.7 t 1.6 

217 t 11.5 +34.0 
4.9 t 0.3 +32.4 

1271 t 61.5 
28.6 t 1.5 

NS 
NS 

<0.001 
c0 .001 

c0 .0  I 
c0.025 

<0.001 
.c0.001 

-162 2 61.5 -67.7 10.001 
-3.6 t 1.4 -68.4 <0.001 

I 0 
123 t 6.2 

52 
0.8 

47.7 

27 
0.4 

540 t 23.7 
8.3 t 0.4 

,567 t 23.7 
8.7 t 0.3 

184 t 14.2 
2.8 L 0.2 

7.52 t 27.6 
11.4 ? 0..5 

-700 t 27.6 
-10.7 t 0.4 

11 
166 t 7.0 +35.0 <0.001 

1142 
17.3 
37.4 

714 
10.7 

547 t 72.0 
8.2 t 1.1 

1261 t 72.0 
19.0 t 1.1 

216 2 14.2 
3.2 t 0.4 

1477 t 87.7 
22.2 t 1.3 

NS 
NS 

10.001 
<0.001 

f 1 7 . 4  10.01 
+14.3 <0.025 

10.00 I 
10.00 I 

-333  t 87.7 -52.1 <0.001 
-5.0 ? 1.3 -53.3 10.001 

(' Pail-ed test 

sorbed 35,011 mg of cholesterol and Subject 2 ab- 
sorbed 33,765 mg cholesterol from the diet. The 
plasma cholesterol was elevated as the result of the 
intake of dietary cholesterol. Considering the plasma 
volume, we calculated the mass change of cholesterol 

TABLE 6. Sterol economy of the human body subjected to a 
daily intake of 1000 mg cholesterol for 1 1  weeks 

Cholesterol Balance 

Subject 1 Subject 2 

Absorbed dietary cholesterol 35,011 mg 
Increased plasma cholesterol 2,433 mg 
Decreased endogenous synthesis" 26,180 mg 
Changes in fecal neutral steroids* 2,583 mg 

(decreased) 
Increased fecal bile acids 4,823 mg 
Increased total fecal steroids excretion 2,240 mg 
Overall balance (or tissue storage) +4,158 mg 

33,765 mg 
1,292 mg 

28,105 nig 
2,653 mg 

(increased) 
2,275 mg 
4,928 mg 
-560 mg 

"Assume that the synthetic rate of cholesterol measured at 
steady state (last 5 weeks) represents that of entire dietary period. 

Figure derived by comparison of actual total fecal steroid 
excretion (neutral steroids and bile acids) in entire 1 1  weeks 
of cholesterol feeding with that of baseline (mean of last 5 weeks 
o t  control period). 

in the plasma before and after cholesterol feeding 
(39). The increase of-plasma cholesterol was 2,433 mg 
for Subject 1; this accounted for 6.9% of the absorbed 
cholesterol. For Subject 2, this comparable figure was 
1292 mg or 3.8% of the absorbed dietary cholesterol. 

In response to the absorbed exogenous cholesterol, 
the daily production of endogenous cholesterol de- 
creased. If we assume that the rate of synthesis cal- 
culated during the last 5 weeks (the steady state 
period) of each dietary period (control and choles- 
terol feeding) is representative of each entire dietary 
period, the total decrease in cholesterol synthesis in 
the 11 weeks of the high cholesterol feeding was cal- 
culated to be 26,180 mg for Subject l and 28,108 mg 
for Subject 2. This reduction in synthesis amounted 
to 74.5% and 83.2% of absorbed dietary cholesterol 
for Subjects 1 and 2, respectively. 

To calculate the changes in fecal steroid excretion 
(neutral steroids and bile acids) after feeding the high 
cholesterol diet, we used the mean excretion values 
during the last 5 weeks of the control period as base- 
line and compared it to the excretion during the 11 
weeks of moderately high cholesterol diet period. For 
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Subject 1, there was 4823 mg greater fecal bile acid 
excretion during the 11 weeks of consumption of high 
cholesterol diet compared with the baseline dietary 
period. For Subject 2, the increase in fecal bile acids 
excretion was 2275 mg. In regard to endogenous neu- 
tral steroid excretion, Subject 1 had 2583 mg less ex- 
cretion than in the control period while Subject 2 had 
2653 mg more. The  total increase in excretion (the 
net sum of neutral steroids and bile acid excretion) 
therefore was 2240 mg (4823 mg - 2583 mg) for Sub- 
ject 1 which equals 6.3% of the absorbed cholesterol 
and 4928 mg (2275 mg plus 2653 mg), or  14.5% 
of the absorbed cholesterol for Subject 2. 

Therefore, the absorbed cholesterol for the 1 1  
weeks of feeding was completely accounted for by 
the changes of the above metabolic parameters; 
namely, increased cholesterol in plasma compartment, 
decreased endogenous synthesis of cholesterol and an 
increase of fecal excretion in Subject 2. However, in 
the type I1 hypercholesterolemic Subject 1 with 
xanthomas, there was 4158 mg of the absorbed cho- 
lesterol o r  14.5% of total absorbed cholesterol not 
accounted for. This may have been stored in the tissues 
of the body as will be discussed subsequently. 

DISCUSSION 

Sterol balance techniques require a metabolic 
steady state before the results are meaningful. A 
metabolic steady state exists when the body weight, 
plasma cholesterol levels, and fecal steroid excretion 
are all relatively constant (40). Only then will cho- 
lesterol synthesis equal the cholesterol balance (intake 
minus excretion). To ensure the establishment of 
steady state in experimental subjects during both 
control and experimental periods, we carried out a 
feeding study which totaled 2 1-25 weeks. This study 
provided data from what appears to be the longest 
sterol balance study ever conducted in humans. 

The  results demonstrate that, when cholesterol is 
incorporated into the diet of human beings, the body 
responds with multiple defense mechanisms to com- 
pensate for the ingested cholesterol. These mecha- 
nisms might include incomplete cholesterol absorp- 
tion as has been stressed previously (22,23), reduction 
in cholesterol synthesis, and increase in fecal steroid 
excretion (bile acids and/or neutral steroids). By 
these compensatory processes, the body can limit 
somewhat the expansion of its cholesterol pools. How- 
ever, in spite of these compensatory mechanisms, to 
be discussed subsequently, the plasma cholesterol 
concentrations in this long term study increased 53% 
in the hypercholesterolemic subject and 35% in the 

normocholesterolemic subject. These results, there- 
fore, further attest to the important role of dietary 
cholesterol in influencing plasma cholesterol levels 
in human beings. 

The  major increase in plasma cholesterol was in the 
LDL fraction of the plasma lipoproteins of these sub- 
jects fed a high-cholesterol diet. The  HDL cholesterol 
level was also slightly increased in both subjects, al- 
though it was not statistically significant. Conse- 
quently, the LDL cholesterol/HDL cholesterol ratio 
increased from 3.34 * 0.36 to 4.69 * 0.35 ( P  < 0.025) 
for Subject 1 and 2.04 -+ 0.24 to 2.32 ? 0.54 ( P  < 0.2) 
for Subject 2. Based on the data of the Framingham 
study, the ratio of LDL cholesterol to HDL cholesterol 
could be considered as an important index of the risk 
for coronary heart disease (41). Thus, the athero- 
genicity of the plasma lipoproteins is enhanced by 
the high cholesterol diet. 

An important defense mechanism against the over- 
loading effect of dietary cholesterol has been stated 
to be the incomplete absorption of dietary cholesterol 
by the human intestine. We did not find this to be the 
case at all in our  study. In our  subjects, cholesterol 
absorption in percentages was no different for Sub- 
ject 1 and was slightly decreased for Subject 2 during 
the moderately high cholesterol diet than during the 
low cholesterol diet. In spite of a slight decrease in 
percentage of absorption, there were large increases 
in mass absorption. Therefore, we would suggest that 
cholesterol absorption proved not to be a defense 
against dietary cholesterol overloading at an intake 
of 1000 mg per day, which is at the upper limit of in- 
gestion by most Americans. The  amounts of cho- 
lesterol absorbed into the body were 455 mg/dl for 
Subject 1 and 439 mg/dl for Subject 2, not incon- 
sequential amounts and hardly representing a barrier 
brought into play by the high cholesterol diet. As will 
be emphasized, the two defense mechanisms seen in 
our  study were inhibitions of cholesterol biosyn- 
thesis and increased bile acid excretion. 

In a short perfusion study (10 to 15 hr) with triple 
lumen tube, Grundy and Mok (42) found that a sig- 
nificant amount of isotope exchange occurred in the 
upper intestine. The  effect of isotope exchange in our  
longer term (days) absorption test is not certain. How- 
ever, in view of the quantitative recovery of /3-[4-14C]- 
sitosterol, which was administered simultaneously 
with [ 1 ,2-3H]cholesterol, the problem of loss of iso- 
topic cholesterol due to isotopic exchange in our  test 
seems not great unless the intestinal cell selectively 
held isotopic cholesterol and not isotopic @sitosterol. 

The  first protective mechanism observed was the 
reduction of cholesterol biosynthesis through the 
feedback inhibition by absorbed cholesterol. The  rates 
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of cholesterol synthesis of our  two subjects eating the 
very low cholesterol diet were 502 ? 18.6 and 700 
2 27.6 mg/day, respectively. These figures are in 
agreement with other reported values (43). During 
the moderately high cholesterol dietary period, our  
subjects only synthesized 162 and 335 mg cholesterol 
daily, 67.7% and 52.1% reductions in cholesterol 
production. Early studies in which isotopic techniques 
were used indicated that the specific activities of 
plasma cholesterol were always much lower than those 
of dietary cholesterol despite the prolonged feeding 
o f  a high isotopic cholesterol diet (22, 23). The  in- 
vestigators in those studies, therefore, could not con- 
firm that significant feedback control was operative 
in man and suggested that limited absorption of 
dietary cholesterol was the important mechanism 
protecting human beings from hypercholesterolemia. 
In 1969, using the sterol balance technique, Grundy, 
Ahrens, and Davignon (44) found no feedback in- 
hibition in one subject who was given 1.5 gm cho- 
lesterol daily. However, they did detect an increase 
in cholesterol synthesis in four subjects when their 
absorption of cholesterol was reduced by feeding 
large amounts of plant sterols, thus suggesting in- 
directly the existence of a negative feedback mecha- 
nism in man, but only operative under the unphysio- 
logical condition of plant sterol ingestion in very 
large quantities. Subsequently, investigators from this 
same group reported that there was great patient- 
to-patient variability in response to cholesterol feed- 
ing (26). Feeding these subjects 250-4000 mg cho- 
lesterol daily for 2 to 10 weeks after a very low cho- 
lesterol background diet, they found that feedback 
inhibition was demonstrable in some sub-jects. Nestel 
and Poyser ( 2 7 )  increased the cholesterol content of 
the diets of nine subjects from 100-300 mg per 
day to 550-890 mg per day for 4 to 6 weeks. 4 mean 
reduction of cholesterol synthesis of 22% (2%-33%) 
was also observed. From the evidence of these 
and from our studies, all performed with different 
experimental designs and for different periods of 
time, it seems clear that feedback inhibition of cho- 
lesterol biosynthesis after the feeding of dietary 
cholesterol is an important regulator of cholesterol 
metabolism in human beings. Even so, the amount of 
feedback control, 52 to 68% shutback in our  studies, 
was less than that observed in many experimental 
animals in which over 90% inhibition after the feed- 
ing of dietary cholesterol has been observed (28, 29). 

The  second important metabolic response of our 
human subjects from the feeding of dietary choles- 
terol was an increased excretion of bile acid in the 
feces. Increased excretion of bile acids upon choles- 

terol feeding has also been observed in the rat and the 
dog (3, 45). Cholesterol feeding has been shown to 
increase bile acid synthesis in these animals (45-47). 
In the rat, both increased fecal bile acid and increased 
activity of cholesterol-7a-hydroxylase activity has been 
observed to occur simultaneously (47). It has been 
proposed that the increase of cholesterol-7a-hydroxy- 
lase activity from cholesterol feeding resulted from 
the increase in pool size of the substrate (48). How- 
ever, increased bile acid excretion in man upon 
cholesterol feeding has not been stressed in preLi ’ ous 
reports. In the studies of Quintao, Grundy, and 
Ahrens (26) and Nestel and Poyser (27), increased 
bile acid excretion was not a consistent response in 
their human subjects. Instead, they observed the ele- 
vated excretion of endogenous neutral steroids, which 
we did not find in the two subjects o f  the present 
study. The  reasons for these different results are not 
clear, but perhaps shorter time periods are re- 
sponsible. 

One of the major purposes of this study was to 
contrast the responses of normocholesterolemic and 
hypercholesterolemic subjects to a similar challenge 
of dietary cholesterol. The  compensatory mechanisms 
tvere, if anything, more active in the hypercholes- 
terolemic subject: greater inhibition of cholesterol 
synthesis and greater bile acid excretion, yet her 
plasma cholesterol increased 52.3% versus only 35.8’3. 
Dietary cholesterol seemed to enhance further the 
basic metabolic error of this patient to increased LDL 
cholesterol concentrations. As has been alluded to pre- 
viously, hypercholesterolemic patients are unusually 
sensitive to dietary cholesterol and respond draniati- 
cally to its restriction (49). It seems unlikely that 
these differences could be accounted for on the basis 
of sex and age differences. 

N o t  only was the increase in plasma levels in re- 
sponse t o  cholesterol different, the time required for 
the increased plasma cholesterol level to reach its 
plateau was also dissimilar. The  normocholesterolemic 
subject reached a steady state more rapidly than the 
type I1 hypercholesterolemic patient (2-3 weeks 
versus 6-7 weeks). The  same phenomenon has been 
observed in hypocholesterolemic and hypercholes- 
terolemic monkeys (50). This difference may result 
from a larger cholesterol pool of the hypercholes- 
terolemic animal 01- human which requires a longer 
time for equilibration. 

When overloaded with dietary cholesterol, the 
ability of these two subjects to minimize the expansion 
of their body cholesterol pool was alsti different. 
Taking into consideration the changes in plasma 
cholesterol level, cholesterol absorption, cholesterol 
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synthesis, and excretion upon cholesterol feeding, we 
estimated the overall sterol balance of the two sub- 
jects consuming 11 weeks of high cholesterol diet 
(Table 6). T h e  normocholesterolemic Subject 2 
was able t o  avoid the expansion of tissue cholesterol 
pool by compensatory measures. The  accumulation 
of cholesterol in the body pools after cholesterol 
feeding was small. However, Subject 1,  the hyper- 
cholesterolemic subject, had 4 g of absorbed choles- 
terol unaccounted for. This was presumably stored 
in the tissues, perhaps in the xanthelasmas and ex- 
tensor tendor xanthomas of the hand, visible evi- 
dences of accumulation of cholesterol in the tissues, 
or elselvhei-e (arteries, connective tissue, etc.). Quintao, 
Brumer,  and Stechharker (5 1) have also reported that 
an increase of' tissue cholesterol occurred in some 
individuals after cholesterol feeding. The  storage o f  
cholesterol in the tissues of hypercholesterolemic 
patients defines also their major disease complication, 
atherosclerosis, an arterial wall reflection of tissue 
cholesterol st0rage.m 
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