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Abstract The influence of clofibrate on  cholesterol  metabolism 
in patients with  hyperlipidemia  was  studied by means of sterol 
balance and isotope  kinetic  techniques and by measurements 
of  flow rates of cholesterol through the biliary tract. Long-term 
balance  studies were carried out on a metabolic  ward  in 24 
patients with all currently recognized  types of hyperlipidemia; 
in  five other patients with  hypercholesterolemia, pool  sizes 
and turnover rates of cholesterol  were  defined  by compartmen- 
tal analysis  before and after three years’ daily administration 
of the drug. 

Except  in fat-induced hypertriglyceridemia  (two patients), 
clofibrate  caused  reduced  plasma  levels  of  triglycerides and 
cholesterol  in all categories of hyperlipidemia. As a general 
rule,  excretion of cholesterol into bile and feces  was  significantly 
increased and fecal  bile  acid  excretion  was  decreased,  regard- 
less  of the  type of lipoprotein abnormality. Despite a net in- 
crease  in  Fteroid excretion in  most patients with hyperlipid- 
emia,  cholesterol  synthesis  was  not increased; indeed,  in  many 
patients synthesis appeared to be decreased.  While the data 
obtained in 29 patients were not  always  consistent, the bulk 
of the evidence suggests that, in  all  forms of hyperlipidemia 
except  fat-induced  hyperglyceridemia, the drug causes an 
increased output of cholesterol  while  simultaneously inhibiting 
any compensatory  increase  in  cholesterol  synthesis.  Therefore, 
it appeared that the increased  excretion of steroids was  most 
likely derived  from  cholesterol  stored  in tissues. This conclusion 
was strengthened by finding that long-term administration 
of the drug can  cause  marked  reduction  in  body  pools of cho- 
lesterol. 

These  findings are reflected  clinically by resolution of skin 
and tendon  xanthomatosis.  However, it is not  yet  known 
whether the accumulation of cholesterol  in arterial walls that 
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is part of the process of atherogenesis  can  be inhibited or  re- 
versed  by the drug. 

Supplementary key words synthesis . absorption - excre- 
tion . tissue flux . biliary flow rates . pool sizes 

IN RECENT YEARS the  drug  clofibrate (Atromid-S, 
Ayerst Laboratories, New York)  has  gained  widespread 
attention as an effective and relatively nontoxic  agent  for 
lowering  plasma levels of cholesterol and triglycerides in 
man (1-10). In 1964, recognizing  the existence of various 
incompletely defined hyperlipidemic states, we  initiated 
a double-blind  outpatient  study of the effects of this drug 
in some 70 patients  with  elevated  plasma  lipid levels. 
(The types of hyperlipidemia  in these patients  were 
classified by the  paper-strip electrophoresis methods and 
criteria of Fredrickson, Levy, and Lees [ll ] ; the results 
of this trial  are  being  reported  separately [12].) Simul- 
taneously we  were  developing  techniques for the  study 
of cholesterol balance  in  man (13-18), and thus,  soon 
after recognizing the  potential usefulness of this drug 
in  almost  all  kinds of hyperlipidemia, we were  able  to 
apply these balance  methods  to  the  elucidation of the 
mode of action of clofibrate  on cholesterol metabolism. 

I t  is the  purpose of this report  to  describe  the effects in 
man of clofibrate  on  the key parameters of regulation of 
cholesterol metabolism-absorption, excretion, syn- 
thesis, and mobilization  from tissues. The  data presented 
here  were  derived  from several kinds of long-term  studies 
in 29 patients:  sterol  balance  data, analyses of isotope 
kinetic studies, and  measurements of hourly flow rates 
of cholesterol through  the  biliary  tract (19). In  most 
patients  clofibrate  caused a striking increase  in  excre- 
tion of neutral  steroids of endogenous origin. We will 
show our reasons for concluding  that  this excess neutral 
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steroid output was due  to a flux of cholesterol  from tissue 
pools. The changes we will describe occurred  without 
any  direct relationship  to preexisting levels of plasma 
cholesterol;  they  were seen in  all  currently recognized 
forms of hyperlipidemia  except  the  rare  disorder,  fat- 
induced  hypertriglyceridemia  (20). 

METHODS 

Patients 

The studies  reported  here were carried  out  on 24 
patients  on  the  metabolic  ward (nos. 1-24) and  on 5  out- 
patients (nos. 25-29) at  the Rockefeller University 
Hospital. The age, sex, habitus,  caloric  intake,  and 
clinical diagnosis of each  patient  are given in Table 1 ; 
in those patients  who received radioactive cholesterol, 
the  amount  and  type of isotope given are shown. Choles- 
terol  balance  studies  in a few  of these patients  have been 
reported elsewhere (22);  the objectives were  different 
from those of the present  study. 

Diets 

All inpatients  except  patient 24 were  maintained at 
constant  body  weight  on  liquid  formula feedings through- 
out  the  study, as described previously (23, 24);  patient 
24 ate a solid food diet  containing  a  mixture of fats  con- 
stituting  about 4070 of total calories. Table 2 presents 
the composition of the  liquid  formula diets used in this 
study;  the types of fat  and  carbohydrate  and  their per- 
centages of total calories are given. In all  formulas  except 
diets G, J, and  K, 15% of total calories was supplied as 
milk protein  (RI-5, Ross Laboratories,  Columbus, 
Ohio) ; diets G, J, and K contained 20% of total calories 
as this same  protein.  Cholesterol was a  component of all 
formulas, a very  small  amount  as a  component of the 
milk protein and a  larger  amount  inherent in  two of the 
fats (butter oil and  lard);  plant sterols were inherent 
constituents of the  corn  and cottonseed oils. During  the 
preparation of formulas, an  additional  quantity of cho- 
lesterol was added  to formulas  A and E, and of plant 
sterols to  formulas A, D, and E;  these added sterols were 
dissolved in  the  fat of each formula before it was mixed 
with  other constituents at  the time of large-scale homog- 
enization (40-kg batches). The homogeneity of each 
batch was verified by analyses of its cholesterol and  plant 
sterol  contents  (14).  Patients  3  and  4,  who  were fed 
diets G, J, and  K, received 300 mg of a @-sitosterol prep- 
aration twice  daily in capsule  form (see footnote  in 
Table 2  describing the source of purified @-sitosterol). 

Plasma lipids 

In  the earlier  studies,  plasma cholesterol was measured 
by  the  method of Abell, Levy, Brodie, and  Kendall (25), 

and plasma  triglyceride  by a microgravimetric  procedure 
(26). In later studies, measurements were made  on a 
Technicon  AutoAnalyzer (model I)  (27, 28). Cholesterol 
analyses by  the two  procedures  agreed  within f 7%, 
but the  earlier  triglyceride  measurements were usually 
higher  in  every case by about 100 mg/100 ml plasma. 
The methods used in any  one  patient were  the  same 
throughout his study;  the  procedure employed is shown 
in  the  appropriate tables. 

Isotopic  sterols 

A  measured quantity of [4-14C]cholesterol (50-100 
pCi) was administered  intravenously  in  a single dose to 
16 patients  (Table 1). 1 ml of ethanol  containing  the 
radioactive  tracer was dispersed in 150  ml of physiologic 
saline;  the  mixture was immediately  administered  intra- 
venously, and  any residual  radioactivity  remaining  in 
the infusion set was determined  after  ethanol  extraction. 

Patient 21 was fed a  small amount of radioactive cho- 
lesterol daily in all  formula feedings throughout his study 
(32 wk).  [1,2-3H]Cholesterol dissolved in 10 ml of ethanol 
was added  to 40-kg batches of formula during homog- 
enization in order  to hold constant  the isotopic sterol 
content of all  formulas  administered  to this patient 
(homogeneity of all  formulas in regard  to radioactivity 
was verified by specific activity  measurements). 

Both forms of radioactive cholesterol were  obtained 
from New England  Nuclear  Corp., Boston, Mass. In 
every case more than 95% of radioactivity  chromato- 
graphed  with cholesterol on Florisil thin-layer  plates  in 
ethyl  ether-heptane 55 :45. The cholesterol was ad- 
ministered without  further  purification. 

Concentration  and specific activity of total  plasma 
cholesterol were  determined biweekly; radioactivity was 
measured on  an  aliquot of the same  extract  made for 
determination of concentration,  with  the  radioactivity 
being  measured  in  a  Packard Tri-Carb scintillation 
counter  (model 3003) as previously described (14). 

Fecal steroid analysis and measurement of 
cholesterol absorption 

Fecal neutral  and acidic steroids were isolated sepa- 
rately, and their masses and specific activities were mea- 
sured  by  methods presented previously (13, 14).  These 
procedures  permit the essential distinction  to  be made 
between plant sterols and cholesterol, and between the 
two families of bacterial conversion products  derived 
from  plant sterols and cholesterol during intestinal  tran- 
sit (5a,3@-OH  and 5a,3-keto  compounds). 

In all  patients  in  whom  balance  studies  were  carried 
out (except nos. 12, 15,  and  19),  amounts of neutral 
steroids excreted  were  corrected for losses occurring 
during intestinal  transit and for variations in fecal flow 
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TABLE 1. Clinical data 

yo of Ideal Caloric  Radioactive  Cholesterol  Clinical  Diagnosis  and 
Patient Age/Sex  Weight  Height  Weight' Intake  (isotope/dose)*  Type of Lipoproteinemia 

1 IG 
2 cz 
3 RI 
4 SI 
5 J T  

6 JW 

7 AB 

8 H T  
9 J M  

10 JO 

11 GW 

12 EK 
13 ES 

14 DB 
15 AM 

16 AG 
17 T K  
18 AGO 

19 DR 
20 RT 
21 DA 
22 JJ 
23 M R  

24 BL 
25 MB 

26 JL 

27 JJ 

28 RL 

29 BH 

46 /F 
63 /M 
11/M 
11/M 
69/M 

72 /F 

70/F 

57/M 
61 /M 

41 /M 

48/M 

68/M 
20/M 

47/M 
60/F 

48/M 
48 /M 
50/M 

59/F 
48/M 
55/M 
39/F 
60/M 

40/M 
66/M 

57/M 

46/M 

52/M 

54/M 

kg 
56 
94 
23 
28 
72 

54 

49 

46 
70 

83 

81 

72 
70 

63 
66 

95 
61 
70 

54 
65 
64 
71 
67 

82 
75 

91 

96 

79 

85 

cm 

155 
181 
131 
139 
166 

143 

147 

162 
176 

170 

173 

165 
178 

175 
164 

186 
175 
169 

157 
164 
168 
162 
167 

186 
170 

188 

173 

173 

174 

112 
122 

119 

124 

113 

84 
104 

103 

114 

119 
101 

93 
122 

126 
96 

110 

105 
108 
104 
131 
109 

109 
113 

110 

139 

111 

114 

kcallday 
2062 
2563 
2175 
2100 
2374 

1672 

1590 

1672 
2500 

3000 

2840 

2250 
2875 

2375 
21  50 

3200 
2375 
2500 

1940 
21 90 
2140 
2185 
2375 

2870 
solid  food 
diet ad lib. 

" 

" 

' 

" 

IHD,C normolipoproteinemia 
IHD, PVD; normolipoproteinemia 
Hypertriglyceridemia (type I ) d  
Hypertriglyceridernia (type I )  
Senility, hypercholesterolemia 

IHD, xanthomatosis, hypercho- 

IHD, PVD, hypercholesterolemia 

Hypercholesterolemia (type 11) 
IHD, xanthomatosis, hypercho- 

IHD, hypercholesterolemia (type II), 

Xanthomatosis, hypercholesterolemia 

IHD, hypertriglyceridemia (type 111) 
Xanthomatosis, hypertriglyceridemia 

PVD, hypertriglyceridemia (type 111) 
IHD, PVD, CLL; hypertriglycerid- 

IHD, hypertriglyceridemia (type IV) 
Hypertriglyceridemia (type IV) 
IHD, PVD, xanthomatosis, 

hypertriglyceridemia (type IV) 
Hypertriglyceridemia (type V) 
IHD, hypertriglyceridemia (type V) 
IHD, hypertriglyceridemia (type V )  
Hypertriglyceridemia (type V) 
Hypertriglyceridemia (type V), 

IHD, hypertriglyceridemia (type V) 
Hypercholesterolemia (type 11) 

IHD, hypercholesterolemia (type 11) 

Gout, hypertension, alcoholism, 
hypercholesterolemia, hyper- 
triglyceridemia (type IIb) 

Hypercholesterolemia, hyper- 
triglyceridemia (type IIb) 

IHD, PVD, xanthomatosis, 
hypercholesterolemia (type II) ,  
gout 

(type 11) 

lesterolemia (type 11) 

(type 11) 

lesterolemia (type 11) 

xanthelasma 

(type 11) 

(type 111) 

emia (type IV) 

xanthomatosis 

According to life insurance tables ofweight for height, age, and sex (21 ). 
* In all patients who received  isotopes (except no. 21), the radioactive cholesterol was given as a single dose intravenously. Patient 21 

was given an intravenous priming dose of 50 aCi of [1,2-*H]cholesterol and 1 pCi/day  in divided doses in formula feedings for 227 days. 
IHD, ischemic heart disease; PVD, peripheral vascular disease; CLL, chronic lymphocytic leukemia. 
Type oflipoprotein pattern according to Fredrickson et al. (11). 

rates, with  dietary &sitosterol as an  internal  standard (equations 10 and 11 of Ref. 17) makes  use of data ob- 
(16, 29). The three exceptional patients received fat-free tained after administration of a single intravenous dose 
diets, and corrections were made only for variations  in of radiocholesterol, while method I1 (equations 11, 15, 
fecal flow, with  the use oi chromic oxide as an  internal  and 16 of Ref. 17) utilizes data obtained after continuous 
standard.  Chromic oxide  was always used  as a  marker  orallabeling. 
for correction of day-to-day  variations in the fecal  flow 
of acidic steroids (1 5 ) .  Measurement of biliary flow of cholesterol 

Daily absorption of exogenous cholesterol was mea- Hourly flow rates of biliary cholesterol were deter- 
sured by methods recently described (17, 18).  Method I mined as described recently (19). The procedure con- 
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TABLE 2. Formula diets and their sterol contents 

Dietary  Fat 
(percentage  Dietary  Carbohydrate Cho- 

Diet and type) (percentage  and type) lesterol &Sitosterol 

rns/500 m g / 5 0 0  
kcal kcal 

A 4070 Lard 45% Dextrose 119O 72b 
B 40% Cotton- 45y0 Dextrose loc 71d 

C 40% Corn oil 45% Dextrose 6c 14W 
D  40% Butter oil 45% Dextrose 66c 45b 
E 20% Butter oil 65% Dextrose 130e 37b 
F None 85% Dextrose 6= None 
G None 80% Dextrose 8c None 
H None 40% Dextrose 6c None 

J 30% Butter oil 55% Dextrose 53 None 
K 4oy0 Butter oil 45% Dextrose 68 None 

seed oil 

45y0 Corn starch 

a 30 mg  of cholesterol was inherent  in  the  protein and  lard; 89 
mg of additional cholesterol was incorporated into  the formula. 

@-Sitosterol (Mann Research Laboratories, New York) was 
purified and prepared  in microcrystalline form by Dr. Erold R. 
Diller, Eli Lilly and Co., Indianapolis, Ind.; the final product 
contained 90% @-sitosterol and 10% campesterol. 

This  amount of cholesterol was inherent  in  the protein and fat 
used in formulas. 

This  amount of @-sitosterol was inherent  in  the fat used in  the 
formulas. 

e 36 mg of cholesterol was inherent  in  the protein and  butter oil; 
94  mg  of additional cholesterol was incorporated into  the formula. 

sisted of intubation  with a double-lumen tube  through 
which a liquid  formula  containing 40% of calories as 
cottonseed oil was infused at  a  constant  rate  into  the 
second portion of the  duodenum,  along with  [1,2-3H]- 
cholesterol as an  internal  standard.  The  total  amount of 
formula infused per 24 hr was the same  as that previously 
shown to  maintain  constant  body weight  in the weeks 
preceding the test. A small  sample of the  mixture of 
infusate  plus  intestinal  contents was withdrawn at  a 
constant  rate  (approximately 10 ml/hr)  from a site 10 
cm  distally; less than 5% of the  total flow of any con- 
stituent passing this  point  was removed from its entero- 
hepatic  circulation. The hourly flow of biliary cholesterol 
was determined  according  to  the following equation: 
biliary  cholesterol (mg/hr) = rate of infusion of [1,2-3H]- 
cholesterol (dpm/hr) + specific activity of withdrawn 
cholesterol (dpm/mg). Since the infusate contained  no 
cholesterol, any cholesterol  withdrawn distally was en- 
tirely of endogenous  origin; its mass was measured  by 
gas-liquid chromatography  and its radioactivity was 
determined as described above. A more detailed descrip- 
tion of these procedures will be  published elsewhere. 

Measurement of specific activity of biliary 
and intestinal mucosal cholesterol 

Simultaneous  determinations of specific activities of 
cholesterol in bile, intestinal mucosa, and plasma  were 
carried out as described recently  (22).  Samples  ofjejunal 

mucosa were obtained  with a hydraulic biopsy tube 
(model 4.7 mm, Quinton Instruments,  Seattle,  Wash.). 
The tube was passed under fluoroscopic guidance  into 
the  upper  jejunum (generally 15  cm beyond the  ligament 
of Treitz) ; about six mucosal biopsies, with a total  weight 
of approximately 40 mg (wet wt), were then  obtained. 
During  the same  intubation, a sample of intestinal con- 
tents  rich in bile was obtained  after  intravenous  ad- 
ministration of cholecystokinin (generously supplied by 
Prof. E. Jorpes,  Karolinska  Inst.,  Stockholm); venous 
blood was withdrawn at the  same  time. 

Experimental design 

This investigation of the effects of clofibrate  on the 
metabolism of cholesterol in various  hyperlipidemic  states 
will be presented in  four  parts. Study I: The major  study 
of this report involved 20 inpatients. Cholesterol balance 
studies  were  carried out in order to  determine  the in- 
fluence of the  drug on  different  parameters of cholesterol 
metabolism:  plasma  lipid levels, excretion of neutral 
and acidic steroids, absorption of dietary cholesterol, and 
total  body synthesis of cholesterol. Study ZZ: The effects 
of clofibrate  on  the  rates of biliary secretion of cholesterol 
by the liver were examined  in  three  patients (nos. 9, 17, 
and 24). This  study was carried  out in an  attempt  to 
determine  the source of the increase in excretion  in the 
feces of endogenous  neutral steroids noted in study I. 
Study ZZZ: The effects of clofibrate on intestinal mucosal 
synthesis of cholesterol was studied in four  patients:  in 
three  the  rate was purposely accelerated by simultaneous 
administration of cholestyramine (nos. 5, 10, and l l ) ,  
while  in  patient  18  cholestyramine  stimulation was not 
required. Study ZV: The long-term effects of clofibrate 
administration  on cholesterol synthesis rates and pool 
sizes were  studied in five outpatients (nos. 25-29). This 
study was undertaken  in  order  to test the conclusion 
drawn from  studies 1-111, namely, that clofibrate caused 
a flux of stored cholesterol out of tissue pools. 

Study I .  Ejects of clojibrate on cholesterol balance. Choles- 
terol  balance was measured in  two  (and occasionally in 
three) periods. In period I, patients received two  placebo 
capsules twice daily; these capsules were  identical  in 
appearance  to capsules containing  clofibrate, and  each 
contained 500 mg of corn oil. In  period 11, two capsules 
of clofibrate (500  mg each)  were given twice daily. 
Patients 6 and  18 were studies in period I11 when clo- 
fibrate was replaced by placebo capsules. Throughout 
all periods the  intakes of cholesterol, plant sterols, and 
total calories were held constant, and  body weights re- 
mained  unchanged. 

Continuous collections of stools were made  for  mea- 
surement of fecal neutral  and acidic steroids. In  10 pa- 
tients  who had been labeled  with  radioactive cholesterol 
for measurements of cholesterol absorption, exogenous 
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cholesterol was ingested in amounts  ranging from 276 to 
781 mg/day. In one  patient (no. 18) simultaneous esti- 
mations of specific activity of cholesterol in plasma and 
intestinal mucosa were made several times during periods 
I, 11, and 111. 

Study II. Ejects of clojbrate on biliary  output of cholesterol. 
The hourly output of biliary cholesterol was measured in 
three  patients (nos.  9, 17, and 24) during placebo and 
clofibrate periods (labeled periods I and 11, as  in study 
I).  In  patient 9, one  study was made  during  the  control 
period and one during  the  drug  treatment  period; sterol 
balance was measured throughout  both 24-day periods. 
In patient 17, two  pairs of studies of biliary output of 
cholesterol were carried  out,  each  pair being completed 
over a  14-day period. Patient 24 also underwent two 
pairs of  flow studies. Over this 2-month period he was 
maintained on a solid  food diet; however, during  the 
period of study of biliary output he received no feedings 
except the infused formula. Sterol balance studies were 
not performed in patients 17 and  24; in both, plasma 
lipid concentrations decreased markedly on clofibrate. 

Study III. Ejects of clojbrate on intestinal synthesis of cho- 
lesterol. Patients 5B, 10, and 11 were investigated by 
sterol balance techniques as  follows. In period A, control 
values were obtained when the  diet was  free of choles- 
terol; in period B, cholestyramine was added  to  the 
regimen in amounts  ranging from 10 to 20 g/day;  and 
in period C, cholestyramine was continued and clofibrate 
was added at a level of 2 g/day. These three patients 
had previously been labeled by intravenous  administra- 
tion of a single  dose of radioactive cholesterol. At least 
three  determinations of the specific activities of biliary, 
intestinal mucosal, and plasma cholesterol were made at 
weekly intervals in each  period;  intubations were not 
carried out  until  the decay in specific activity of plasma 
cholesterol had become log-linear, in order  to allow time 
for equilibration of radioactive cholesterol between 
plasma, bile, and mucosa. In the  fourth  patient of study 
I11 (patient 18), it was not necessary to  stimulate  in- 
testinal cholesterol synthesis with cholestyramine; the 
design was therefore similar to that in study  I (periods 
I and 111, placebo; period 11, clofibrate). 

Study IV. Ejects of long-term administration of clofibrate on 
body pools of cholesterol. A  long-term  study of more than 
three years’ duration was performed in five outpatients 
(nos. 25-29) to  determine  the effects of clofibrate on 
sizes of body pools of cholesterol. Before initiation of drug 
treatment, radioactive cholesterol was given intrave- 
nously; turnover rates and pool  sizes  for cholesterol were 
estimated from specific activity-time curves of radio- 
active cholesterol according to a two-pool model (30). 
On completion of these measurements, 2 g of clofibrate 
was given daily for periods of 3 or more yr, and plasma 
cholesterol and triglyceride concentrations were deter- 

mined at about  3-month intervals. Then the  drug was 
discontinued, and 6-10  wk later  turnovers and pool sizes 
were again estimated in the same manner by isotope 
kinetics in an  attempt  to determine  whether these pa- 
rameters  had been altered by long  intervening periods of 
clofibrate administration.  We considered it  important 
to  the design of the  study  that  the decay curves be deter- 
mined when the  patients were not being given clofibrate, 
so as to avoid drug-induced changes in rate constants 
and pool sizes. 

RESULTS 

Effects of clofibrate on cholesterol  balance (study I) 
Plasma  lipids. Concentrations of total plasma choles- 

terol and triglycerides during placebo and  drug treat- 
ment periods in 20 patients are presented in Table 3. 
The values shown include consecutive samples taken 
during  that portion of each period when patients  had 
attained  a steady state  with respect to plasma lipid con- 
centrations. These results are  part of a  larger study, being 
reported elsewhere (12), of the effects of clofibrate on 
plasma lipids in 70 patients. The  data on  the 20 patients 
in this study  are showrr in Table 3 in order  to  permit 
comparison with changes induced by the  drug in fecal 
steroid excretion in each of  these patients (see below). 

In these 20 patients  a statistically significant lowering 
of plasma concentrations was noted for cholesterol in 16 
and for triglycerides in 14; these reductions occurred 
without  regard to type of hyperlipidemia or degree of 
saturation of the  dietary  fat. The main exceptions to the 
rule were four patients (nos. 16, 19, 20, and 22) with 
lipoprotein  patterns of types IV  and V in whom choles- 
terol concentrations rose slightly even while triglyceride 
concentrations  fell;  three of four of these observations 
were made in patients fed fat-free or lard diets. In two 
patients  with type I hyperlipoproteinemia (nos. 3 and 
4) on a fat-free diet, plasma cholesterol concentrations 
fell slightly but significantly on clofibrate, while triglyc- 
erides showed no change. On fat-containing diets, how- 
ever, these two patients experienced marked chylomicro- 
nemia, along with elevated levels of cholesterol as  well 
as triglycerides, but clofibrate caused no significant 
changes in plasma lipid levels (1 2). 

Fecal endogenous neutral steroids. Values for excretion 
of endogenous neutral, acidic, and  total fecal steroids 
for study  I  are presented in Table  4 ; in Figs. 1-5 these 
data  are depicted graphically in relation to specific 
activity-time curves for plasma cholesterol after adminis- 
tration of a single  dose of radioactive cholesterol intra- 
venously. 

In regard to cholesterol balance,  the most striking 
effect  seen  in patients  treated  with clofibrate was an in- 
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TABLE 3. Plasma lipid changes in placebo and clofibrate treatment periods (study I) 

Lipo-  Plasma  Cholesterola 
protein 

Plasma  Triglycerides* 

Patient  Pattern  Diet  Period I Period I1 Difference  Period I Period I1 Difference 
- 

1 

2 

3 

4 

5A 

6 

7 

8 

9 

12 

13 

14 

15 

16 

18 

19 

20 

21 

22 

23 

N 

N 

I 

I 

I1 

I1 

I1 

I1 

11 

I11 

I11 

I11 

IV 

IV 

IV 

V 

V 

V 

V 

V 

A 

A 

G 

K 

G 

J 

A 

A 

A 

A 

B 

H 

A 

C 

F 

A 

B 

F 

C 

D 

E 

A 

mg/ 100 ml f SD (n) 

234 f 14 (19) 

227 f 17  (18) 

95 f 14 (10) 

240 f 23 (13) 

87 f 6  (9) 

210 f 11 (8) 

261 f 8 (4) 

325 f 14  (9) 

293 f 9 ( 8 ) d  

287 f 14 (12) 

266 f 6 (6)d 

307 f 14 (16) 

286 f 12 (6) 

640 f 47 (5) 

362 f 17 (7) 

170 f 7 (9) 

544 f 24 (9) 

199 f 15 (16) 

201 f 9 (8) 

235 f 14 

150 f 6 (5) 

237 f 9 (5) 

403 f 18 (8) 

197 f 19 (4) 

310 f 8 (11) 

195 f 10 (14) 

195 f 10 (13) 

82 f 7 (9) 

265 f 11 (7) 

77 f 9  (11) 

228 h 26 (13) 

233 f 14 (21) 

222 f 9  (12) 

219 f 7 (7) 

258 f 16 (9) 

260 f 14 (6) 

295 f 26 (3) 

239 f 11 (9) 

139 f 6  (10) 

275 f 5  (5) 

213 f 6 (12) 

195 f 8 (11) 

179 f 9 (4) 

245 f 10 (7) 

287 f 17 (34) 

237 f 11 (7) 

196 f 8 (11) 

I I  - I 
(or III) 

P < 0.001c 
- 39 

P < 0.001 
- 32 

P < 0.05 
-13 

+25 
NS 
- 10 

+18 
NS 

P < 0.001 
- 28 

- 103 
P < 0.001 

P < 0.001 
-71 

P < 0.001 
- 68 

P < 0.001 
- 47 

-49 
P < 0.001 

P < 0.05 
- 26 

- 345 
P < 0.001 

- 123 
P < 0.001 

P < 0.001 
-31 

P < 0.001 
-269 

+I4 
P < 0.001 

-6 
NS 

P < 0.01 

- 40 
P < 0.01 

+29 
P < 0.001 

+8 
NS 

P < 0.001 
-116 

+ 40 
NS 

P < 0.001 
-114 

mg/ 100 ml h SD (n) 

131 f 19 (19) 66 f 6 (14) 

120 f 20 (18) 77 f 12 (13) 

257 f 50 (10) 219 f 33 (9) 

2253 f 288 (13) 2459 f 376 (7) 

264 f 43 (9) 266 f 55 (11) 

1870 f 394 (8) 2012 f 471 (13) 

139 f 18 (4) 119 f 14 (21) 

96 f 20 (9) 66 f 12  (12) 

78 f 13 (8 )d  

152 f 29 (12) 133 f 9 (7) 

164 f 19 (6)d 

148 f 14 (16) 85 f 13 (9) 

94 f 9 (6) 62 f 3 (6) 

1055 f 223 (5) 400 f 45 (3) 

236 f 28 (7) 264 f 25 (9) 

190 f 13  (9) 108 f 18 (10) 

1101 f 71 (9) 451 f 64 (5) 

239 f 26 (16) 182 f 17 (12) 

325 f 25 (8) 284 f 23 (11) 

403 f 44 

739 f 61 (5) 751 f 101 (4) 

1269 f 224 (5) 773 f 62 (7) 

2089 f 266 (8) 1000 f 137 (34) 

600 f 99 (4) 371 f 74 (7) 

546 f 68 (11) 239 f 20 (11) 

11 - I 
(or III) 
- 65 

P < 0.001c 

P < 0.001 
- 43 

- 38 
NS 

+206 
NS 
+2 
NS + 142 
NS 
- 20 
NS 

P < 0.001 
- 30 

P < 0.05 
-12 

-19 
NS 

P < 0.005 

P < 0.001 
- 63 

P < 0.001 
- 32 

-655 
P < 0.001 + 28 

NS 

P < 0.001 
-82 

P < 0.001 
- 650 

- 57 
NS 

P < 0.005 
-41 

P < 0.001 
-119 

+12 
NS 
- 496 

P < 0.001 
- 1089 

P < 0.001 
-229 

P < 0.001 
- 307 

P < 0.001 

-31 

Plasma cholesterol concentrations by the method of Abell et al. (25) in patients 12, 15, and 19-22, and by AutoAnalyzer (27) in pa- 

* Plasma triglyceride concentrations by microgravimetry (26) in patients 12, 15, and 19-22, and by AutoAnalyzer (28) in patients 1-11, 

~ ~~~~~~~~~ ~ ~~~ ~~ 

tients 1-11,13,14,16-18,23, and 24. 

13,14,16-18,23, and 24. 
Significance of difference determined by Student’s t test (31); NS, not significant. 

* Period 111. 

crease in excretion of neutral steroids of endogenous patient  to  patient and with type of plasma lipoprotein 
origin: significant increases were found in 17 of 20 abnormality, but there was no  apparent correlation with 
patients (all except nos. 2, 14, and 16). However, the  type  ofdietary  fat. In one normocholesterolemic adult 
the  magnitude of this increase varied considerably from an increase in endogenous neutral steroids was transitory; 
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in two  children  with type I hyperlipoproteinemia, there 
were no significant changes  when fat-free formulas were 
fed,  but in  both  there were significant increases when fat- 
containing  diets  were being fed; in all five patients  with 
primary hypercholesterolemia (type I1 lipoprotein pat- 
tern), the  drug produced an increase in fecal neutral 
steroids that in most  cases  persisted throughout  the period 
of drug  treatment;  and in 9 of 11 patients  with  primary 
hypertriglyceridemia (types 111, IVY  and V lipoprotein 
patterns), clofibrate caused a still greater  output of en- 
dogenous neutral steroids. The increases were highly vari- 
able from patient to patient, and they were unrelated 
to the  magnitude of neutral steroid excretion in  the 
placebo period. 

Fecal acidic steroids. The excretion of acidic steroids 
decreased significantly in 6 of  20 patients (nos. 4, 6, 8, 
15, 18, and 19, Table 4) during clofibrate administra- 
tion ; in  five of these  cases the diets were fat-free or con- 
tained  a  saturated  fat. In 17 of 20 patients  the mean 
values for acidic steroid excretion were lower on clo- 
fibrate  than  in  the  control  period; according to  the sign 
test  (31) this finding reflects a significant decrease for 
the  group as a whole (P < 0.01). In some patients  the 
reduction in acidic steroid excretion was striking, as 
shown in  Figs. 1-5 ; in no patient  did a significant increase 
occur. 

Decreased outputs were noted in hypercholesterolemic 
patients (type I1 lipoprotein  patterns) and in those with 
hypertriglyceridemia (type 111, IVY  and V  patterns). 
It is also worthy of note that  the average output of acidic 
steroids in five patients  with  type 11 lipoprotein  patterns 
(201 f 85 mg/day) was significantly lower than  that 
found in eight  patients  with types IV  and V (489 f 
289 mg/day) (P < 0.05). 

Total  fecal endogenous steroids. In 11 of 20 patients, 
excretions of total endogenous (endogenous neutral + 
acidic) steroids were increased significantly during  treat- 
ment with clofibrate. In all cases the increases were the 
result of an enhanced excretion of endogenous neutral 
steroids. However, in five patients (nos. 1, 8, 18, 19, and 
22) who  had significant increases in fecal endogenous 
neutral steroids, the excretions of total endogenous 
steroids were not significantly raised because of simul- 
taneous decreases in output of acidic steroids. Neverthe- 
less, in the  majority of patients  who showed a  greater 
output of neutral steroids on clofibrate, this increment 
exceeded any decrement  in acidic steroid excretion. 
Patient 18 was unique in showing a decrease in  acidic 
steroid excretion that was considerably larger  than  the 
increase in neutral steroid excretion ; as a consequence, 
the  output of total fecal endogenous steroids was  signifi- 
cantly  reduced  on clofibrate. 

Cholesterol absorption. Table 5 shows the absorption of 
dietary cholesterol during  control and clofibrate treat- 

ment periods in 10 patients whose diets contained mea- 
surable  amounts of cholesterol (276-781 mg/day); in all 
cases the diets contained  saturated fats. In 5 of these 10 
patients, absorption of cholesterol was not significantly 
altered when clofibrate was introduced. However, in 
three  patients significant decreases occurred on clofibrate 
(nos. 16,21,  and 23), and in two others the changes were 
equivocal (in patients  6 and 7  the absorption during 
clofibrate treatment [period 111 was significantly lower 
than in the  preliminary  control periods [period I ]  but 
was not  reduced when results in period I1 were com- 
pared  with  control period 111). When  the daily decre- 
ment in cholesterol absorption is compared  with  the 
daily  increment in excretion of fecal neutral steroids of 
endogenous origin (last column of Table 5 ) ,  it is  seen 
that the  latter exceeded the former very strikingly in four 
of the five patients  in whom cholesterol absorption ap- 
peared to be diminished by clofibrate. 

Cholesterol balance  and turnover. In order  to estimate 
cholesterol turnover from sterol balance data  it is  neces- 
sary that  the  patient be in a metabolic steady state. In 
previous studies (17,  32,  33) we have emphasized that it 
is not possible to  determine with certainty at  which point 
the steady state  with respect to body cholesterol is 
reached, since present methods do  not permit  the  direct 
assessment of the  total body pool of cholesterol. In those 
studies we assumed that the steady state was present 
after  any prolonged period during which body weight, 
plasma lipid concentrations, and fecal steroid excretion 
were constant. In the present investigation, body weight 
and plasma lipids rapidly  approached  steady levels after 
introduction of clofibrate, but even after periods of drug 
administration that ranged from 24 to 112 days it was 
often  impossible to  determine with confidence when the 
excretion of fecal steroids became constant (Figs. 1-5). 
For instance, in two patients (nos. 1 and 23), increases 
in excretion of fecal neutral steroids of endogenous origin 
appeared  to  be  transitory; in these patients it might be 
concluded that a  steady  state  had been reached toward 
the  latter  part of the  drug  treatment  period. But in 13 
others (nos. 5-9, 12, 13, 15, 18-22) the increases in neu- 
tral steroid excretion appeared  to persist throughout 
period I1 ; thus, in this larger  group it could not  be as- 
certained  whether a new steady  state  had been reached 
or not. In view of this uncertainty over attainment of a 
new metabolic  steady  state on clofibrate, we  believe that 
sterol balance data alone are  not  adequate for estimation 
of cholesterol turnover in this investigative situation. 

Comparison of plasma cholesterol  decrement with fecal steroid 
change. Since clofibrate usually causes a significant 
lowering of plasma cholesterol, we can ask whether  the 
decrement of cholesterol in the plasma compartment 
could account for the increase in total fecal steroid excre- 
tion  found in many patients. In  Table 6  a comparison 
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TABLE 6. Comparison of decrement  in plasma cholesterol 
with increment in fecal endogenous steroid excretion 

caused by clofibrate" 

Decrement"  in  Incrementc in 
Plasma 

Xantho-  Duration of Cholesterol Endogenous 
Total  Fecal 

Patient matosis Period I1 Content  Steroids 

Plosmo 
cholesterol 

specific 
activity 

(dpmlmg)  

5A 
6 
7 
9 

13 
20 
21 
23 

days g/period I1 
76 
72 

-0 .91  

56 
-2 .50  

24 
-1 .56  

54 
-0 .82  

40 $0 .23  
-3 .87  

112 - 3 . 3 4  
56 - 4 . 3 4  

g/pertod I1 
f24 .47  
f24 .33  
+5 .93  

+11.34  
f 1 5 . 5 2  
f 2 0 . 8 4  
+46.59 
+28.84  

~~ ~ 

a All decrements in plasma cholesterol were statistically signif- 
icant except in patient 20 (Table 3). All increments in total fecal 
endogenous steroid excretion were statistically significant (Table 4). 

*The change of cholesterol in the plasma compartment for. 
period I1 was calculated as follows: average change  in plasma 
cholesterol concentration (period I1 - period I) (mg%) X 10 X 
estimated plasma volume (in liters). The plasma volume was cal- 
culated as 4.5% of body weight (34). 

The increment  in  total fecal endogenous steroids during period 
I1 was calculated as  follows: average change in fecal total endog- 
enous steroids (period I1 - period I )  (mg/day) X number of 
days in period 11. 

is presented of the decrease in  plasma cholesterol content 
and in total  increments  in fecal steroid excretion during 
period I1 in those eight  patients  who  experienced a 
significant increase in  excretion of total  endogenous 
steroids together  with a significant decrease in  plasma 
cholesterol content.  (The sterol  balance data for pa- 
tients  12 and 15 are  omitted in this tabulation because 
the  totals shown in  Table 4 for these two  patients  may 
be  underestimates [see footnotes to  Table 41.) 

As shown in Table 6, in  all cases the increments  in 
fecal steroid excretion  were  considerably  greater than 
the  decrements  in  plasma cholesterol content.  Thus, in 
period 11, not only was a  portion of plasma cholesterol 
excreted, but additional fecal steroids must  have been 
derived  from  either  enhanced cholesterol synthesis or 
mobilization of cholesterol from preexisting tissue pools. 

SFecific activity-time curues of plasma cholesterol. Figs. 
1-5 show specific activity-time curves of plasma choles- 
terol  in the  14  patients  who received radioactive choles- 
terol  intravenously. In these patients specific activities 
were determined biweekly until log-linear  curves  were 
clearly  established.  Clofibrate was then  substituted for 
its placebo. In  eight  patients (nos. 2, 5A, 7, 8, 12, 16, 18, 
and 20) the slopes were  decreased as long  as  clofibrate 
was given;  in  one  patient  (no.  14)  there was a temporary 
reduction  in  slope;  and  in  three  patients (nos. 1, 6, and 
22) the slopes were not altered. In  two (nos. 21 and 23) 
the slopes were  increased. 

It seems of interest  to  correlate these changes  in specific 
activity  curves  with  alterations  in fecal steroid excretions. 

Fecal lSo0 

endogenous 1000 
steroids 5oo 

(mglday l  

2000 

1000 

n 
8- day pools 4-day pools 

Acidlc 
0 Neutral 

Potlent 3 Potlent 4 
II 

Fecal 
endogenous 

steroids 
(mgldoy) 

100 100 

4-doy  pools   4 -day pools 

FIG. 1. Cholesterol balance data  in patients 1 - 4  (period I, 
placebo; 11, clofibrate). In patients 1 and 2, specific activity- 
time curves of plasma cholesterol are compared with excretion of 
total, acidic (stippled bars), and neutral  (open  bars) fecal steroids; 
these  two patients had normal plasma lipids. In patient 1 no 
change occurred in  the slope of the specific activity curve when 
clofibrate was introduced;  a transitory increase in fecal endogenous 
neutral steroids was observed, but after 16 days this returned to 
control values. In patient 2 the slope of the specific activity curve 
was reduced on clofibrate, but fecal steroid excretion remained un- 
changed. Patients 3 and 4 with type I hyperlipoproteinemia were 
studied on fat-free diets. In  patient 3, excretion of fecal endoge- 
nous neutral steroids decreased towards the end of period 11, and in 
patient 4 no significant changes were found in steroid excretion. 

In  five patients (nos. 5A, 7, 12, 15, and 20) slopes of 
specific activity  were  decreased  when  clofibrate was 
administered  despite significant increases in  excretion 
of total steroids, and in  two  others (nos. 6 and 22) fecal 
excretions  were increased without  any  change in  the 
slope. In three  patients (nos. 2, 14, and 18) there were 
significant decreases in the  rate of specific activity  decay 
while fecal steroid  excretions were either  unchanged  or 
decreased. Finally, in only  two  patients (nos. 21 and 23) 
were there increases in slopes associated with  an increased 
fecal steroid  excretion. 

Thus, 7 of 14  patients  who  had increases in  total ste- 
roid  excretion showed no increases in decline of specific 
activity  decay.  These results are strikingly  different  from 
our previous studies, in  which increments in fecal steroid 
excretion  were consistently associated with increased 
slopes of specific activity-time curves. In  these previous 
studies that involved interruption of the  enterohepatic 
circulation of cholesterol (32) and bile acids (22), we 
postulated that  the combined increase in fecal steroids 
and increased rate of specific activity  decay  indicated 
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FIG. 2. Cholesterol balance data in patients 5-9 (period I, placebo; 11, clofibrate). All of these patients 
had  primary hypercholesterolemia (type I1 lipoprotein patterns). In every patient, excretion of endog- 
enous neutral steroids was significantly increased on clofibrate (see Table 4), and  in  three of four patients 
the slopes of specific activity-time curves of plasma cholesterol were reduced. Acidic steroid excretions 
were significantly reduced in  patients 6 and 8. 

an increased cholesterol turnover; by contrast,  the pres- 
ence of this association in only 2 of 14  patients has led us 
to question whether  the increased excretion of fecal  ste- 
roids as a  result of clofibrate treatment represented 
accelerated turnover. 

Effects of clofibrate on biliary  output of 
cholesterol (study 11) 

In studies of the hourly output of biliary cholesterol 
into  the  duodenum,  direct evidence was obtained in 
three  patients (nos. 9, 17, and 24) that this output was 
significantly increased by clofibrate (Table 7). In patient 
9, the average increase in  biliary cholesterol was 12 mg/ 
hr, or 288 mg/day; this increase correlated well with  an 
average  daily increase in excretion of fecal endogenous 
neutral steroids of 208 mg/day  (Table 4). In patients 17 
and 24, measurements of output of biliary cholesterol 
were made twice during placebo administration and 
twice during clofibrate treatment;  in both  patients  the 
hourly flow was consistently greater  on clofibrate. Thus, 
it would appear  that a significant portion of the increase 

in fecal endogenous neutral steroids found  during  treat- 
ment  with clofibrate could have been due to an increase 
in the secretion of cholesterol into bile. 

Effects of clofibratcon intestinal  cholesterol 
synthesis (study 111) 

Concentrations of total plasma cholesterol and tri- 
glycerides during placebo, cholestyramine, and cho- 
lestyramine + clofibrate treatment periods are shown 
for three  patients in Table 8. Cholestyramine lowered 
plasma cholesterol concentrations in all three patients, 
and further  addition of clofibrate had  little  or no added 
effect. In patients 10 and 11 the  administration of cho- 
lestyramine caused triglycerides to increase, as we have 
previously noted  (22);  the  further  addition of clofibrate 
to the regimen caused triglycerides to decrease to  control 
values. Patient 5B was anomalous in that triglycerides 
rose during clofibrate therapy. 

The sterol balance data for these patients  are presented 
in Table 8. The results for the  control and cholestyramine 
periods (A and B, respectively) have been reported 
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FIG. 3. Cholesterol balance data in patients 12-14 (period I, 
placebo; 11, clofibrate). In these patients with type 111 lipo- 
protein  patterns the excretion of fecal endogenous neutral steroids 
was significantly increased in two  (nos. 12 and 13) and was un- 
changed in  one (no. 14). In patient 12 the increased excretion of 
neutral steroids was accompanied by a sudden marked decrease in 
decline of specific activity; in patient 14 the slope of the specific 
activity curve decreased temporarily over a 28-day period. 

separately (22) ; cholestyramine caused a  marked  increase 
in excretion of acidic steroids in  all  patients  and a signifi- 
cant  but lesser increase in  neutral steroid  excretion  in 
two patients. The addition of clofibrate caused a further 
enhancement  in  neutral  steroid  in  all  three  patients; 
the increments in neutral steroids on  the  addition of 
clofibrate  ranged  from 273 to 522 mg/day. In  the case 
of acidic steroids, the effects of clofibrate  were  variable. 
In one  patient,  acidic steroid excretion was decreased on 
clofibrate,  in  one it was increased, and in  one  it was un- 
changed.  Thus,  the high output of bile acids caused by 
cholestyramine  apparently  did  not  prevent  enhancement 
in  neutral  steroid  excretion  produced  by  clofibrate,  or 
vice versa. 

We  examined  the effects of cholestyramine  with and 
without  clofibrate on intestinal synthesis of cholesterol 
in these same  patients. The results are presented in Fig. 6 
along  with  the findings in  a  fourth  patient  (no. 18), who 
was studied under somewhat  different  conditions (see 
below). After administration of a single dose of radio- 
active cholesterol intravenously, the specific activities of 
cholesterol in intestinal mucosa of patients 5B, 10, and 
11 closely approximated those of cholesterol in bile and 
plasma  in  period  A (3-8 wk after  intravenous  labeling). 
These values provided base lines for comparisons  with 
subsequent periods. When  cholestyramine was intro- 
duced  to  bind bile acids  within  the  intestinal  lumen 
(period B), specific activities in mucosa were significantly 
lower than those of the  plasma and bile in  patients 5B 
and 10, suggesting enhanced cholesterol synthesis by the 

TABLE  7. Rates of biliary flow  of cholesterol during  administration of placebo 
(period I )  and clofibrate (period 1 1 )  

~~ ~~ 

Biliary  Cholesterol Flow Rates 

Patient  Period I Period I1 Comparison  Difference 

m g / h  f SD 
95 28 f 5 

(18:9)d 
17Aa*b 33 rt 7 

(20 : 20) 

(20:20) 
17B5fb 35 f 6 

24Abtc 33 f 10 
(24:  24) 

24Bbvc  35 f 7 
(24:24) 

m g / t  I!C SD 

40 =!= 3 
(24:12) 
40 f 10 
(20 120) 6dc 
50 =!= 19 
(20 : 20) 13d8 
56 f 7 
(24:6) 4de 

51 f 8 
(24:12) 19de 

I1 - I 

IIA - IA 
IIA - IB 
IIB - IA 
IIB - IB 
IIA - IA 
IIA - IB 

IIB - IA 
IIB - IB 

m g l h  
+12 

7 
5 

17 
15 
23 
21 

18 
16 

signzjicame 
P < 0.001 

P < 0 . 0 2  
NS 

P < 0.001 
P < 0.001 
P < 0.001 
P < 0.001 

P < 0.001 
P < 0.001 

Patients  9 and 17 were fed a liquid formula (diet B) throughout their hospitalization. 

In Patients 17 and 24, two biliary flow studies (A and B) were carried out in period 

Patient 24 normally received a solid  food diet containing mixed fat;  during the biliary 

dDuration (hours) of steady state bile flow and number of pooled bile samples of 

The same liquid formula was infused during the biliary flow study. 

I (placebo),  then two (A and B) in period I1 (Clofibrate). 

flow study, diet B was infused. 

equal length, e.g., 18 hr steady state  and 9 samples each of 2 hr length. 
Number of days after starting clofibrate. 
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FIG. 4." Cholesterol balance  data in patients  15, 16, a n l  18 (period 
I ,  placebo; 11, clofibrate).  These  patients  with  type IV  lipo- 
protein patterns  had a  variable response to clofibrate, judged  in 
terms  offecal steroid excretion. Patient 15 showed a  clear increase 
in neutral steroid output  on  the  drug.  Patient 16 had a  transitory 
increase in  neutral steroid excretion in period I1 followed by a re- 
turn to control values, and  late  in period I1 acidic steroid output 
decreased markedly. In  patient 18, neutral steroid output in- 
creased on  clofibrate, and acidic steroids decreased;  thus, there 
was no net increase in steroid excretion in period 11. Slopes of 
specific activity  curves decreased when  clofibrate was administered 
in patients 16 and 18. 

mucosa. In period C, clofibrate was given along  with 
cholestyramine, and in 2 wk or less the previous differ- 
ences in specific activities between plasma and mucosa 
were obliterated.  We  conclude from these latter findings 
in period C that clofibrate  abolished the increase in 
cholesterol synthesis that  had been induced in mucosa 
by cholestyramine. All changes  in  ratios of mucosa/ 
plasma specific activities between  periods  A vs. B and B 
vs. C were  statistically  significant at  P < 0.01 (Table 8). 
In patient 11, cholestyramine  induction of cholesterol 
synthesis in the mucosa was not  demonstrable in period B;  
hence,  in  period C the clofibrate effect shown in  the  other 
patients  could  not  be  expected. 

All three  patients discussed above showed specific 
activities of cholesterol in mucosa and plasma that were 
almost  identical  during  the  control period A; all  three 
had  familial  hypercholesterolemia  (type I1 lipoprotein 

cholesterol 
Plasma 

speciftc 
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soOK 
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FIG. 5. Cholesterol balance  data in patients 19-23 (period I, 
placebo; 11, clofibrate). In these five patients with  type  V  lipo- 
protein  patterns, excretions of endogenous neutral steroids were 
increased when  clofibrate was instituted. One  patient  (no. 20) 
showed a  decrease in the slope of the specific activity-time curve of 
plasma cholesterol during period 11, another (no. 22) had  no 
change, and two (nos. 21 and 23) had increased slopes. 

pattern).  In  the  fourth  patient (no. 18),  who  had  hyper- 
triglyceridemia  (type IV), quite different results were  ob- 
tained. In this patient  the specific activities of cholesterol 
in mucosa were  distinctly and consistently lower than 
those of plasma cholesterol in  control  period I; we con- 
clude  that in this patient some significant degree of 
mucosal synthesis of cholesterol was demonstrable even 
in  the presence of an  intact  enterohepatic  circulation of 
bile acids. Thus,  there was no need in this patient  to  en- 
hance  intestinal cholesterol synthesis by binding bile 
acids with cholestyramine, as was done in  patients 5B 
and 11. The introduction of clofibrate  in  period I1 pro- 
duced  a  distinct change: specific activities of mucosal 
cholesterol became  the  same as those of plasma cholesterol, 
suggesting that  the  drug  had  inhibited cholesterol 
synthesis in  the mucosa. This conclusion is supported  by 
results obtained  in  period I l l  when  clofibrate was dis- 
continued: specific activities in mucosa again dropped 
below those of plasma,  indicating  that  the  inhibition of 

Grundy, Ahrens, Salen, Schreibman, and Nestel Clofibrate and Cholesterol Metabolism in Man 543 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


TABLE 8. Combined study of cholestyramine plus 
clofibrate (study 111) 

Plasma Cholesterola 

Pa- 
tient A B C 

PeriodC 

m g / r m  ml f SD (n) 
5B  244 =t 9 (8) 202 f 7 (7)d 211 f 13 (7)8 

10 209 f 12 (7) 172 i. 13 (19)d 158 f 10 (7)d 
11 502 f 53 (4) 368 f 21 ( 8 ) d  383 f 11 (6) 

Plasma Triglyceridesb 

Pa- 
tient A B C 

Period< 

~~ ~~~ 

mg/lOO  ml f SD (n) 
~~ 

5B 153 f 21 (8) 136 f 11 (7)d 335 f 37 (7)f 
10 180 f 33 (7) 251 f 39 (19)f 122 f 13 (7)d 
11 126 f 18 (6) 282 f 34 (8)f 153 f 28 (6)d 

_____  _____ ~ _ _ _ _  

Endogenous Neutral Fecal Steroids 

PeriodC 
Pa- 
tient A B C 

_____ 

mg/day 

(36 : 9)9 (36 : 9)  (60:15) 

(44:ll)  (100:25) (32:s) 

(32 : 8)  (40 : 10)  (32:8) 

5B 463 f 51 551 f 64f 839 =t 167f 

10 1009 f 229 735 f l O l d  1257 f 213f 

11 474 f 39 824 f 89, 1097 f 226f 

Acidic Fecal Steroids 

PeriodC 
Pa- 

tient A B C 
~~~~~ ~~~ 

mg/day 
5B  210 f 48 620 f 143,  767 f 2021 

10 646 f 102 2344 f 7841 1724 f GOOd 
11 234 f 58 1239 f 430f 1050 f 1178 

Specific Activity Ratios 
(mucosa/plasma) 

PeriodC 
Pa- 
tient A B C 

mean f SD (n) 
5B 1.00 & 0.05  (4) 0.75 f 0.21 (6)d 1.16 f 0.18  (3)j 

f O  1.10 f 0.10 (4) 0.71 f 0.13 (8 )d  1.01 f 0.23 (5)f 
11 1.04 f 0.02  (2) 0.93 f 0.04 (4)d 0.89 f 0.03 (4y 

All patients had hypercholesteremia  (type I1 lipoprotein pat- 

a See footnote a, Table 3. 
b See footnote b ,  Table 3. 
c Period A, control period on cholesterol-free diet; period B, 

addition of cholestyramine (10-20 g/day); period C, further  ad- 
dition of clofibrate (2 g/day). 

d Decrease in comparison  with  preceding period significant a t  
P < 0.05 level (31). 

terns) and were fed diet B. 

No significant difference from  preceding  period. 

P < 0.05 level (31). 
f Increase in comparison  with  preceding period significant a t  

9 Duration of balance  study (days) for the period given and 
number of successive stool pools analyzed. All stools were col- 
lected and  analyzed; the ratio of the two figures in this column 
gives the average stool collection period in days. 

mucosal synthesis of cholesterol caused by clofibrate was 
released when the  drug was discontinued. The changes 
in specific activity  ratios  (mucosa/plasma) between 
periods I vs. I1 and I1 vs. I11 were highly significant 
(P < 0.01). 

Effects of long-term  administration of clofibrate 
on  body pools of cholesterol  (study IV) 

Table 9 presents results of isotope kinetic  studies  in 
fivc patients  with  type I1 lipoprotein  patterns  who were 
studied as outpatients before, during,  and after  long-term 
clofibrate  administration. All patients showed a signifi- 
cant decrease in  plasma cholesterol levels during  drug  ad- 
ministration  (mean, 18% ; range, 6-25%) ; body weights 
remained  unchanged  throughout  the 4-yr period  except 
in patient 26, who  gained  6 kg. In  four of these patients 
(nos. 25, 26, 27, and 29) who received clofibrate for ap- 
proximately 3 yr,  turnover  rates and pool sizes of choles- 
terol  were  determined before and  not less than 6 wk after 
discontinuing drug  treatment.  In  three  out of four  pa- 
tients  the second study showed a reduction  in the half-life 
of the slower exponential of the specific activity  decay 
curve;  in  patient 26 this half-life was reduced  from 46 to 
20 days.  Despite  this decrease in half-life, the  turnover of 
cholesterol was not  increased  after 3 yr of drug  therapy; 
indeed,  in  patient 26 cholesterol turnover (PR) was re- 
duced significantly. Therefore, the changes  in half-life 
in the second studies  must  have  been due  to decreased 
pool sizes. Indeed,  in  three  out of four  patients  the sizes of 
pools A and B were reduced  after  long-term drug  ad- 
ministration,  with the greatest  reductions  occurring in 
the slowly miscible pool B. 

In  the fifth patient (no. 28) the specific activity  curve 
obtained before beginning  clofibrate treatment was not 
satisfactory, and  it is not  reported  in  Table 9. The first 
satisfactory isotope study  in this patient  was  carried  out 
near  the  end of the long-term treatment  with clofibrate 
and  again 6 wk after  termination of treatment.  This 
patient  had a  marked increase in cholesterol turnover 
after  the  drug was discontinued,  a  finding that implies 
that cholesterol synthesis had been partially  inhibited by 
clofibrate.  A  particularly  striking  finding  was the  great 
increase in the sizes of cholesterol pools only 6 wk after 
the  drug was discontinued;  indeed, if the  calculations are 
reliable, the  patient  accumulated 42 g of cholesterol in 
this  period. It should be noted that, if cholesterol syn- 
thesis had  truly been increased  by 2 g/day  during this 
period,  he  would  have had  to  retain only half of the 
cholesterol produced  by this increased synthesis to ac- 
count for an accumulation of 42 g. 
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FIG. 6.  Specific activity-time curves for cholesterol in plasma, bile, and intestinal mucosa in patients 5B, 
10, 11, and 18. In patients 5B, 10, and 11 (type I1 lipoprotein  patterns), specific activities of cholesterol 
were similar in plasma, bile, and intestinal mucosa during  the control period (A). In period B (cholesty- 
ramine), specific activities in mucosa dropped below  those in plasma and bile in patients 5B and 10, while 
patient 11 showed little change. When clofibrate was administered in addition to cholestyramine (period 
C), specific activities of cholesterol in mucosa again rose above those of plasma and bile in  patients 5B and 
10. Patient 18 (type IV lipoprotein pattern) showed a lower specific activity of cholesterol in mucosa than 
in plasma in the control period (I). When clofibrate was given (period 11), specific activities in mucosa and 
plasma became identical; when the drug was withdrawn (period III), a difference in activities between 
plasma and mucosa was again demonstrated. All differences in ratios (mucosa/plasma specific activity) 
between periods A vs. B, B w. C ,  I vs. 11, and  I1 vs. I11 were significant (P < 0.01), except in patient 11 
(see Table  8). 

DISCUSSION 

Changes  caused by clofibrate 
The results presented in this report can be listed  as 

follows. (a) Plasma cholesterol concentrations are lowered 
by clofibrate in all forms of hyperlipidemia except 
familial fat-induced hyperglyceridemia (type I lipo- 
protein pattern). (6) The excretion of neutral steroids in 
feces  is almost always increased during drug administra- 
tion, regardless of the form of hyperlipidemia. (c) Rates 
of cholesterol synthesis are not increased by clofibrate; 
indeed, they may be decreased in the intestinal mucosa 
(and presumably in other tissues, such as liver, as  well). 
(d) The combination of a decreased slope of the time 
curve of cholesterol specific activity when clofibrate treat- 
ment is instituted together with an increased excretion of 
fecal neutral steroids is a  unique finding in our experience, 
suggesting an accelerated mobilization of labeled choles- 

terol out of tissue storage sites. ( e )  The presumption of an 
increased  flux of cholesterol out of the tissues is supported 
by the finding of an increased rate of flow of cholesterol 
through the biliary tract into the duodenum. (f) A re- 
duction in  tissue  pools of cholesterol is further supported 
by studies of compartmental analysis carried out before 
and after administration of clofibrate for 3 yr. 

Thus, clofibrate appears to have at least two major 
effects  on the regulation of cholesterol metabolism in 
man: reduction of synthesis and increased efflux from 
tissues. Whether these  two actions are related or 
independent is not yet clear;  and whether the effects of 
the drug on triglyceride metabolism, a problem that has 
not been studied in this laboratory as to mode of action, 
are related to those on cholesterol can only be speculated 
upon. 

Plasma lipids and lipoproteins. Numerous studies (1-1 0) 
have demonstrated that clofibrate is effective  in  lowering 
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TABLE 9. Alterations in body cholesterol pools during 3 yr of clofibrate therapy 
(defined by two-pool isotope kinetic studies [30, 351 before and after drug administration) 

Patient Cholesterol* OP ab PRb  MA^ M E b  - K A A ~  - K B B ~  Tabb 
- 

mg/?OO mi days 

Bc 275 4.9 
.Ad 234 5 . 7  

B 275 
A 

6 .1  
234 6 . 2  

B 278 4 . 5  
A 260 4 . 5  

B 291 
D 240 5 . 5  
A 255 4 . 8  

25 

26 

27 

28G 

29 

davs 

57.0 
54.9 

46.0 
20.0 

58.0 
42 0 

54 0 
33.6 

d d a y  

1 .35  
1.01 

3.22 
2 04 

2.08 
1.87 

1.06 
3.02 

s 

20.1 
19.6 

36.4 
25.0 

39.5 
33.6 

29 .0  
52.0 

g 

52.2 
35.2 

71.6 
34.4 

97.4 
52.5 

50.0 
69.7 

0.115 
0.090 

0.089 
0.087 

0.127 
0.115 

0.101 
0.104 

0.038 
0.044 

0.038 
0.058 

0.039 
0.055 

0.038 
0.061 

dd0.v 

1.41 
1.10 

1.60 
0.90 

3.16 
2.35 

1.22 
2.87 

B 31 9 7 . 0  63.0  1.25  40.3  66.7  0.076  0.035 
A 

1.81 
288 5 . 0  58 .O 1.37  32.4 72 1 0.111  0.040  2.30 

Mean value of weekly plasma determinations during period of isotope study while patients were eating ad lib. and were not taking clo- 

a = half-life of cholesterol in pool A; fl  = half-life of cholesterol in pool B; PR = production rate or turnover of  new cholesterol 
into pool A; MA = size of pool A ;  MB = size of pool B, mean of minimum and maximum values assuming cholesterol absorption of 0.2 
g/day; " K A A  = rate constant for total removal of cholesterol from pool A ;  -KBB = rate constant for total removal of cholesterol from 
pool B; 7.b = transfer rate from A to B. 

fibrate. 

- 

B = before clofibrate therapy of 3 yr duration. 
A = 40-63 days after discontinuation of clofibrate. 

e Isotopic studies were carried out during (D) the final 3 months of a 3-yr clofibrate trial and again 2 wk after (A) discontinuing the 
drug. 

the plasma lipids in man. In studies initiated 7 yr ago in 
this laboratory (12), we observed that the greatest lower- 
ing of plasma lipids occurred in patients  with lipoprotein 
patterns of types 111, IV,  and V;  that patients  with  type 
I1 patterns  had significant but lesser reductions of lipids; 
and  that there was no response to the  drug in patients 
with  fat-induced hyperglyceridemia (type I hyperlipo- 
proteinemia) on fat-containing diets. The  drug usually 
caused decreases in plasma cholesterol as  well  as tri- 
glyceride concentrations; decreases in pre-@- were usually 
more striking than in @-lipoprotein levels. 

The present studies have been limited to mechanisms 
of action of clofibrate on cholesterol metabolism in  man. 
The lowered cholesterol levels in the plasma could have 
been caused by any of the following actions: ( u )  clofi- 
brate might decrease the  absorption  and  enhance  the 
excretion of cholesterol; (6) it  might  promote  the con- 
version of cholesterol into bile acids; (c )  it  might  inhibit 
cholesterol synthesis; or (d) it  might cause a  redistribu- 
tion of cholesterol between plasma and tissue compart- 
ments. In previous studies we have found that other 
hypocholesterolemic agents act at one or more of these 
control points. For example, plant sterols inhibit  the 
absorption of cholesterol (32) ; cholestyramine inhibits 
bile acid reabsorption, which in turn increases the con- 
version of cholesterol into bile acids (22); diets rich in 
unsaturated fats act primarily  to cause redistribution of 
cholesterol from plasma into tissue  pools ( 3 6 ) .  In  the case 
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of clofibrate our findings suggest that  the  drug affects 
both excretion and synthesis of cholesterol; the follow- 
ing  paragraphs will attempt to dissect the several 
causes for  these  two  effects. 

Mechanism of action of clofibrate 

Cholesterol excretion. An increased excretion of endog- 
enous neutral steroids in feces  was  seen in  15 of  20 
patients. The magnitude and  duration of the effect leave 
little doubt of the results (although they are not in  com- 
plete agreement with those of Horlick, Kudchodkar, and 
Sodhi [37], who found no changes in four patients with 
type IV lipoprotein  patterns). Average daily increments 
in endogenous neutral steroids (compared with control 
periods) were found to range from 97 to 481 mg over drug 
periods ranging from 24 to 122 days. 

An increased output of endogenous neutral steroids 
can be due to reduced absorption of cholesterol or to 
greater secretion of cholesterol into  the intestinal tract. 
Although the absorption of exogenous cholesterol was 
significantly reduced in  3 of 10 patients, in the  majority 
of those who showed an increased output of endogenous 
neutral steroids there was no significant change in 
cholesterol absorption. On the  other  hand, we have ob- 
tained direct evidence that  the  drug enhances the  output 
of cholesterol through  the biliary tract:  in five studies 
carried out  in three  patients  with  a new intubation tech- 
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nique (19) we showed that the hourly output of choles- 
terol was very much  larger  during  administration of 
clofibrate. Indeed, this increased biliary efflux may  have 
caused the occasional decrease in absorption of exog- 
enous cholesterol noted  above; as we have shown pre- 
viously (18), only about 30-50ojo  of the cholesterol that 
enters  the intestine is absorbed, and hence the secretion 
of more endogenous cholesterol into  the intestine can 
reduce the  absorption of exogenous cholesterol through 
competitive inhibition (32). 

We can visualize three possible origins for an increase 
in the  amount of cholesterol secreted into bile and ex- 
creted in feces. First, the conversion of cholesterol into 
bile acids might be inhibited: if cholesterol synthesis re- 
mained  unchanged,  a  greater fraction of cholesterol 
would necessarily be excreted as endogenous neutral 
steroids. Second, cholesterol synthesis might be  enhanced: 
the excess cholesterol could be excreted as neutral rather 
than as acidic steroids. Third, cholesterol might be mobi- 
lized from preexisting tissue  pools and excreted as neutral 
sterols through  the liver. These possibilities will  now be 
examined. 

Bile  acidsynthesis. Clofibrate caused a significant reduc- 
tion in fecal excretion of bile acids in 6 of  20 patients. 
(In contrast to the findings of Horlick et  al. [37], who 
noted a  doubling of bile acid excretion in  3  patients with 
type I1 lipoprotein  patterns, we noted no significant in- 
creases in bile acid excretion in any of 20 patients, 5 
of whom had type I1 lipoprotein patterns.) This reduced 
excretion could have been due to decreased bile acid 
synthesis, and this in turn might  have led to an increased 
output of endogenous neutral steroids. There  are two 
reasons why we do  not favor this as an explanation for the 
increased neutral steroid excretion caused by the  drug. 
First, in many  patients  the increase in  neutral steroid 
excretion substantially exceeded the decrease in bile acid 
excretion, and thus  the  output of total steroids (endoge- 
nous neutral + acidic) was greater in half the patients on 
clofibrate. Second, clofibrate did  not reverse the  in- 
creased bile acid synthesis induced by cholestyramine; 
the excretion of bile acids during  treatment with choles- 
tyramine plus clofibrate was no lower than when choles- 
tyramine was given alone, yet the increased excretion of 
neutral steroids caused by clofibrate was found even dur- 
ing simultaneous administration of cholestyramine. 

Cholesterol  synthesis. We must now consider whether the 
increased excretion of endogenous neutral steroids during 
clofibrate administration was due to enhanced cholesterol 
synthesis. In previous studies we have been able to 
answer this question through use  of the sterol balance 
method. For instance, we concluded that cholesterol 
synthesis was accelerated following interruption of the 
enterohepatic  circulation of cholesterol (32) and bile 
acids (22) ; in both of those studies the conclusions drawn 

from sterol balance data were valid because the data 
were obtained in metabolic steady states. However, in  the 
present study we were never convinced that our  drug- 
treated patients achieved a new steady state  during  the 
relatively short  balance periods described here (24-122 
days), and hence we have concluded that the question of 
whether cholesterol synthesis  was increased by the  drug 
(to explain the increased excretion of fecal neutral 
steroids) cannot be answered through use  of sterol 
balance data. Reasons for indecision  in regard to achiev- 
ing a new steady state on clofibrate were: (Q) we noted a 
lack of constancy in neutral steroid excretion after the 
drug was instituted, and ( b )  we were accumulating in- 
dependent evidence that tissue  pools of cholesterol were 
being continually depleted. By definition, the metabolic 
steady state  pertains only when  tissue  pools of cholesterol 
remain fixed; if there are reasons to think that tissue 
stores are  changing,  a steady state  cannot be assumed. 
Therefore, as discussed  previously (17), the sterol bal- 
ance method cannot be relied on to give reliable syn- 
thesis rates under such conditions. 

Nor, on theoretical grounds, can  compartmental  anal- 
ysis be used  to measure turnover rates in the unsteady 
state (22). We have presented the specific activity-time 
curves obtained in 14 patients after administration of a 
single  dose of radioactive cholesterol in Figs. 1-5 not 
because they have quantitative usefulness, nor even be- 
cause the changes in slope observed on clofibrate have 
conclusive qualitative  meaning.  Rather, we have 
included these data because, when considered in conjunction 
wi th  other evidence (an increased fecal excretion of neutral 
steroids, a diminished plasma pool of cholesterol, and 
lack of a systematic change  in absorption of exogenous 
[unlabeled] cholesterol), the decreases in slope that were 
often observed appeared to indicate that in many  patients 
cholesterol synthesis could not have been increased but, 
if anything, was probably decreased. This conclusion is 
supported by the findings in  study I11 that cholesterol 
synthesis in the intestinal mucosa was diminished when 
the  drug was given. 

Studies of specific activity-time curves of plasma 
cholesterol in man  under  the influence of clofibrate were 
first reported by  Nestel, Hirsch, and Couzens (38); 
they found that slopes of specific activity curves were con- 
sistently flattened when clofibrate was introduced. This 
observation that seems incompatible with increased 
cholesterol synthesis has been confirmed by Horlick et  al. 
(37) and by the present study:  in 7 of 14 of our  patients, 
curves were flattened or unchanged despite marked in- 
creases in excretion of endogenous neutral steroids. 
However, another  explanation for the  change  in decay 
with clofibrate has been given (37), namely, mobiliza- 
tion of cholesterol from tissue  pools. If specific activities 
of cholesterol in slowly  miscible  pools were even slightly 
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higher than  that of plasma cholesterol when clofibrate 
was introduced,  any mobilization of tissue cholesterol 
into the plasma compartment should slow the  rate of 
decline of  the specific activity of plasma cholesterol. 
Thus, we cannot be certain whether the decreased slopes 
of specific activity of plasma cholesterol were due to 
decreased synthesis (for which we presented other evi- 
dence) or to mobilization from tissues  (for which we 
have also presented evidence), or both. On the  other 
hand, these curves seem incompatible with an increased 
synthesis of cholesterol; therefore, we have concluded 
that the flux of cholesterol into feces cannot be explained 
by increased cholesterol production. 

Since specific activity-time curves of plasma cholesterol 
are the resultant of interactions of several parameters of 
cholesterol metabolism (synthesis,  pool  sizes, absorption, 
and  compartmental transfers), it was  necessary to obtain 
direct evidence for the action of clofibrate on cholesterol 
synthesis in a specific  tissue. In the present study we ob- 
tained some evidence on this point by studying intestinal 
mucosa; we employed the  approach used  previously in 
our studies of the effects of cholestyramine on mucosal 
synthesis of cholesterol (22). When cholestyramine was 
administered to three patients with hypercholesterolemia, 
the specific activity of cholesterol in mucosa fell clearly 
below that of plasma in two of the three, indicating in- 
creased synthesis  (22) and confirming the findings of 
Dietschy and coworkers (39-42) that bile acids inhibit 
the mucosal synthesis of cholesterol in man as  well as in 
lower animals. When,  in those  two patients, clofibrate 
was added to the regimen containing cholestryamine, the 
specific activity of mucosal cholesterol became the  same 
as or higher than  that of plasma cholesterol. The only 
reasonable explanation for this observation is that 
clofibrate reduced  the rate of cholesterol synthesis that 
had been increased by cholestyramine. This  inhibitory 
effect of clofibrate was  seen  also in a  patient with 
hypertriglyceridemia in whom cholesterol synthesis in  the 
mucosa was clearly demonstrable without cholestyramine 
stimulation;  administration of clofibrate to this patient 
caused the specific activities in mucosal and plasma 
cholesterol to become identical. These findings suggested 
that clofibrate can  inhibit cholesterol synthesis in  the 
intestinal mucosa of man; there is strong evidence from 
studies in lower animals that the drug inhibits cholesterol 
synthesis in the liver (43). 

In view of all these findings, there is little evidence to 
support  the concept that  the increased output of neutral 
steroids induced by clofibrate can be  attributed  to accel- 
erated cholesterol synthesis. Indeed, in certain cases the 
drug  may  actually  retard synthesis. Therefore, the in- 
creased excretion of endogenous cholesterol must be ex- 
plained in another way : there seems to  be only one plausi- 
ble explanation, namely, that in hyperlipidemic states 

clofibrate causes mobilization of cholesterol from 
body pools. Evidence for this will  now be examined. 

Body pools of cholesterol. If cholesterol excretion is in- 
creased while at the same time synthesis and absorption 
are not  changed, it is  necessary to conclude that a  net 
flux of cholesterol out of body pools is occurring. The 
pools thus depleted could be plasma or tissue  pools, or 
both. 

In  the present study clofibrate caused a reduction in 
plasma cholesterol in almost all patients. The largest 
decreases were found in those patients whose hyper- 
cholesterolemia was  associated with hypertriglyceridemia; 
however, cholesterol reductions were seen  also in patients 
with type I1 lipoprotein patterns (hypercholesterolemia 
alone), in whom the average decrease in plasma choles- 
terol was about 15%. Somewhat greater reductions of 
hypercholesterolemia have been reported with other 
approaches, with unsaturated  fat diets (36), nicotinic 
acid (44), cholestyramine (22, 45-47), and the ileal ex- 
clusion operation (22, 48-50), but  the changes we have 
observed on Clofibrate cannot  be dismissed  as being 
trivial. 

Our balance results seem to indicate that the increased 
excretion of fecal steroids cannot be explained simply in 
terms of a reduction in  size of the plasma (or plasma- 
liver) pool of cholesterol. We have compared  the incre- 
ment  in  total fecal steroid excretion with the  decrement 
in plasma cholesterol content  in eight patients who had 
significant increases in fecal steroid output  (Table 6 ) .  
The largest decrement in total plasma cholesterol con- 
tent  during  the period of clofibrate treatment was  4.34  g, 
while the increments in  total fecal steroids ranged  from 
5.93 to 46.59 g (average 22 g). I t  is clear,  then, that much 
of the increase in fecal steroids was derived from pools 
other  than plasma or even plasma plus liver. 

Data obtained  in  study IV, the long-term outpatient 
study, support the conclusion that cholesterol can be 
mobilized from sites of storage in tissues. Studies were 
carried  out  by  compartmental analysis (35)  before and 
after 3 yr of continual  administration of clofibrate in five 
patients. The results indicated that the  drug usually 
caused large decreases in the size of pool B. It must be 
borne in mind that such estimates of pool  size  by  com- 
partmental analysis have not yet been verified in man. 
However, Wilson (51) carried  out kinetic analyses in liv- 
ing baboons, and then, after killing them, verified  his 
calculations by “chemical dissection” of the  entire body 
(as well  as of specific  tissues) ; he  found reasonably close 
agreement between the data obtained by the two ap- 
proaches. 

Kinetic analysis of isotope data gives no information 
about  the  amount of cholesterol in specific  tissue pools; 
indeed, there is no way at present to estimate changes in 
the cholesterol content of individual  organs  or tissues in 
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man  during life. Nevertheless, it  has been observed re- 
peatedly that  the size of xanthomas  in skin and tendons 
can be reduced by clofibrate (3, 7, 9, 52); these clinical 
observations support  our conclusion that cholesterol can 
be mobilized from tissues  by this drug.  Indeed,  our sterol 
balance data indicate that large  amounts of cholesterol 
were fluxed out of tissue stores even in  patients who were 
free of xanthomatosis (Table 6). Although the origin of 
this excess cholesterol is not clear, it is relevant  to  note 
that Crouse, Grundy,  and Ahrens (53, 54) reported re- 
cently that significant quantities of cholesterol accumu- 
late  in tendinous tissues as a function of aging in man; 
this accumulation occurred in  the absence of any evidence 
of xanthomatosis or antemortem hypercholesterolemia. 
Although it is possible that the cholesterol mobilized from 
patients with hyperlipidemia by clofibrate may have 
originated in connective tissues, it remains to be shown 
whether these fluxes may not also have involved the in- 
ternal  organs (liver, spleen, kidneys, etc.) or, alter- 
natively, such bulk tissues as muscle and adipose tissue. 

We  may question whether the rapidity with which 
cholesterol is fluxed from tissue  pools might exceed the 
liver's capacity to excrete it; the result of such an im- 
balance would be to cause plasma cholesterol levels to 
rise  even  while the excretion of fecal neutral steroids in- 
creased. This sequence of events could explain the find- 
ings in patients 16 and 19, in whom plasma cholesterol 
levels were significantly elevated on clofibrate while 
fecal steroid excretion was increased. Indeed, we have 
learned of occasional patients treated for years with 
hypocholesterolemic agents in whom plasma cholesterol 
levels failed to decrease until the  xanthomata resolved.' 

The duration of cholesterol flux must clearly be  related 
to the  amount previously stored in excess  of critical body 
needs that is available for excretion. In other words, if our 
explanation for the increased excretion of fecal neutral 
steroids is correct, the period of increased sterol output 
will be limited by the  amount available to be fluxed. The 
average increase in neutral steroid excretion was about 
300 mg/day  (Table 4); had this continued for a year, 
about 100 g of cholesterol would have been fluxed from 
tissue  stores. In hyperlipidemic patients, many of whom 
had xanthomatosis and atheromatosis, it is entirely con- 
ceivable that as much or more than 100 g of cholesterol 
had been accumulated  in tissue storage sites, but defini- 
tive data on  the  amount of cholesterol in the tissues of such 
patients are still lacking. Since the  total pool of exchange- 
able cholesterol in normolipidemic men can  amount to 
60-100 g (55), it is not unlikely that  in hyperlipidemic 
adults several hundred grams of cholesterol can  be ac- 
cumulated over a lifetime. I t  is not surprising, then, that 

Oliver, M. F., A. Khachadurian,  and D. Berkowitz.  Personal 
communications. 

Grundy, Ahens, Saten, Schrcibman,  and 

in  the drug periods described here (24-112 days) we 
failed to see the excretion of fecal neutral steroids on 
clofibrate return  to  pretreatment base  lines. 

At  the molecular level, we do not  understand how 
cholesterol is mobilized from tissue stores by clofibrate, 
nor do we know whether this is a primary or secondary 
drug effect. Indeed,  the various changes in lipid metab- 
olism that have been observed in association with 
clofibrate administration are difficult to explain by any 
single mechanism. For example, the lowering of plasma 
triglycerides as well as of cholesterol, the inhibition of 
intestinal synthesis of cholesterol, and  the increased 
excretion of endogenous cholesterol are not necessarily 
integrated. Additional studies will be  required to deter- 
mine whether this drug is active at only one or at multi- 
ple control points in regulation of lipid metabolism. 

Indications for  clinical use of clofibrate 

It is now clear that clofibrate is effective in lowering the 
plasma lipid levels in most patients with hypertri- 
glyceridemia who have lipoprotein patterns of types 111, 
IV,  and V. In addition to the  dramatic lowering of 
plasma triglycerides in these patients, cholesterol levels 
are usually reduced.  Thus,  the choice of clofibrate for 
treatment of patients with hypertriglyceridemia would 
appear  to be justified at this time, since side effects are 
rare.  Trials  in a small number of patients here have 
shown a significant additive effect of clofibrate given  to- 
gether with diets rich in unsaturated fats. 

The value of clofibrate in patients with hypercholes- 
terolemia and type 11 lipoprotein  patterns is  less ob- 
vious: the  agent causes a significant lowering of plasma 
cholesterol levels, but the lowering is often less than  can 
be achieved by other means. However, the present study 
appears  to show that clofibrate promotes the mobiliza- 
tion of tissue cholesterol in this group of patients just as 
in those with hypertriglyceridemia. Hence, we believe 
that its long-term use in these patients can be justified, 
even though  the  immediate effects on plasma cholesterol 
levels are not particularly impressive. 

It is rational to propose that the  management of 
hyperlipidemia can  be facilitated by combinations of 
drugs. Indeed,  Howard and Hyams (56) have reported 
better results (in terms of plasma lipid levels only) with 
clofibrate plus a bile acid sequestrant (DEAE-Sephadex) 
than with clofibrate alone. This is a rational  combination 
of agents; a bile acid sequestrant reduces bile acid pool 
sizes and impedes cholesterol absorption (22), but  it also 
enhances cholesterol synthesis. Clofibrate, on  the  other 
hand,  appears to inhibit cholesterol synthesis, but  it en- 
hances tissue cholesterol mobilization and excretion and 
reduces tissue cholesterol pool  sizes. Furthermore, in 
those patients who manifest elevated triglyceride levels 
on  administration of cholestyramine (22), this phenom- 
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