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Abstract The New Zealand white (NZW) rabbit fed a 0.1% 
cholesterol-enriched diet (CD) typically responds (normorespon- 
sive, NR) by quickly developing hypercholesterolemia. To study 
the underlying mechanisms responsible for the widespread phe- 
nomenon of inter-individual variability of response to dietary 
cholesterol, a unique hypercholesterolemia-resistant (RT) rabbit 
model was developed. These animals were utilized to investigate 
selected potential mechanisms that might enable the RT animal 
to compensate for dietary cholesterol overload. When rabbits were 
fed the low-cholesterol stock diet, there was no significant differ- 
ence in the plasma cholesterol concentrations of the NR and the 
RT animals. However, a significant rise was observed in the NR 
rabbits within 1 month of their being placed on the cholesterol- 
enriched diet: the plasma cholesterol concentration of the RT 
animals was not affected. During consumption of the cholesterol 
diet the cholesterol absorption rate was somewhat greater in the 
NR rabbits (P < 0.05), whereas intestinal transit times and the 
fecal excretion of neutral steroids were substantially the same in 
both groups. In contrast, the fecal bile acid excretion of the RT 
animals was more than twice as great (P < 0.0001) as that of the 
NR animals. We conclude that the response to dietary choles- 
terol is a heritable trait in these rabbits and that, although less 
dietary cholesterol was absorbed by the RT animals, it appears 
that a major mechanism controlling plasma cholateml levels involves 
the rate of conversion of cholesterol to bile acids and their subse- 
quent excretion. ave r tu r f ,  M. L., S. A. Smith, A. M. Got- 
to, Jr., J. D Morrisett, T. Tewson, J. Poorman, and D. S. 
Loose-Mitchell. Dietary cholesterol absorption, and sterol and 
bile acid excretion in hypercholesterolemia-resistant white rab- 
bits. J. Lipid Res. 1990. 31: 2019-2027. 
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present in these rabbits when fed a regular, low-cholesterol 
laboratory chow, the VLDL becomes enriched in cholesteryl 
esters relative to the triglycerides (1, 2). Increased inges- 
tion of dietary cholesterol commonly has similar effects in 
other species as well, although the response diffem in magni- 
tude. SpecifEally, a cholesterol-enriched diet typically results 
in hypercholesterolemia, with the appearance of cholesteryl 
ester-rich (CER)-VLDL, in rats (3), dogs (4), monkeys (5), 
and, to a lesser extent, humans (6 ,  7). 

Not only are there large differences in the cholesterol- 
emic response among different species, there are also large 

concentrations within various species to changes in dietary 
cholesterol intake. This variability in plasma cholesterol 
responsiveness within a species was first observed in rab- 
bits (8), and the phenomenon was soon described in several 
other species including pigeons (9), mice (lo), nonhuman 
primates (11), and humans (12). Although there is substantial 
evidence that much of this variability in plasma cholester- 
ol response is under genetic control (13-17), the operative 
mechanism(s) directly responsible have not been defined. 
Adams, Gaman and Feigenbaum (18) examined two breeds 

of rabbits (New Zealand white and Dutch belted) which, 
when fed a cholesterol supplemented diet, displayed con- 
trasting susceptibilities to the development of hypercholes- 
terolemia. They observed no differences in catabolism or 
excretion of cholesterol, absorption of cholesterol from the 

inta-hdividd respon~g of pla~ma C ~ I O ~ C S W ~  and lipoprotein 

The typical New Zealand white rabbit rapidly responds 
to a cholesterol-enriched diet by developing hypercholes- 
terolemia. This response is characterized by increased LDL 
and /3-VLDL-cholesterol, and a concomitant decrease of 
HDL-cholesterol. In contrast to the triglyceride-rich VLDL 

Abbreviations: VLDL, very low density lipoproteins; CER, cholesteryl 
ester-rich; LDL, low density lipoprotein: HDL, high density lipoprotein; 
FX hypercholesterolemia-resistant rabbit model; NR, normspnsive; NZW, 
New Zealand White; CD, cholesterol-enriched diet. 

‘To whom compondance should be addressed at: Department of In- 
temal Medicine, Room E82, Box 20708, U n i 6 t y  of Texas Medical School, 
Houston, T X  77030. 
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gut, or cholesteroal biosynthesis. On the other hand, re- 
cent studies of two inbred strains of JAX rabbits, IIIVO/Jv 
and AX/JU that are known to be hyporesponsive and hyper- 
responsive, respectively (19), indicated that differences in 
the stimulation of bile acid excretion after cholesterol feeding 
and the efficiency of cholesterol absorption are important 
determinants of the phenomenon of hypo- and hyperrepon- 
siveness in these rabbits (20). 

We have nxently developed, by selective breeding, a colony 
of New Zealand white (NZW) rabbits that is remarkably 
resistant to the development of hypercholesterolemia (21). 
For example, when fed a 0.1% (wt/wt) cholesterol-enriched 
diet for up to 8 weeks, the resistant rabbits (RT) maintained 
plasma total cholesterol concentrations of < 50 mg/dl, whereas 
normal rabbits (NR) developed levels of > 300 mg/dl. The 
constituents of the major lipoprotein classes were also quite 
different. Whereas CER-VLDL was the major plasma 
lipoprotein of normal, cholesterol-fed rabbits, HDL was 
the most abundant l ipopmh ofthe i?T animals. The hydrated 
density of HDL from NR rabbits was also greater than that 
of the RT animals, and the LDL of the RT animals con- 
tained a lower proportion of esterified cholesterol and protein 
than the LDL of normal rabbits. LDL binding studies in- 
dicated that peripheral mononuclear cells from RT rab- 
bits bound, internalized, and degraded significantly more 
LDL than did mononuclear cells from normal rabbits (21). 

The purpose of the present study was to determine whether 
differences also exist between the two groups of animals 
in the rate of intestinal absorption of dietary cholesterol 
or the excretion of fecal cholesterol and bile acids. Our results 
indicate that, compared to the NR rabbits, the RT rab- 
bits absorbed somewhat less cholesterol but excreted about 
the same amount of cholesterol. However, we observed more 
than a twofold increase in the excretion rate of bile acids 
by the resistant animals. 

MATERIALS AND METHODS 

Animals 

All of the rabbits were of the NZW breed and were der- 
ived from progenitors of a large, closed colony. Two major 
sub-colonies were established from these animals based upon 
their relative cholestemlemic response to a cholesterol-enriched 
diet. Animals considered normoresponsive (NR), in that 
they quickly developed hypercholesterolemia, comprised 
one phenotypic group. The other group, included rabbits 
that showed no statkticdy significant cholesterolemic mponse 
to the challenge diet and were therefore considered to be 
resistant (RT). The derivation of these two colonies, the 
development of the pedigrees, and the statistically based 
criteria for the classification of the NR and RT phenotypes 
have been described (21). 

Housing and diets 

To minimize coprophagy all animals were housed in in- 
dividual metabolic cages with stainless-steel floors comprised 
of rods spaced 0.5 in apart. The room was temperature- 
controlled at 20 f 2OC with a 12-h light/dark cycle. The 
rabbits were fed regular laboratory Purina rabbit chow until 
they were at least 5 months old. Subsequently, this chow 
was enriched with cholesterol (0.1% wt/wt) and fed for a 
minimum of 2 months in order to establish the phenotype 
of the rabbits with respect to cholesterolemic responsive- 
ness as previously defined (21). 

Reagents and chromatographic materials 

The radioactive sterols (la, 2a (n)-SH]cholesterol, and 
[14C~-sitosterol were purchased from A" Corp., A r b -  
ton Heights, IL. Radiopurity of both isotopes as determined 
by thin-layer chromatography m a s o h t  system of hexane-&$ 
acetate 3:l was >98%. The fatty acid standad, heptadecanoic 
acid and oleic acid, were obtained from Sigma (St. Louis, 
MO). The unlabeled sterols were purchased from two sources: 
5a-cholestane, cholesterol, sitosterol, 4-cholesten-3-one, and 
5a -cholestan- 3 -one (Sigma) ; and stigmastanol , campesterol , 
and coprostanol (Research Plus, Inc., Bayonne, NJ). Bile 
acids were obtained from several sources: nordeoxycholic 
acid (Research Plus); deoxycholic acid and lithocholic acid 
(Aldrich Chemical Co., Milwaukee, WI); cholic acid (Sig- 
ma); and lithocholic acid [carboxyl-"C] (Amexsham Corp.). 

4-Dimethylaminopyridine was purchased from Aldrich. 
All other solvents and reagents were reagent grade and pur- 
chased from Fisher Scientific Co., Houston, TX. 

Experimental protocol 

Six normoresponsive (NR) and six resistant (RT) age-, 
sex-, and weight-matched rabbits were used in these studies. 
All of the animals were fed the 0.1% cholesterol-enriched 
diet for at least 3 months prior to the studies. The RT animals 
were in steady state with regard to serum cholesterol lev- 
els; the NR were not. 

Briefly, to assess the absorption of cholesterol, normore- 
sponsive and resistant rabbits were given a single test meal 
containing [sH]cholesterol and ["C]sitosterol. Labeled sterol 
and bile acid fractions excreted in the feces were serially 
measured (22-25). Recovery of the largely nonabsorbable 
p-sitosterol permitted correction for possible losses of choles- 
terol radioactivity via degradation and an estimate of in- 
testinal transit time (24). The amount of tritium ['HI in 
the plasma, derived from the ingested ['H]cholesterol, was 
determined concurrently. 

After an overnight fast, members of a sex- and weight- 
matched pair of NR and RT animals were each fed 3 g 
of rabbit chow, prepared as a 6-g batch. Each batch con- 
tained [sH]cholesterol (6 pCi; 47 Ci/mmol) and ['4C]simteml 
(0.12 HCi; 56 mCi/mmol) added to the chow in a vehicle 
of chlorofom as described for the pmparation of a cholesterol- 
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enriched diet (21). Upon consuming the hand-fed test diet 
which required only a few minutes, each rabbit was given 
the remainder (97 g) of the daily ration of cholesterol-enriched 
chow. This method of administration assured that all of 
the labeled compounds would be consumed, and permit- 
ted reliable assessment of cholesterol absorption as it oc- 
curs in the presence of other dietary components during 
the course of a meal. Twenty-four hours later each rabbit 
was given the usual daily allotment of 100 g of the cholesterol- 
supplemented diet (CD), which was typically consumed within 
a 24-h period. The animals were maintained on the regi- 
men for the next several months. 

Total stool and urine specimens were collected over 24-h 
invervals for the next several days. Plasma samples were 
taken periodically over the same time period. In addition, 
some plasma samples were obtained within hours of con- 
suming the test meal. To minimize ear trauma, phleboto- 
my was not performed on any one rabbit at every time interval. 

The stool and urine samples were frozen at the end of 
each 24-h collection period and dried under vacuum. The 
dry weight of each fecal sample was determined and the 
entire sample was ground to a fine state. 

Duplicate 0.5-g portions of each powdered fecal sam- 
ple were used to determine sterol and bile acid content (23, 
24). The samples were saponified with 1 N NaOH in 95% 
ethanol for 1 h at 90OC. The neutral sterols were then ex- 
tracted by repetitively (4 x )  partitioning with the addition 
of hexane (bp 68-70OC), followed by low speed centrifu- 
gation. The pooled upper phases were used to determine 
labeled sterol content by taking 0.2-ml duplicate aliquots 
to dryness in a scintillation vial and adding 15 ml of scin- 
tillation fluid. 

The lower aqueous phases containing conjugated and 
free bile acids were extracted 4 x with chloroforrr-methanol 
2:l ( d v ) ,  washed once with water, and the lower phases 
containing the bile acids were pooled and their radioactivity 
was determined on duplicate samples. Duplicate 0.2-ml aliquots 
of each sample were dried in scintillation vials prior to the 
addition of four drops of 2 N HCl and scintillation fluid. 

Lyophilized urine specimens were suspended in 200 ml 
of water and total lipids were extracted with chloroform- 
methanol 2:1 (./.). Duplicate samples were placed m scintillation 
vials, taken to dryness, and counted. 

Radioactivity measurements 

The radioactivity of all samples was measured by scin- 
tillation counting in 15 ml of Hydrofluor (National Diag- 
nostics, Manville, NJ). After the addition of the scintillation 
fluid the sampleswere aged 24 h to eliminate chernil- 
prior to counting. The disintegration per minute (dpm) 
per vial was determined by correcting for counting effi- 
ciency by the external standard channel ratio method. All 
samples were counted to a two sigma error of 3%. 

Cholesterol absorption was calculated from the formula: 

Percent absorption = 

x 100. 
'H/I4 C in administered oral dose I 'H/"C in fecal neutral sterols 1- 

where 'H represents labeled cholesterol and "C represents 
labeled sitosterol. 

The cumulative fecal 'H radioactivity in the netural sterol 
fraction from day-1 through day-6 was used for the absorption 
calculation. 

Quantitation of individual fecal neutral sterols and bile 
acids 

Aliquots (100 mg) of powdered fecal samples were used 
to quantitate the predominant individual fecal sterols and 
bile acids (26-28). After the addition of 0.25 mg of nor- 
deoxycholic acid as an internal standard, each sample was 
saponified in 2.5 M NaOH-methanol. The samples were 
then taken to pH 1, extracted with chloroform-methanol 
2:l (v/v), and dried prior to derivatization. Butylation of 
the samples was performed as described (26). The dry butyl 
ester mixture was then acetylated in a solution of chloro- 
form, dimethylaminopyridine, and acetic anhydride at 40 OC 
for 16 h. The butyl ester-acetates were extracted with 
&dorm,  back-washed with warn, pgssed through magnesium 
sulfate-potassium carbonate 1:l (wt/wt) to remove water, 
taken to dryness, and dissolved in chloroform prior to gas 
chromatography (GC). 

Routine capillary gas chromatography was done with a 
Hewlett-Packard 5890 chromatograph fitted with an elec- 
tron capture detector. A DB-1701 megabore (I.D. = 0.5 
mm x 15 m) fused-silica column [polymethyl (50% phenyl) 
siloxane, 0.25 pm film thickness] obtained from J&W Scien- 
tific (Folsom, CA) was used to separate fatty acids, sterols, 
and bile acids as their butyl ester-acetate derivatives (27). 
Peak-area correction factors [F (W)] were determined us- 
ing data obtained from quantitative mixtures of standard 
compounds (28). 

Gas chromatography-electron impact mass spectrome- 
try (GC-MS), using the same column, was used for con- 
firmation of the resolved derivatives. In addition, aliquots 
of the lyophilized fecal samples were saponified under mild 
conditions (10% NaOH at llO°C), separated into neutral 
and acidic fractions, and extracted with methyl tert-butyl 
ether prior to trimethylsilyl derivatization (TMS). Both deriva- 
tives were then subjected to GC-MS analysis. 

Twenty-four hours before feeding the radioactive test bolus, 
stool samples were obtained from NR and RT rabbits and 
lyophilized. Duplicate aliquots (100 or 500 mg) of the dried 
fecal specimens were taken from five samples for recovery 
determinations. Approximately 10,000 dpm of carrier-free, 
radiolabeled cholesterol, sitosterol, or lithocholic acid was 
added to each duplicate aliquot; one aliquot was used as 
a control with no nuclide added. The specimens were sa- 
ponified and extracted as described (23, 27), assayed for 
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radioactivity, and the recovery was calculated for each 
compound. 

Statistics 

The results given in the figures are presented as means 
f standard errors (SEM), and the results given in the ta- 
ble and text are given as standard deviations (SD) of the 
means. The significance of difference between meam was 
determined with the unpaired Student's t-test. The level 
of significance was chosen to be P < 0.05. 

RESULTS 

A general characterization of the animals at the time 
they were fed the test meal is given in Table 1. Of the 12 
animals studied there were two normoresponsive (NR) and 
two resistant (RT) age- and weight-matched does and four 
NR and four RT bucks. The group mean of the plasma 
cholesterol concentration for the normoresponsive rabbits 
was 543 f 210 mg/dl compared to that of the resistant group 
which was 49 k 14 mg/dl. The difference was highly sig- 
nificant (P < 0.002). 

There was no major difference between the NR and the 
RT rabbits in either daily food consumption or average body 
weight determined monthly (P < 0.05) during the experimental 
period (Fig. 1). All of the animals appeared healthy and 
none exhibited excessive hair loss, xanthomatous cutane- 
ous lesions, or fatty deposits in the eyes, which are manifes- 
tations commonly observed in rabbits fed larger quantities 
of cholesterol. 

0 1 2 3 4 5 6 7 8 9 1 0 1 1  

MONTHS 
Fig. 1. Growth rate of normomponsive and hpexholesterolemia-mistant 
rabbits. The data represent the body weights of the group (n = 6) of nor- 
momponsive (0) and the group (n = 6) of cholesterolemia-mistant rabbits 
(0). The (0.1%) cholesterol-enriched diet was begun at the beginning 
of month-1. The cholesterol absorption studies were performed during 
the month-4 through month-6 period. Body weights are given as group 
means i SEM. There was no significant difference in the values at any 
time interval between the normoresponsive and the resistant group by 
the unpaired t-test at P < 0.05. 

The RT and NR rabbits had similar plasma cholesterol 
levels while consuming the regular, low-cholesterol rabbit 
chow. However, there was an immediate and sharp increase 
in cholesterolemia exhibited by the normoresponsive rab- 
bits with the feeding of the 0.1% cholesterol-enriched diet 
(Fig. 2). Over the 16-week period during which time the 
animals were fed the 0.1% cholesterol diet, the plasma cho- 
lesterol level of the NR rabbits increased more than 12-fold 

TABLE 1. Characteristics and cholesterol absorption of normoresponsive and resistant rabbits 
fed a 0.1% cholesterol-enriched diet 

Rabbit # Sex Wt Plasma Cholesterol Cholesterol Abosorption" 

hg mg/dl mg/kg body wt 
Normoresponsive 

516 F 3.99 589 16.56 
317 F 3.51 458 23.53 
601 M 3.54 227 20.59 
354 M 3.36 658 23.45 
552 M 3.55 479 22.28 
361 M 3.09 851 25.59 

Mean f SDb 3.50 i 0.29 543 f 210 22.00 i 3.13 
Resistant 

721 F 3.89 59 16.96 
719 F 3.54 54 19.83 
366 M 3.48 71 17.90 
716 M 3.44 36 20.52 
717 M 3.62 40 14.44 
709 M 3.51 37 20.17 

Mean f SDb 3.58 i 0.16 49 f 14 18.30 f 2.35 

P' > 0.005 < 0.002 c 0.05 

'Sitosterol-corrected values for mass of cholesterol absorbed over 6 days in the isotope-containing test meal. 
bGroup data expressed as the group mean i standard deviation. 
't-Test of significance between normoresponsive and resistant rabbits. 
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1 2 3 4 5 6 7  

MONTHS 

Fig. 2. Plasma cholesterol levels in normorepnsive (0) and hypercholes- 
terolemia-resistant rabbits (0). The cholesterol-enriched diet was begun 
at month-1. The results are expressed as means f SEM for the six animals 
per “up; **P < 0.01: ***P < 0.001: comparingmonthlynormoresponsiw 
rabbit values with resistant rabbit values by unpaired t-test. The absence 
of a symbol indicates no difference ( P  > 0.05). 

from 38 f 3 to 470 f 70 mg/dl. The RT rabbits that were 
fed the same diet over the identical time period showed 
only a slight increase in mean cholesterol concentrations 
from 32 f 2 to 55 f 4 mg/dl. 

The amount of isotope in the total plasma volume was 
approximated by multiplying the ’H radioactivity (disin- 
tegrations per minute) in a measured plasma specimen by 
the estimated plasma volume factor of 35 ml/kg body weight 
(29). Because there were no significant differences between 
body weights of the rabbits at the time of the cholesterol 
absorption studies, small differences in blood volume did 
not have a major impact on the results. 

The radioactivity in the plasma arising f” the [’H)zholester- 
01 test meal reached a peak at 24 h in both groups (Fig. 
3). At this time interval there was more than a fivefold in- 
crease in the amount of label in the plasma of the NR rabbits 
compared to the amount in the plasma of the RT animals. 
This magnitude of difference generally persisted for the 
9 days that the plasma radioactivity was measured after 
the administration of the [’H]cholesterol bolus. 

The results shown in Fig. 3 revealed that considerably 
more ’H radioactivity from the test meal occurred in the 
plasma of NR rabbits at any one time, and remained there 
longer. The serum levels of “C activity originating from 
the [“C]sitosterol were below the levels of detection in both 
group, indicating that “ery little was absorbed by the intestine. 

The daily volume of urine excreted per rabbit was highly 
variable and no significant difference was observed between 
the two groups of animals. Similarly, the amount of ’H radio- 
activity arising from the ingested [3H]cholesterol was also 
quite variable, but never totaled more than 5 % of the amount 
of ingested ’H radioactivity. The difference between group 
means was not significant. 

Intestinal cholesterol absorption was measured concur- 
rently to ’ whethera~ceintherateofcholeteml 
absorption existed between the NR and RT animals that 
could explain the constrasting cholesterolemic responses. 
When the daily amount of fecal cholesterol excreted was 
calculated we found that 90% of the fecal cholesterol was 
excreted within the first 5 days by the NR rabbits versus 
93% by the RT animals (Fig. 4). Although the amount 
of cholesterol excreted by the RT group was somewhat greater 
during each of the 5 days, the daily difference was never 
significant (P < 0.05). Similarly, there was no difference 
at any 24-h time interval over the total 9-day observation 
periodbe”the NR and R T  animalswithregardtositosteml 
excretion (Fig. 5) .  While all of the sitosterol was recovered 
by day-7, about 75% of the administered label was reco- 
vered by day-3 and more than 95% was recovered by day-6. 

When the cumulative cholesterol absorbed over the first 
6 days after the test meal was calculated, by Using the sitosterol 
recovery data and expressing the results on a body weight 
basis, there was a small but siwicant difference (P < 0.05) 
between the RT and NR groups (Table 1). Over the 6-day 
period the average amount of cholesterol absorbed from 
the test meal by the NR rabbits was 22.00 f 3.13 mg/kg 
body weight and 18.30 f 2.35 mg/kg body weight by the 
RT rabbits. 

Fecal bile acid extractions were performed on aliquots 
of the daily fecal specimens used for the neutral sterol de- 
terminations. In contrast to the results obtained from the 
measurements of cholesterol excretion, there were signifi- 
cant differences between the amount of bile acids excret- 
ed by the NR and RT rabbits. On each of the 9 days that 
the samples were collected, there was a significantly larg- 
er amount of bile acids excreted by the RT animals Fig. 

TIME AFTER INGESTION OF [3H] CHOLESTEROL 
(DAYS) 

Fig. 3. Plasma ’H radioactivity after ingestion of a bolus of [‘H]cholestml 
by cholesterol-fed normomponsive (hypercholesterolemic) (0) and resistant 
rabbits (0). When specimens from fewer than six animals per group were 
obtained only the group means are given, otherwise group means f SEM 
are shown; *P < 0.05; **P < 0.01: ***P < 0.001: comparingnomompon- 
sive rabbit values at designated time intervals with resistant rabbit values 
by unpaired t-test. 
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1 2 3 4 5 6 7 8 9  
TIME AFTER INGESTION OF r3H] CHOLESTEROL 

(DAYS) 

Fecal excretion of 'H radioactivitv in the neutral sterol fraction 
after ingestion of a bolus of ['H]chol&eml by normoresposlive and resistant 
rabbits. The results are expressed as means * SEM for the six animals 
per group. There was no significant difference (P > 0.05) at any time 
interval, using the unpaired t-test. between the normoresponsive and the 
resistant groups 

6). The amounts of radioactive bile acids excreted peaked 
on day-2 in both groups of animals after ingestion of the 
test meal. Over the course of the entire 9 days there was 
more than a twofold greater (P < 0.0001) amount of bile 
acids excreted by the RT animals than by the NR animals 
(Fig. 6). 

Separation and measurement by GC-MS of the fecal total 
neutral sterol and bile acid fractions were performed on 
samples of specimens collected on days 8 and 9 (Fig. 7). 
The major animal sterols were cholesterol and coprostanol, 
and the major bile acids ere lithocholic and deoxycholic 
acid. Consistent with the data obtained from the bolus feeding 
studies, there was no significant difference between the mass 
of cholesterol or coprostanol excreted by the NR and RT 
groups on a daily basis. Although there was no difference 
between groups with respect to the mass of lithocolic acid 
excreted, there was a threefold increase in the amount of 
deoxycholic acid excreted by the RT as compared to the 
NR rabbits. 

DISCUSSION 

In contrast to many species, typical NZW rabbits quickly 
develop exaggerated cholesterolemia and artherosclerosis 
in response to cholesterol-enriched diets. The basis for the 
high susceptibility of these rabbits to dietary cholesterol 
appears to involve an ineffective homeostatic regulation of 
hepatic cholesterol metabolism. The liver of the typical rabbit, 
unlike that of some species, does not respond to an enlarged 
cholesterol pool by increasing cholesterol and bile acid fe- 
cal excretion. Instead, it responds with a decrease in cholesterol 
synthesis (M), an inmase in cholesteryl ester-enriched VLDL 
secretion (31), and a decrease in the synthesis of LDL receptors 

1 2 3 4 5 6 7  
TIME AFTER INGESTION OF r1 4C] SITOSTEROL 

(DAYS) 

Fig. 5. Fecal excretion of "C radioactivity in the neutral sterol fraction 
after ingestion of a bolus of ["C]sitosteml by normoresponsive and resis- 
tant rabbits. The results are expressed as group means f SEM for the 
six animals per group. There was no significant difference (P > 0.05) using 
unpaired t-test at any time interval between the nomomponsiw and mistant 
groups. 

(32). As a result there is a decrease in the rate of VLDL 
remnant uptake, thus a rise of plasma VLDL cholesterol 
levels (31), and an enhanced conversion of VLDL to LDL, 
which results in a rise of plasma LDL (33). 

The final pathways leading to the elimination of cholesterol 
from the body are largely by the direct secretion of cholesterol 
into the bile and the conversion, by liver parenchymal cells, 
of cholesterol to bile acids, which are seubsequently excreted 
via the feces. The purpose of this study was to determine 
whether an enhanced fecal excretion of cholesterol or bile 
acids might occur in the hypercholesterolemia-resistant rabbit 
which in turn could help explain the resistance. 

, 

- 1  1 

1 2 3 4 5 6 7 8 9 1 - 9  
TIME AFrER INGESTION OF [3H] CHOLESTEROL 

(DAYS) 

Fig. 6. Fecal excretion of 'H radioactivity in the bile acid fraction after 
ingestion of a bolus ['H]cholesteml by normorrsponsive and resistant rabbits. 
The results are expressed as means f SEM for the six animals per group. 
The two bars to the right side of the figure represent the cumulative ex- 

comparing daily normoresponsive rabbit values with resistant rabbit values 
by unpaired t-test. 

cletion o\rer the 9-day O b a a M d a n  period; *P < 0.05; **P < 0.01: ***P < 0.001; 
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CHOLESTEROL C O P R O S l M L  UMOCHOUC DEOYYCHOUC 
ACID ACID 

Fig. 7. Average daily fecal excretion of cholesterol, coprostanol, and 
the major bile acids (lithocholic and deoxycholic) by normoresponsive 
and resistant rabbits during days 8 and 9 of the cholesterol absorbtion 
studies. The results are expressed as means f SEM for the six animals 
per group; ***P < 0.0001; the absence of a symbol indicates no signifi- 
cant difference (P > 0.05) using the t-test. 

For accurate sterol balance data to be collected for input- 
output analysis of cholesterol homeostasis, a metabolic steady 
state is required. Although the test bolus was fed near the 
peak of the plasma cholesterol response curve, it is likely 
that the NR rabbits were continuing to accumulate cholesterol 
during this period, thus they would not have been in metabolic 
steady state and balance calculations would not have been 
valid. 

Tritium was present in the plasma of both groups with- 
in 2 h after the oral consumption of the [SH]cholesterol 
test diet and reached peak activity at 24 h. At the first 24-h 
time interval there was more than a fivefold increase in the 
amount of label in the plasma of the NR animals versus 
the RT animals. The magnitude of this disparity persisted 
generally throughout the 9 days that the total palsma radio- 
activity was estimated. The methodologies used do not provide 
dimt evidence about whether l e  dietary cholesterol reached 
the blood compartment of the RT rabbits, or whether the 
lower content was the result of a greatly increased clear- 
ance rate in the RT rabbits which had relatively much more 
contracted serum cholesterol pools. The absorption studies 
showing somewhat less cholesterol being absorbed by the 
RT animals suggests that less intestinal cholesterol reached 
the serum compartment. We have, however, also found that 
intravenously administered iodinated (Iz5I) rabbit LDL and 
P-VLDL were each cleared from the serum of cholesterol- 
fed RT rabbits at a rate nearly three times greater than 
that at which NR animals cleared these lipoproteins (M. 
L. Overturf, S. Smith, and M. Soma, unpublished observa- 
tions). Moreover, we have reported that incubated derepressed 
peripheral mononuclear cells from resistant rabbits provided 
with rabbit 'T-labeled LDL had about a 30% increase 
in the rate of uptake and degradation of LDL over that 
from normoresponsive rabbits (21). 

Dietary cholesterol absorption was estimated, concur- 
wntly with the s" 'H measurements, to determine whether 

a dif€erence in absorption rate existed between the two groups 
of animals. The data indicated that there was a small but 
significant difference in the amount of cholesterol absorbed 
by the two groups when fed the test meal bolus. But the 
amount absorbed did not comlate with the plasma cholesterol 
levels. Cholesterol absorption was about 75% of that ad- 
ministend, which is in accordance with the results for typical 
rabbits reported by others (34). A much less efficient ab- 
sorption of dietary cholesterol could have provided an ex- 

between the NR and RT rabbits, but only a minimally sig- 
nificant difference (P < 0.05) was found. Results similar 
to those now reported have been obtained f" human studies 
comparing hypercholgterolanic (type 11) patients with normal 
subjects (35, 36), and investigations of hypo- and hyper- 
responsive squirrel monkeys (37). There was no statistical- 
ly significant difference (P < 0.05) in cholesterol absorption 
between groups of either species. 

A rapid disappearance of cholesterol from the serum of 
the resistant rabbits could indicate that it was being se- 
questered and accumulated by various tissues. However, as 
previously reported, NR rabbits fed the 0.1% cholesterol- 
enriched diet M o p e d  moderately setae aomc atherosclerosis- 
sclerosis with large accumulations of cholesterol and cholesteryl 
esters. By contrast, the RT animals never developed hyper- 
cholesterolemia and had no evidence of athemclemic d a r  
lesions (21). 

In agreement with previous studies of typical rabbits (38, 
39), the major neutral sterols found in the feces of both 
NR and 'tTT rabbits were cholesterol and cop"01. Although 
the ratios of quantities of cholesterol to coprostanol varied 
considerably between the animals of both groups, cholesterol 
was always the major neutral sterol excreted. Furthermore, 
since the bacterial conversion of cholesterol to coprostanol 
takes place almost exclusively in the terminal gastrointes- 
tinal tract, coprostanol is of minimal importance in the 
regulation of cholesterol metabolism. 

Another potential means for maintaining relatively low 
plasma cholesterol levels during increased cholesterol con- 
sumption, as in the case of the resistant rabbits, would be 
increased cholesterol catabolism to bile acids concomitantly 
with increased excretion in the urine and feces. However, 
only small amounts of 'H label were found in the urine 
of the NR and RT animals, and the difference between 
the two groups was not significant. The low level of radi- 
oactivity excreted in the urine from ingested [sH]cholesterol 
was similar to the amount observed previously for typical 
rabbits (39); no urinary '*C activity was detected from either 
group. The RT rabbits, as compared to the NR rabbits, 
excreted significantly larger amounts of fecal bile acids. 
Furthermore, in preliminary tissue distribution studies, we 
have observed that 24 h after rabbits consumed 3 g of 
cholesterol-supplemented diet containing [4-"C]cholesterol 
their bile acid fractions (extracted from bile aspirated from 
the gallbladder at necropsy) contained an average of 2.2 
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times more radioactivity than specimens obtained from 
NR rabbits (M. L. Overturf and S. Smith, unpublished 
observations). 

There is published evidence that one mechanism con- 
trolling plasma cholesterol in squirrel monkeys (37) and 
rabbits (34) is related to an increased rate of conversion 
of cholesterol to bile acids in the hyporesponsive animals. 
More recent studies of two inbred rabbit strains reported 
that hyperresponsive rabbits absorbed a greater percent- 
age of dietary cholesterol than resistant rabbits did, and 
that fecal excretion of bile acids, but not neutral steroids, 
was increased in the hyporesponders (20). We found a some- 
what greater cholesterol absorbtion rate by the normorespon- 
sive (hyperresponsive) versus the resistant (hyporesponsive) 
animals. On the other hand, the difference in rates of bile 
acid excretion between our RT and NR animals was much 
greater than the relatively modest difference reported for 
JAX rabbits by Beynen et al. (20). 

On the basis of the presesnt and previous studies we pro- 
pose that an overload of dietary cholesterol, delivered to 
the liver as chylomicron remnants in the RT rabbit, is quickly 
converted to bile acids. The conversion rate is thought to 
be so great that little PVLDL is synthesized since none was 
found in the serum of cholesterol-fed RT rabbits (21). In 
the cholesterol-fed normoresponsive rabbits, P-VLDL likely 
suppressed apoB,E (LDL) receptor activity leading to an 
expansion of the serum cholesterol pool. By contrast, the 
serum cholesterol concentration remained remarkably un- 
changed in the resistant rabbits. Instead, LDL receptor ac- 
tivity of the RT rabbits would be expected to be maintained 
in a relatively up-regulated state and perhaps aid in the 
clearing of small quantities of cholesterol, as serum VLDL- 
cholesterol, that might have escaped conversion to bile acids 
(21). The potential mechanisms underlying the increased 
bile acid metabolism are currently being investigated. 

In conclusion, accumulating evidence shows that while 
the cholesterolemic response to dietary cholesterol intake 
is highly variable between individuals of a species, some 
individuals and experimental animals are uniquely resis- 
tant. An increase in bile acid excretion has been identi- 
fied as a potentially major means that may account for the 
heritable resistance to the development of dietary-induced 
hypercholesterolemia in our resistant rabbits. I 
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