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Liver cholesterol concentration in rats fed a high
cholesterol diet, is under genetic control which is sup-
ported by significant differences observed among in-
bred strains. For instance, the Brown Norway (BN-Lx/
Cub) rat developed a twofold higher liver cholesterol
concentration than the spontaneously hypertensive
rat (SHR/OIla). In the current study, we used 30 recom-
binant inbred (RI) strains, derived from BN-Lx and
SHR progenitors, to locate quantitative trait loci
(QTL) that are responsible for differences in liver cho-
lesterol concentrations between the BN-Lx and SHR
strains. The heritability of liver cholesterol was esti-
mated to be 0.55 and a significant association was de-
tected between concentration of liver cholesterol and
the D10Cebrpl016s2 marker on chromosome 10 (lod
score = 3.3); this putative QTL was responsible for
nearly 64% of additive genetic variability and thus rep-
resents a major genetic determinant of liver choles-
terol concentration. Liver cholesterol concentrations
significanrly correlated with intermediate density li-

poprotein (IDL) cholesterol levels. © 1998 Academic Press

Consistent inter-individual differences in serum cho-
lesterol levels exist in humans after a high cholesterol
diet (1). Inbred strains of rats (2, 3, 4), rabbits (5) and
mice (6, 7) can also differ in their serum cholesterol
concentration response to a high cholesterol diet. Thus,
it is very likely that genetic factors play an important
role in this differential responsiveness to high choles-
terol diet. Some experiments with inbred strains in-
cluded measurements of the liver cholesterol concen-
tration after a high cholesterol diet and significant
strain differences were reported (2, 6, 8), suggesting
genetic factors also influence this phenotype. The rela-
tionship between liver cholesterol and plasma lipopro-
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tein cholesterol concentrations is not simple: for in-
stance, when fed a high fat high cholesterol diet, the
BN strain significantly increased both its plasma
cholesterol and hepatic cholesterol concentrations,
whereas in the LEW strain, only the plasma cholesterol
was increased. The liver cholesterol concentration re-
mained low in the LEW strain and was similar to the
average observed in hyporesponsive strains that
showed little or no increase in either plasma or liver
cholesterol. Thus serum cholesterol levels are likely to
be controlled by certain genes that are different from
those regulating the hepatic concentration of choles-
terol. Another possibility might be that specific lipopro-
tein fractions in the serum are selectively associated
with the liver cholesterol concentration. For example,
in rats fed increasing amounts of dietary cholesterol,
the secretion of VLDL (very low density lipoprotein)
from liver increased progressively along with the liver
cholesterol concentration (9). In a previous study (11),
we mapped quantitative trait loci (QTL) controlling the
total serum cholesterol concentration and the choles-
terol concentrations of the lipoprotein subfractions.
The aim of this study was to locate QTLs influencing
the liver cholesterol concentration and to investigate
how the hepatic concentration of cholesterol correlates
with the circulating concentration of cholesterol in lipo-
protein subfractions.

METHODS

Animals. The recombinant inbred (RI) strains were derived from
spontaneously hypertensive rats (SHR/Ola) and Brown Norway rats
(BN-Lx/Cub) (12). The BN-Lx progenitor is a congenic strain that
carries a segment of chromosome 8 from the polydactylous PD/Cub
strain (13). A total of 36 RI strains were originally obtained from
crosses of female SHR and male BN-Lx rats (HXB strains, n = 26)
or female BN-Lx rats and male SHR (BXH strains, n = 10). In the
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FIG. 1. The distribution of means = SEM of the liver cholesterol
concentration of recombinant inbred strain and the progenitor
strains.

current study, 30 RI strains have been used (HXB strains, n = 21
and BXH strains, n = 9). In each RI strain, four to six males were
tested for the liver cholesterol concentration (zmol cholesterol/g liver)
and total serum cholesterol levels. The lipoprotein cholesterol levels
were determined from pooled sera of each RI strain.

Derivation of the genetic linkage map of the Rl strains. The strain
distribution patterns (SDPs) were analyzed for a total of 560 bio-
chemical, morphologic, immunogenetic, and molecular genetic mark-
ers. Typing methods and SDPs for these markers have previously
been described (14). Amplified fragment length polymorphisms
(AFLPs) provided additional molecular markers (15).

Experimental protocol. The animals were housed under natural
lighting conditions. Food and tap water were available ad libitum
during the whole experimental period. After weaning till the age of
7 weeks the animals were fed a commercial pelleted diet (RMH-B,
Hope Farms BV, Woerden, The Netherlands). After this experimen-
tal period, the rats received the commercial diet supplemented with
5% (w/w) olive oil (Reddy, Van de Moortele NV, Oudenbosch, The
Netherlands) and 2% (w/w) cholesterol (USP, Solvay/Pharmaceuti-
cals BV, Weesp, The Netherlands) for four weeks. The experimental
diet was provided in pelleted form and was stored in the freezer
until use. At the end of the experimental period the animals were
anesthetized with ether, exsanguinated via the inferior vena cava
and the livers were removed and weighted. Three pieces of 1 g of
liver were frozen immediately from each animal.

Biochemical analysis. The total serum and lipoprotein choles-
terol concentrations were determined as previously described (11).
The lipoprotein cholesterol concentrations were determined from the
pooled sera of each recombinant inbred strains. Lipoprotein density
classes were based on the pattern observed in humans: VLDL (d <
1.006), IDL (1.006 < d < 1.019), LDL/HDL1 (1.019 < d < 1.063),
HDL2 (1.063 < d < 1.125), and HDL3 (1.125 < d < 1.210). The
analysis of cholesterol levels was performed using enzymatic test
kits (Boehringer-Mannheim, GmBH, Mannheim, Germany). Liver
cholesterol concentration was analysed according to the method of
Abell et al.(1952) (16). For each animal, three pieces of liver were
analysed, each in triplicate. These pieces were homogenized in dis-
tilled water, cholesterol was extracted and analysed as referenced
above.

QTL analysis. Values are expressed as means = SEM (Fig. 1).
Heritability of liver cholesterol was estimated according to the
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method of Plomin and McClearn (17) from the variance in mean
values between and within the RI strains. The additive genetic vari-
ance was estimated to be 50% of the total variance between the mean
liver cholesterol concentration of the RI strains; the environmental
variance was estimated to be the average variance in mean liver
cholesterol concentration within the RI strains. Narrow heritability
was calculated by dividing the additive genetic variance by the sum
of the additive genetic variance and the environmental variance.

Map Manager QT (version 18b) (18) was used to test for single
locus associations by regression analysis and the significance of each
potential association was measured using the likelihood ratio statis-
tic (LRS) of Haley and Knott (19). The interval regression method
of Map Manager QT was used to test for QTLs within marker inter-
vals. The significance threshold for the genome wide scan was empiri-
cally determined by the Map Manager QT permutation test using
the informative markers and 1000 permuted data sets as recom-
mended by Doerge and Churchill (20). Significant linkage was de-
fined in accordance with the guidelines of Lander and Kruglyak (21)
as statistical evidence occurring by chance in the genome scan with
a probability of 5% or less. Based on these criteria and the results
of the permutation test, a LRS = 14.9 (corresponding to a lod score
of 3.2) was established as the threshold for significant linkage in the
RI strain data set. One-half of the fraction of variance attributable
to each QTL in the RI strains was used to estimate the QTL effect
to correct for the doubling effect of inbreeding on additive genetic
variance (22, 23). The fraction of genetic variance contributed by
each QTL was determined by dividing the estimated QTL effect by
the heritability.

RESULTS

The SHR vs. BN-Lx progenitor strains exhibited sig-
nificant differences in the liver cholesterol concentration
both on control diet (7.5 + 0.1 vs. 9.0 + 0,5 umol/g, p <
0.001) and on cholesterol rich diet (99.5 = 3.9 vs. 183.6
+ 7.6 umol/g, p < 0.001). The BN-Lx developed much
greater liver cholesterol concentrations than the SHR
after a high cholesterol diet which was in agreement with
findings in previous experiments (2, 8). Since both strains
shared a common environment it is likely that the genetic
factors contribute to the differences in liver cholesterol
concentration. The distribution of the mean liver choles-
terol concentrations in the RI strains was continuous sug-
gesting polygenic inheritance of the trait. The narrow
heritability for liver cholesterol concentration was esti-
mated to be 0.55. Given the finding of a substantial ge-
netic component to liver cholesterol concentration in the
RI strain model, we scanned for QTLs influencing this
phenotype using the Map Manager QT program. The
D10Cebrp1016s2 marker on chromosome 10 showed the
strongest association with the liver concentration of cho-
lesterol (lod score = 3.3) (Fig. 2). The mean liver choles-
terol concentration of the RI strains that inherited the
BN-Lx allele for the D10Cebrp1016s2 marker, 156.3 =+
9.4 umol/g, was greater than the mean liver cholesterol
concentration of the RI strains that inherited the SHR
allele, 86.8 + 13.3 umol/g.

Because the liver is the main organ involved in cho-
lesterol metabolism, we searched for possible correla-
tions between the liver cholesterol concentration and
serum VLDL (very low density lipoprotein), IDL (inter-
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Interval mapping of the QTL regulating liver cholesterol concentration. Likelihood ratio statistics from the Map Manager QT

linkage analysis are plotted across the segment of chromosome 10. Estimated distances between markers in centiMorgans are determined
with the Haldane map function. The horizontal line indicates the threshold for significance of the likelihood ratio statistic determined by
the Map Manager QT permutation test. To convert likelihood ratio statistics to lod scores, divide by 4.6.

mediate density lipoprotein), LDL/HDL1 (low density
lipoprotein/high density lipoprotein), HDL2 and HDL3
cholesterol levels in RI strains. We found a significant
positive correlation of liver cholesterol concentration
with IDL cholesterol levels (r = 0.40, p = 0.02).

DISCUSSION

The baseline hepatic concentration of cholesterol in the
BN-Lx strain was significantly greater than that in the
SHR strain. In addition, the BN-Lx strain responded to
a high fat, high cholesterol diet by increasing both plasma
and liver cholesterol concentrations while the SHR strain
increased serum and liver cholesterol concentrations to
a much lesser extent. Genetic analysis of the liver choles-
terol concentration in the recombinant inbred strains in-
dicated that this phenotype is under a polygenic control.
The narrow heritability was estimated to be 0.55 which
motivated us to search for responsible QTLs. Genome
wide scanning for associations between marker geno-
types and liver cholesterol concentrations resulted in the
localization of a QTL on rat chromosome 10 near the
D10Cebrp1016s2 marker (Fig 2). Based on homologies
between the segment of rat chromosome 10, where the
putative QTL has been mapped, and mouse chromosome
11 and human chromosome 5q, it is possible that the
ILLBP gene, which codes for the ileal lipid binding pro-
tein (24), might be a positional candidate for the regula-
tion of hepatic concentration of cholesterol. This protein
is most likely involved in the transport of bile acids
through the ileocyte, participating thus in the enterohe-
patic circulation (25). It is well known that bile acids

inhibit the activity of cholesterol 7-alpha hydroxylase at
the transcriptional level (26, 27). As a result of differen-
tial activity of ileal lipid binding protein, the cholesterol
7-alpha hydroxylase could thus be more or less inhibited
and the cholesterol might be available to a more or lesser
extent for esterification and storage in hepatocytes. An-
other possibility is that SHR strain might be able to ex-
crete more cholesterol through bile acids because of less
effective transport back to circulation via ILLBP; more
effective excretion of cholesterol through bile acids might
explain resistence of some strains to high colesterol diets.
One could speculate that in the rat molecular variation
in the ILLBP gene could be responsible for the difference
in liver cholesterol concentration between the two progen-
itor strains. Further experiments including derivation of
congenic sublines are necessary to confirm and precisely
map the putative QTL on rat chromosome 10.

ACKNOWLEDGMENTS

This work was supported by grants 306/97/0521 from the Grant
Agency of the Czech Republic, ERBBIO4CT960562 from the Euro-
pean Commission, and 96005 from the US-CZ Science and Technol-
ogy Program. M. Pravenec is an International Research Scholar of
the Howard Hughes Medical Institute.

REFERENCES

1. Katan, M. B., Beynen ,A. C., de Vries, J. H. M., and Nobels, A.
(1986) Am. J. Epid. 123, 221-234.

2. Bottger, A., Den Bieman, M., Lankhorst, E., van Lith, H. A, and
van Zutphen, L. F. M. (1996) Lab. Anim. 30, 149-157.

274



Vol. 246, No. 1, 1998

10.

11.

12.

13.
14.

Beynen, A. C., Boogaard, A., van Laack, H. L. J. M., and Katan,
M. B. (1984) J. Nutr. 1640-1651.

Doucet, C., Flamant, C., Sautier, C., and Lemonnier, D. (1987)
Reprod. Nutr. Develop. 27, 897-906.

van Zutphen, L. F. M., and Fox, R. R. (1977). Atherosclerosis 28,
435-446.

Kirk, E. A., Moe, G. L., Caldwell, M. T., Lernmark, J. A., Wilson,
D. L., and LeBoeuf, R. C. (1995) J. Lipid Res. 36,1522-1532.
Dueland, S., Drisko, J., Graf, L., Machleder, D., Lusis, A. J., and
Davis, R. A. (1993) J. Lipid Res. 34, 923-931.

Beynen, A.C., Lemmens, A. G., Katan, M. B., De Bruine, J. J.,
and van Zutphen, L. F. M. (1987) Comp. Biochem. Physiol. 87B,
41-48.

Fungwe, T. V., Cagen, L., Wilcox, H. G., and Heimberg, M. (1992)
J. Lipid Res. 33, 179-191.

Mistry, P., Miller, N. E., Laker, M., Hazzard, W. R., and Lewis,
B. (1981) J. Clin. Invest. 67, 493-502.

Bottger, A., van Lit,h H. A., Kren, V., Krenova, D., Bila, V., Voli-
cek, J., Zidek, V., Musilova, A., Zdobinska, M., Wang, J.-M., van
Zutphen, L. F. M., Kurtz, T. W., and Pravenec, M. (1996) J. Clin.
Invest. 98, 856—-862.

Pravenec, M., Klir, P., Kren, V., Zicha, J., and Kunes, J. (1989)
J. Hypertens. 7, 217-222.

Kren, V. (1975) Acta Univ. Carol. Med. 68, 1-103.

Pravenec, M., Gauguier, D., Schott, J.-J., Buard, J., Kren, V.,
Bila, V., Szpirer, C., Szpirer, J., Wang, J.-M., Huang, H., St.
Lezin, E., Spence, M. A,, Flodman, P., Printz, M., Lathrop, G. M.,
Vergnaud, G., and Kurtz, T. W. (1995) Mamm. Genome 7, 117—
127.

275

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Otsen, M., den Bieman, M., Kuiper, M. T. R., Pravenec, M., Kren,
V., Kurtz, T. W., Jacob, H. J., Lankhorst, E., and van Zutphen
L. F. M. (1996) Genomics 37, 289-294.

Abell, L. L., Levy, B. B., Brodie, B. B., and Kendal F. E. (1952)
J. Biol. Chem. 195, 357-366.

Plomin, R., and McClearn, G. E. (1993) Behav. Genet. 23, 197—
211

Manly, K. (1997) Map Manager QT. http://mcbio.med.buffa-
lo.edu/mmQT.html.

Haley, C. S., and Knott, S. A. (1992) Heredity 69, 315-324.
Doerge, R. W., and Churchill, G. A. (1996) Genetics 142, 285—
294.

Lander, E., and Kruglyak, L. (1995) Nat. Genet. 11, 241-247
(1995).

Belknap, J. K., Mitchell, S. R., O'Toole, L. A., Helms, M. L., and
Crabbe, J. C. (1996) Behav.Genet. 26, 149-160.

Buck, K. J., Metten, P., Belknap, J. K., and Crabbe, J. C. (1997)
J. Neurosci. 17, 3946—3955.

Oelkers, P., and Dawson, P. A. (1995) Biochim. Biophys. Acta
1257, 199-202.

Kramer, W., Girbig, F., Gutjahr, U., Kowalewski, S., Jouvenal,
K., Muller, G., Tripier, D., and Wess, G. (1993) J. Biol. Chem.
268, 18035—18046.

Pandak, W. M., Li, Y. C., Chiang, J. Y. L., Studer, E. J., Gurley,
E.C., Heuman, D. M., Vlahcevic, Z.R., and Hylemon, P.B.
(1991) J. Biol. Chem. 266, 3416—3421.

Twisk, J., Lehmann, E. M., and Princen, H. M. G. (1993) Bio-
chem. J. 290, 685-691.



