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Abstract

The frequent coincidence of hypertension and dyslipidemia
suggests that related genetic factors might underlie these
common risk factors for cardiovascular disease. To investi-
gate whether quantitative trait loci (QTLs) regulating lipid
levels map to chromosomes known to contain genes regulat-
ing blood pressure, we used a genome scanning approach to
map QTLs influencing cholesterol and phospholipid pheno-
types in a large set of recombinant inbred strains and in
congenic strains derived from the spontaneously hyperten-
sive rat and normotensive Brown-Norway (BN.Lx) rat fed
normal and high cholesterol diets. QTLs regulating lipid
phenotypes were mapped by scanning the genome with 534
genetic markers. A significant relationship (P < 0.00006)
was found between basal HDL2 cholesterol levels and the
D19Mit2 marker on chromosome 19. Analysis of congenic
strains of spontaneously hypertensive rat indicated that
QTLs regulating postdietary lipid phenotypes exist also on
chromosomes 8 and 20. Previous studies in the recombinant
inbred and congenic strains have demonstrated the pres-
ence of blood pressure regulatory genes in corresponding
segments of chromosomes 8, 19, and 20. These findings pro-
vide support for the hypothesis that blood pressure and cer-
tain lipid subfractions can be modulated by linked genes or
perhaps even the same genes. (J. Clin. Invest. 1996. 98:856—
862.) Key words: rat « genetics « dyslipidemia « hyperten-
sion « quantitative trait loci

Introduction

Epidemiologic studies have demonstrated that high blood
pressure is often associated with dyslipidemia and it has been
proposed that essential hypertension may represent one ele-
ment of a complex metabolic syndrome. Both hypertension
and dyslipidemia constitute important risk factors for coronary
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heart disease and together contribute to clinical disorders such
as Syndrome X (1-3) and familial dyslipidemic hypertension
(FDH)! (4, 5). Dyslipidemia associated with Syndrome X is
manifested by high plasma triglycerides, high concentrations
of VLDL and LDL fractions, and low HDL-cholesterol con-
centrations. Similar findings have been reported in individuals
with FDH. The coincidence of hypertension and dyslipidemia
could stem from environmental factors such as excess fat in-
take or obesity that promote both increased blood pressure
and disordered lipid levels. In addition, the frequent associa-
tion of hypertension and dyslipidemia might be influenced by
genes that regulate blood pressure and lipid metabolism. For
example, to the extent that insulin resistance mediates in-
creased blood pressure and disordered lipid metabolism (1),
genetic variants that impair insulin sensitivity could promote
both hypertension and hyperlipidemia. Based on extensive ge-
netic studies in patients with FDH, Williams and colleagues (5)
have raised the interesting possibility that a gene linked to the
regulation of LDL subfractions could also be a candidate gene
for hypertension. Alternatively, the existence of linked genes
that independently influence blood pressure and insulin resis-
tance or lipid metabolism could also explain the clustering of
metabolic risk factors in hypertension.

In human essential hypertension, the detailed genetic anal-
ysis of multifactorial metabolic syndromes is very complicated.
Therefore, it is hoped that studies of animal models might shed
light on genetic mechanisms underlying dyslipidemia and high
blood pressure. Recent studies have suggested that increased
blood pressure may be associated with disorders of lipid and or
insulin metabolism in several animal models of hypertension
including the spontaneously hypertensive rat (SHR) (6), the
Dabhl salt-sensitive rat (7), the Milan rat (8), the Lyon rat (9),
and the fructose fed rat (10). Thus, rodent models might be
useful for investigating whether genes regulating blood pres-
sure are linked to genes influencing lipid metabolism. The
availability of a large set of extensively genotyped recombi-
nant inbred (RI) strains derived from the SHR and the normo-
tensive BN.Lx rat (HXB and BXH RI strains) provides a
unique opportunity for mapping genes influencing blood pres-
sure and serum lipid levels in a commonly used animal model
of hypertension. In previous genetic studies in these RI strains
and in congenic strains derived from SHR and normotensive
Brown-Norway (BN.Lx) rats, we identified several chromo-

1. Abbreviations used in this paper: BN.Lx, normotensive Brown-
Norway rats; FDH, familial dyslipidemic hypertension; QTLs, quanti-
tative trait loci; RI, recombinant inbred; SHR, spontaneously hyper-
tensive rat.



some regions that contain quantitative trait loci (QTLs) regu-
lating blood pressure (11, 12). In the current studies in the
HXB and BXH RI strains, we investigated whether genes in-
fluencing lipid metabolism map to any of these chromosome
regions known to contain genes regulating blood pressure.
Specifically, we used a genome scanning approach to map
QTLs regulating cholesterol and phospholipid phenotypes in
the HXB and BXH RI strains and compared their map loca-
tions with those of previously mapped blood pressure QTLs.
We have found evidence that QTLs influencing HDL2 choles-
terol and phospholipid levels map to three distinct regions pre-
viously reported to contain QTLs regulating blood pressure.
The current findings provide support for the hypothesis that
blood pressure and lipid levels can be modulated by linked
genes or perhaps even the same genes and are consistent with
the idea that genetic factors may contribute to the frequent as-
sociation of dyslipidemia and hypertension.

Methods

Animals

Derivation of RI strains. The Rl strains were derived from spontane-
ously hypertensive rats (SHR/Ola) and normotensive Brown-Norway
rats (BN.Lx/Cub) (11). The BN.Lx progenitor is a congenic strain
that carries a segment of chromosome 8 from the polydactylous PD/
Cub strain (13). 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). Of the 36 original
strains, 32 surviving strains are still available (22 HXB strains and 10
BXH strains) and are currently beyond F35. DNA samples were
available from all 36 of the original strains. In the current study, 30 RI
strains have been used (HXB strains, n = 21 and BXH strains, n = 9).
In each RI strain, three to six males were tested for cholesterol and
phospholipid phenotypes.

Derivation and genetic analysis of SHR.Lx and SHR.IN congenic
strains. The SHR.IN congenic strain was derived by transferring a
segment of chromosome 20 from the BN.Lx strain onto the genetic
background of the SHR strain (11). Animals of N14F22 generation
were used in the current study. The SHR.Lx congenic strain was de-
rived by transferring the chromosome 8 segment with the Lx allele
(coding for the polydactyly-luxate syndrome originally described in
the polydactylous PD rat) from the BXH11 RI strain by 11 back-
crosses with the SHR/Ola strain (14). Since the progenitor SHR (+/+)
and heterozygous SHR (Lx/+) animals are normodactylous, the het-
erozygotes in each backcross generation were genotyped by mating
with polydactylous homozygotes (Lx/Lx). The SHR.Lx congenic
strain carries a chromosome 8 segment of PD origin that is flanked on
both sides by BN chromosome segments. The PD strain is normoten-
sive similarly as the BN.Lx strain, but it is hypertriglyceridemic (15).
The animals of N11F3 generation were used in the current study. The
congenic status of SHR.Lx and SHR.1N strains has been confirmed
by testing with the following microsatellite loci: DIMit9, DIMitl4,
Igf2, and Pthrl (chr.l); D2Mit4, D2Mitl6, D2N91, and Atplal
(chr.2); D3Mit5, D3Mit10, and D3Mitll (chr.3); Eno2, 1l6, and Spr
(chr.4); D5Mgh8, D5Mitl, and Sic2al (chr.5); D6Cep8, D6Mit8,
D6Mit9, and Ighe (chr.6); D7Mghll, D7Mit6, and D7Mit8 (chr.7);
D8Mgh4, DEMgh5, D8Mgh6, D8Mgh7, D8Mgh9, DEMitl, DEMit4,
D8Mit5, DEMit6, DEMitl12, DEN228, Acaa, Apoc3, Es6, Lx, Ncam,
Rbp2, Thyl, and Tpml (chr.8); D9Mitl, D9Mit4, and Inha (chr.9);
D10Mit6, Abpa, Dcpl, and Myh3 (chr.10); D11Mgh4, D11Mgh6, and
Sst (chr.11); DI2Mgh4, DI2Mit8, and Mdh2 (chr.12); D13Mgh3,
DI3Mir2, and DI3Mit4 (chr.13); D14Mghl, D14Mitl, D14Mit8, and
Alb (chr.14); DI15Mgh3, D15Mgh5, and D15Mit3 (chr.15); DI6Mit2,
DI16Mit3, and Mbpa (chr.16); DI17Mit2, DI17Mit7, and Chrm3 (chr.17);
D18Mitl, DISMitl0, and Grl (chr.18); DI9Mit2, D19Mit5, and D19Mit7
(chr.19); D20Arb249, D20Arb548, D20Mghl, D20Mgh2, D20Utrl1,

D20Utr2, Rtla, and Tnfa (chr.20); DXMghl, DXMit5, and Arl (chr.X).
PCR primers were obtained from Research Genetics (Huntsville,
AL) or synthesized in the UCSF Biomolecular Resource Center ac-
cording to published sequences (16-19).

Experimental diet

After weaning until the age of 7 wk, the animals were fed a commer-
cial pelleted diet (RMH-B, Hope Farms BV, Woerden, The Nether-
lands). After this preexperimental period, the rats were fed for 4 wk
the commercial diet supplemented with 5.0% (wt/wt) olive oil
(Reddy, Van de Moortele NV., Oudenbosch, The Netherlands) and
2.0% (wt/wt) cholesterol (USP, Solvay/Duphar BV, Weesp, The
Netherlands). Food and tap water were available ad libitum. The ex-
perimental diet was provided in pelleted form and was stored in the
freezer until use. The chemical composition of the commercial diet
has been described previously (20).

Preparation of samples and chemical analysis

Blood samples were taken at random order between 08.00 and 10.00
h after a 16-h fasting period. Blood was collected under light diethyl
ether anesthesia from the tail vein. Sera of the animals were cooled at
4°C and kept at that temperature until ultracentrifugation. Serum to-
tal cholesterol and total phospholipid concentrations were deter-
mined using enzymatic test kits (Boehringer-Mannheim GmbH,
Mannheim, Germany). For each RI strain, the aliquots of sera from
all animals were pooled and the lipoprotein fractions were isolated by
density gradient ultracentrifugation (centrifuge effect (w)* =
1.39.10"2 rad?/s) as described (21), except for staining. Isolation of the
lipoprotein fractions was done within 5 d after blood sampling. Lipo-
protein 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). The lipoprotein cholesterol and
phospholipid concentrations in each fraction were determined using
enzymatic test Kits (Boehringer-Mannheim GmbH). Lipoprotein cho-
lesterol and phospholipid concentrations were corrected for recovery.

Derivation of genetic linkage map of RI strains

We analyzed the RI strain distribution patterns for a total of 534 bio-
chemical, morphologic, immunogenetic, and molecular genetic mark-
ers (microsatellite polymorphisms typeable by PCR and microsatel-
lite/minisatellite polymorphisms typeable by Southern blot/DNA
fingerprint analysis). Typing methods and strain distribution patterns
for some of these markers have been described previously (22). Mo-
lecular genetic markers consisting of amplified fragment length poly-
morphisms (AFLPs) were also used (23).

RFLP of the PCR products digested with the BglII enzyme distin-
guished the alleles of the lipoprotein lipase (Lp/) gene between the
BN.Lx and SHR strains. The primers were designed according to the
published sequence (24): the upstream primer was 5'-TGC CCA
ATC GTT AGC ATT TC, the downstream primer was 5'-GAT CCC
ATT TCT TCA CAC AG. The size of the uncut PCR product was 957
bp. After digestion with the BglII restriction endonuclease, two bands
were detected: in SHR, the band sizes were ~ 316 and 641 bp,
whereas in BN.Lx the band sizes were ~ 320 and 637 bp. The Lcat
gene, coding for lecithin cholesterol acyl transferase, has been mapped
by finding an RFLP of the PCR products between SHR and BN.Lx
strains. The primers were designed according to the published cDNA
sequence (25) to amplify the last intron of the Lcar gene as based on
homology with the human complete DNA sequence (26): the up-
stream primer was 5'-TGA TGG CTIT CAT CTC TCT CG, the down-
stream primer was 5'-AGG GGG AAG TTG TGG TTA TG. The size
of the uncut PCR product was ~ 1,350 bp. The RFLP between BN.Lx and
SHR strain was detected by cutting the PCR product with the Nlalll
enzyme: the BN.Lx DNA contained the Nlalll restriction site, the
SHR DNA did not. The Map Manager program of Manly (version 2.6.5.)
was used to estimate the map location of the Lp/ and Lcat genes (27).
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QTL analysis

For testing of possible associations of 534 genetic markers with lipo-
protein cholesterol and phospholipid phenotypes, we used a special
computer program that performed automatically two-tailed ¢ tests
over all markers and all phenotypes. Since the genome scanning ap-
proach involves the testing of multiple markers and phenotypes, it is
necessary to use stringent statistical criteria in the linkage analysis.
Belknap and Neumann have suggested statistical guidelines for ge-
nome scanning analysis of RI strains that are based on a Bonferroni
correction for multiple comparisons. For the Bonferroni adjustment,
the number of independent tests is considered to be a function of the
genomic distance swept by a given set of RI strains. In a set of 30 RI
strains, a Bonferroni adjusted P value < 0.0006 corresponds approxi-
mately to a type I error of < 0.05 (28, 29). We have further corrected
this criterion of statistical significance for simultaneous testing of
multiple phenotypes. In this study, we tested 10 phenotypes: total
cholesterol and phospholipids, VLDL cholesterol and phospholipids,
LDL/HDL1 cholesterol and phospholipids, IDL cholesterol and
phospholipids, and HDL2 cholesterol and phospholipids. Accord-
ingly, in the RI strain analysis of lipid phenotypes, we have defined
the statistical significance as P < 0.00006 (0.0006/10 = 0.00006). A
Bonferroni correction has also been applied for the simultaneous
comparisons between the progenitor strain and the congenic strains

A 7.0 + — 0,5
6,0 4 total cholesterol 04
5.0 1 (basal) J
4,0 ~ 0.3 7
3,0

* 0,2

.

with respect to 10 lipid phenotypes: an adjusted P value of 0.005
(0.05/10 = 0.005) was used as the cutoff for statistical significance.

Results

Cholesterol and phospholipid phenotypes of progenitor
strains. When fed the control diet, both the SHR and BN.Lx
progenitor strains had similar profiles of serum cholesterol and
phospholipid phenotypes (data not shown). However, as can
be seen in Table I, significant differences were observed be-
tween BN.Lx and SHR rats after feeding the high fat and high
cholesterol diet for 4 wk: the BN.Lx rats had significantly in-
creased serum concentrations of total cholesterol and phos-
pholipids which were mainly due to the increase in VLDL cho-
lesterol and phospholipid fractions. On the other hand, HDL2
values decreased in both progenitors.

Cholesterol and phospholipid phenotypes in RI strains.
Phenotyping of RI strains showed that the distributions of cho-
lesterol concentrations in total serum and in lipoprotein frac-
tions were continuous and in most cases significantly different
from the midparental values (Fig. 1, A and B). Similar distribu-

VLDL cholesterol
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2,0
0,0 - 0,0 -
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06 - LDL/HDL1 chole- 0,06 IDL cholesterol HDL2 cholesterol
05 sterot (basal) 005 (basal) , (basal)
& 0,04 -
0,03 |
0,02
0,01
0,00 -
B 7.0 - 70—
6,0 -| total cholesterol 6,0 4 VLDL cholesterol |
5.0 (final) 50 (final) i
4,0
3,0
2,0 4 &
1,0
0,0 —
* T LouHoLt chote- ** T toL cholestera 2T vo2 choesorl Figure 1. Distributions of cholesterol con-
0,4 -| sterol (final) 04 4 (final) (final) centrations (in mmol/liter) in total serum
' T 1.5 1 and in selected lipoprotein fractions
0,3 03 among RI strains. Basal values were ob-
tained in rats fed a control diet (A); final
027 0.2 values were obtained in rats fed a diet with
01 - 0.1 high fat and high cholesterol content (B).
Arrows indicate the midparental values for
0,0 - 0,0 each phenotype.
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Table I. Cholesterol and Phospholipid Levels in Total Serum
and in Lipoprotein Fractions in BN.Lx (n = 4) and SHR

(n =5) Progenitor Strains Fed a Diet with 5% Olive Oil and
2% Cholesterol

Cholesterol (mmol/liter) Phospholipids (mmol/liter)

BN.Lx SHR BN.Lx SHR
Total 3.13+0.06 2.01+0.07*  1.51+0.03 1.31+0.03¢
VLDL 1.47+0.10 0.81+0.11*  0.40+0.02 0.20+0.03*
IDL 0.33+0.03 0.32+0.03 0.20+0.03 0.08+0.01
LDL/HDL1  0.37+0.05 0.29+0.03 0.11+0.02 0.08+0.01
HDIL2 0.85+0.01 0.73+0.03 0.20+0.03 0.45+0.01%*

P < 0.005, *P < 0.0001 (two-tailed Student ¢ test), all values are ex-
pressed as means+SEM.

tions were detected in phospholipid concentrations (data not
shown).

Detection of QTLs contributing to cholesterol and phospho-
lipid phenotypes in RI strains. Table II and Fig. 2 show the re-
sults of scanning of the genome of RI strains with 534 gene
markers. These markers are randomly distributed throughout
the genome of R1I strains and cover ~ 1,200 cM (22, 23). A sig-
nificant association (P < 0.00006) was found between the basal
HDL2 cholesterol level and the DI9Mit2 marker on chromo-
some 19. The DI9Mit2 marker was the only marker that
achieved the stringent level of statistical significance required
for linkage. Several suggestive associations were also detected
between selected lipid phenotypes and markers on chromo-
somes 4 and 20 although these did not achieve the level of sta-
tistical significance required to indicate linkage; the basal level
of HDL2 phospholipids correlated with the /l6 marker on
chromosome 4 (P < 0.0005) and the postfeeding HDL2 levels
correlated with D20Utrl on chromosome 20 (P < 0.00035).
These markers on chromosomes 4, 19, and 20 map near corre-
sponding chromosome regions previously implicated in ge-
netic studies of blood pressure in RI strains (11, 12).

Mapping of Lcat and Lpl genes in Rl strains. Based on the
homology with the mouse, the D19Mit2 marker which showed
the strongest association with basal HDL2 cholesterol was ex-

Table 11. Associations of Gene Markers with Basal and Final
Cholesterol and Phospholipid Levels in Total Serum and in
Lipoprotein Fractions in RI Strains (Only the Most
Pronounced Associations Are Shown)

Variable Marker BN.Lxallele SHR allele P value chr.
Basal data
HDL2 cholesterol DI9Mir2 1.35+0.10 1.11+0.17 0.00006* 19
HDL2 phospholipids 116 0.69+0.08 0.54+0.08 0.0005 4
Final data

HDL2 phospholipids D20Utrl 0.38+0.12 0.21+0.11 0.00035 20
Total phospholipids  D20Utrl 1.28+0.22 0.96+0.18 0.0002 20

*Significant association of the marker with a given phenotype; basal
data were obtained on a control diet, final data on a diet supplemented
with 5% olive oil and 2% cholesterol.

Chromosome 19
linkage map

Associations with basal HDL2
cholesterol (P values)

15.3
—— Tat 02
56 — Leat 0.3
A Es14, Esl5, Esl6, EslS 0.1
18.8
T Es2, Esd, Es8, Es10 0.03
58 | promie 0.00006
17.9
—+ Ednra 0.02

Figure 2. Linkage map of chromosome 19 with the D/9Mit2 marker
and the Lcat and esterase positional candidate genes. The numbers
on the left of the map show the most likely distances between loci in
centimorgans. The significance values (P values) from the ¢ statistics
that indicate the strength of associations of markers with the basal
HDL2 cholesterol are listed opposite each marker.

pected to be located in the vicinity of two positional candidate
genes, Lpl (lipoprotein lipase) and Lcat (lecithin cholesterol
acyl transferase) (30). However, in the rat, we were able to
map the Lpl gene to chromosome 16 which excludes lipopro-
tein lipase as a candidate gene for the observed variation in
basal HDL2 cholesterol; the estimated map location of chro-
mosome 16 markers is:...DI6Mit3 - 4.4 (1.3 - 13.2) - D16Mit] -
3.3 (0.8 - 10.7) - DI6Mit5 - 0.0 (0.0 - 2.9) - Mbpa - 4.5 (1.1 -
16.0) - Lpl... (distances between loci and 95% confidence limits
are in centimorgans, see reference 27). On the other hand, the
Lcat gene has been mapped to chromosome 19; the most likely
gene order is:...Agr - 2.9 (0.3 - 15.1) - D19Cebr204s28 - 7.7 (1.7
-36.0) - DI9Mit7 - 4.7 (1.3 - 14.5) - Tat - 5.6 (1.3 - 23.0) - Lcat...
(distances between loci and 95% confidence limits are in centi-
morgans, see reference 27) (Fig. 2).

Detection of QTLs contributing to lipoprotein phenotypes in
SHR.Lx and SHR.1IN congenic strains. Molecular genetic anal-
ysis of SHR.Lx and SHR.IN strains with multiple microsatel-
lite markers (at least three markers per each autosome and the
X chromosome) confirmed their congenic status. Based on the
map of Jacob et al. (17), the minimal length of the differential
chromosome segment was estimated to be ~ 352 cM in
SHR.Lx (the breakpoints separating the differential segment
of chromosome 8 were between D8Mit6 and D8Mgh9 markers
and Cyp45c and Tpml markers, respectively). In SHR.IN
strain, the length of the differential chromosome segment was
estimated to be ~ 31 cM, spanning the region of chromosome
20 between D20Cebrp215s7 and D20Utr]l markers, including,
in addition, the swept distance covered by the D20Arb548
marker that could not be linked in the RI strains but is of BN/
BN genotype in the SHR.IN strain (our unpublished results).
Table IIT shows that the SHR.IN strain had significantly de-
creased LDL/HDLI1 serum cholesterol concentrations and sig-
nificantly increased HDL2 phospholipid concentrations when
compared with the SHR progenitor strain. The SHR.Lx con-
genic strain also showed a decrease in final levels of LDL/HDL1
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Table I11. Comparisons of SHR.Lx and SHR.IN Congenic
Strains with the SHR Progenitor

Phenotypes SHR SHR.Lx SHR.IN
LDL/HDLI1 cholesterol ~ 0.29+0.03 0.16+0.03 0.20+0.01*
IDL cholesterol 0.23+0.03 0.10+0.05%* 0.13+£0.02
HDL2 cholesterol 0.73+0.03 0.93+0.03* 0.92+0.05
HDL?2 phospholipids 0.31+0.01 0.44+0.01* 0.44+0.02*

All results shown here are final values after feeding the diet with high
content of fat and cholesterol. *Statistical significance P < 0.003; *statis-
tical significance P < 0.0005. Other phenotypes tested in this study sug-
gested no difference between the congenic strains and SHR. All values
are mean+SEM.

cholesterol and an increase in postfeeding HDL2 cholesterol
and phospholipids when compared with the SHR strain. Since
the SHR.Lx and SHR.1N congenic strains were shown in pre-
vious studies to have significantly decreased blood pressure
when compared with SHR (11, 31), the current findings indi-
cate that both blood pressure regulatory gene(s) and QTL(s)
modulating cholesterol and phospholipid variables map within
the differential segments of chromosomes 8 and 20 in these
congenic strains. Lower blood pressure in both congenic
strains is associated with lower levels of the LDL/HDL1 frac-
tion and higher levels of the HDL?2 fraction.

Discussion

To detect QTLs responsible for selected cholesterol and phos-
pholipid phenotypes, we scanned the genome of RI strains
with a total of 534 gene markers. As can be seen in Table II
and Fig. 2, basal HDL2 cholesterol levels were found to be
strongly associated with the D19Mit2 marker on chromosome
19 (P < 0.00006). The RI strains that inherited this region of
chromosome 19 from the SHR had lower levels of HDL2 than
the strains that inherited the corresponding chromosome re-
gion from the normotensive Brown-Norway rat. Comparative
gene mapping in humans, mice, and rats has revealed evidence
for considerable conservation of gene order during mamma-
lian evolution: the segment of the rat chromosome 19 contain-
ing D19Mit2 appears to be homologous to a segment of mouse
chromosome 8 (32) and human chromosome 16 (33). This re-
gion of mouse chromosome 8 contains genes encoding lecithin
cholesterol acyl transferase (Lcat) and lipoprotein lipase (Lp!)
(34-36). In the rat, we have mapped the Lpl gene to chromo-
some 16 which excludes it as a candidate gene for the observed
variation in basal levels of HDL2 cholesterol. Also the Lcat
gene maps a considerable distance away from D19Mit2, sug-
gesting that it is not the QTL on chromosome 19 that influ-
ences HDL2 levels. On the other hand, it is interesting that the
D19Mit2 marker is closely linked to genes of the two esterase
clusters (Fig. 2), some of which may be involved in lipid metab-
olism. Genome scanning of the RI strains also revealed sugges-
tive but not clearly significant associations between markers
on chromosomes 4 and 20 with levels of HDL2 phospholipids
and total phospholipids.

To explore for possible genetic relationships between
blood pressure and lipid phenotypes in the rat, we have com-
pared the map positions of the QTLs influencing serum lipid
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phenotypes with those of QTLs we have previously linked to
the regulation of blood pressure in the HXB and BXH RI
strains. The D19Mit2 marker that is linked to the regulation of
basal levels of HDL2 cholesterol maps to a broad region of
chromosome 19 previously linked to inherited variation in sys-
tolic pressure (12). The region of chromosome 4 that includes
the marker for /7/6 and that shows suggestive linkage to HDL?2
phospholipid levels was previously found to contain a QTL
regulating diastolic blood pressure (12). The region of chromo-
some 20 that includes the D20UtrI marker and that shows sug-
gestive linkage to HDL?2 phospholipid levels after cholesterol
feeding has also been reported to contain a QTL regulating
blood pressure (11). Finally, comparisons of the SHR.Lx and
SHR.1IN congenic strains with the SHR progenitor strain, indi-
cate that after cholesterol-rich diet, QTLs modulating choles-
terol and phospholipid lipoprotein fractions and total phos-
pholipids are located in segments of chromosomes 8 and 20
(Table III). The results of preliminary blood pressure mea-
surements in these congenic strains have indicated that these
chromosome segments also contain genes regulating blood
pressure (11, 31). Taken together, the current findings suggest
that blood pressure and certain serum lipid phenotypes can be
influenced either by linked genes or perhaps by common genes
with pleiotropic effects. Although it is difficult to distinguish
between these two possibilities using RI strains or conven-
tional mapping populations (37), further studies in congenic
lines might be useful for separating linked genes that indepen-
dently regulate blood pressure and lipid metabolism.

Recently, Purcell-Huynh et al. (38) described a QTL on
mouse chromosome 17 near the major histocompatibility com-
plex that regulates HDL cholesterol concentration. This re-
gion of the mouse genome is homologous to the region of rat
chromosome 20 in the SHR.IN congenic strain that we have
found to contain a QTL influencing HDL2 phospholipid and
LDL/HDL1 cholesterol metabolism (Table III). It is interest-
ing to note that the Clps gene coding for pancreatic colipase is
located in this region of mouse chromosome 17 (39). Pancre-
atic colipase is a protein cofactor for pancreatic lipase and is
absolutely necessary for intestinal fat digestion (39, 40). Re-
cent studies in transgenic mice have also indicated that Apoc3
and Apoal on mouse chromosome 9 can be important genetic
determinants of lipid metabolism in which Apoal appears to
influence especially the HDL cholesterol levels (41, 42). The
Apoc3 and Apoal genes in the rat map to the differential seg-
ment of chromosome 8 where we have mapped QTLs influ-
encing IDL and HDL2 cholesterol levels in the SHR.Lx con-
genic strain. Finally, studies in gene targeted mice have
demonstrated that inactivation of the hepatic lipase (Lipc)
gene on mouse chromosome 9 can result in mild dyslipidemia
(43, 44). Based on somatic cell hybrid analysis (our unpub-
lished observations) and comparative mapping of conserved
blocks of homology in this chromosome region, it is possible
that the differential segment of chromosome 8 in the SHR.Lx
congenic strain also contains the Lipc gene.

In humans with Syndrome X or with FDH, hypertension is
associated with increased levels of LDL cholesterol and de-
creased levels of HDL cholesterol. This suggests that in certain
human populations: (a) some loci with alleles promoting in-
creased blood pressure may be in linkage disequilibrium with
those promoting dyslipidemia; and/or (b) blood pressure and
lipid levels may be influenced by pleiotropic effects of the
same genes. In this study, the SHR progenitor strain exhibited



lower levels of total cholesterol and phospholipids, lower lev-
els of VLDL cholesterol and phospholipids, and higher levels
of HDL2 phospholipids than the normotensive BN.Lx progen-
itor strain after feeding a high fat diet (Table I). Thus, when
compared with the normotensive BN.Lx strain, the SHR does
not fit the pattern of disordered lipid metabolism and hyper-
tension typical of Syndrome X or FDH. However, this does
not exclude the possibility that in the SHR some loci with alleles
promoting increased blood pressure are linked or even identi-
cal to some loci with alleles promoting dyslipidemia. Since
blood pressure and lipid levels are multifactorial traits, simple
comparisons between genetically dissimilar hypertensive and
normotensive strains cannot be used to draw conclusions about
potential linkage relationships between genetic factors influ-
encing these complex phenotypes. In contrast, the blood pres-
sure and lipid patterns in the congenic strains can be much
more informative with respect to such linkage relationships be-
cause each congenic strain differs from the SHR progenitor
with respect to only a single chromosome segment. Thus, it
should be noted that the SHR progenitor strain exhibits higher
blood pressure, higher levels of IDL and LDL/HDLI1 choles-
terol, and lower levels of HDL?2 cholesterol than the SHR.Lx
and SHR.1N congenic strains. These findings suggest that in at
least some chromosome regions, the SHR progenitor has si-
multaneously fixed alleles promoting both hypertension and
dyslipidemia in a pattern similar to that proposed for humans
with Syndrome X or FDH.

In summary, we have mapped QTLs regulating selected
cholesterol and phospholipid phenotypes in the rat to regions
of chromosomes 8§, 19, and 20 that are suspected to contain
genes regulating blood pressure. These findings are consistent
with the suggestion that lipid levels and blood pressure may be
modulated by linked genes or perhaps even the same genes.
To the extent that homologous regions of the human genome
also contain genes regulating lipid metabolism and blood pres-
sure, the current findings would provide support for the idea
that in patients with essential hypertension genetic factors con-
tribute to the frequent association of dyslipidemia and in-
creased blood pressure. It remains to be determined whether
blood pressure and cholesterol phenotypes cosegregate due to
a linkage of different genes or even due to pleiotropic effects
of common genes.
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