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Abstract In this study, we created LDL receptor (LDLr)
defective (WHHL) transgenic rabbits expressing human
apo[a] to examine whether LDLr mediates the Lp[a] clear-
ance from the plasma. By crossbreeding WHHL rabbits with
human apo[a] transgenic rabbits, we obtained two groups
of human apo[a] transgenic rabbits with defective LDLr
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 WHHL heterozygous (LDLr
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) and
apo[a]
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 WHHL homozygous (LDLr
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) rabbits. The lipid
and lipoprotein levels of human apo[a] WHHL rabbits were
compared to those of human apo[a] transgenic rabbits with
normal LDLr functions (LDLr

 

1

 

/

 

1

 

). The apo[a] production
rate was evaluated by analyzing apo[a] mRNA expression in
the liver, the major site for apo[a] synthesis in transgenic
rabbits. We found that pre-

 

b

 

 lipoproteins were markedly
increased accompanied by a 2-fold increase in the plasma

 

Lp[a] in apo[a]
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 rabbits and a 4.2-fold increase in
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 rabbits compared with that in apo[a]
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rabbits with normal LDLr function. In apo[a]
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/LDLr
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/
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rabbits, there was a marked increase in plasma total choles-
terol and triglycerides, as was found in their counterpart
non-transgenic WHHL rabbits. Northern blot analysis re-
vealed that hepatic apo[a] expression in WHHL transgenic
rabbits was similar to that in LDLr

 

1

 

/

 

1

 

 transgenic rabbits,
suggesting the accumulation of plasma Lp[a] in WHHL
transgenic rabbits was not due to increased apo[a] synthe-
sis.  In conclusion, absence of a functional LDLr leads to
a marked accumulation of plasma Lp[a] in human apo[a]
transgenic WHHL rabbits and LDLr may participate in the
catabolism of Lp[a] in rabbits.—
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High lipoprotein[a] (Lp[a]) levels constitute an inde-
pendent risk factor for the development of atherosclerosis.
In many human studies, elevated levels of plasma Lp[a]
have been found to be associated with an increased risk of

 

atherosclerotic coronary heart disease, stroke, and resteno-
sis (1–3), although some studies have not detected this as-
sociation (4–6). The risk of elevated Lp[a] concentrations
is significantly increased in patients who also have high
levels of LDL cholesterol (7, 8).

The Lp[a] particle closely resembles low density lipo-
protein (LDL) in both lipid composition and the presence
of apolipoprotein (apo) B-100 (apoB-100). Lp[a] is distin-
guished from LDL by the presence of an additional pro-
tein component designated as apolipoprotein[a] (apo[a]),
which is complexed to apoB-100 by disulfide linkage (1).
Apo[a] is a large plasma glycoprotein (28% carbohydrate
by weight) synthesized primarily in the liver (9). Apo[a]
displays genetically determined size heterogeneity, and as
many as 34 different isoforms of apo[a] have been identi-
fied in human plasma, varying in mass from 

 

,

 

300 to 

 

.

 

800
kDa (1, 10, 11). Lp[a] concentrations are strongly geneti-
cally determined (12) with at least 90% of the variation
determined by variation within the gene for apo[a] (13).

Because Lp[a] contains apoB-100 and bears a structural
similarity to LDL, it has been proposed that Lp[a] may be
removed from the plasma by the LDL receptor (LDLr).
Some studies using cultured cells revealed that Lp[a] can
bind specifically to the LDLr (14–16) while other studies
failed to reproduce those results (17, 18). Utermann et al.
(19) first reported that patients with familial hypercholes-
terolemia (FH) have plasma Lp[a] levels higher than ex-
pected for their respective apo[a] phenotypes. This obser-
vation was supported by two other clinical studies (20, 21).
Furthermore, this notion is further strengthened by a study
of transgenic mice overexpressing human LDLr in the

 

Abbreviations: WHHL, Watanabe heritable hyperlipidemic; apo[a],
apolipoprotein[a]; Lp[a], lipoprotein[a]; LDL, low density lipopro-
teins; LDLr, LDL receptor; VLDL, very low density lipoproteins;
IDL, intermediate density lipoproteins; HDL, high density lipopro-
teins; FH, familial hypercholesterolemia; PCR, polymerase chain re-
action; ELISA, enzyme-linked immunosorbent assay; mAb, mono-
clonal antibody.
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liver, which showed accelerated removal of 

 

125

 

I-labeled hu-
man Lp[a] from the plasma (22). However, several clini-
cal studies reported that catabolism of 

 

125

 

I-labeled Lp[a]
is not significantly different in patients with homozygous
FH who lack functional LDLr compared to their heterozy-
gous parents or individuals with normal levels of func-
tional LDLr (23–25). Therefore, it is still not clear whether
or not LDLr plays a physiological role in the removal of
Lp[a] from the plasma.

To investigate the functions of Lp[a] in lipoprotein me-
tabolism, we (26) and others (27) recently generated trans-
genic rabbits expressing human apo[a]. Our study showed
that unlike the human apo[a] in the plasma of transgenic
mice, expression of human apo[a] resulted in efficient as-
sembly of Lp[a] in transgenic rabbits, which makes this
model a potential Lp[a] animal model (26). The current
study was designed to examine whether or not LDLr par-
ticipates in the catabolism of Lp[a]. For this purpose, we
crossbred human apo[a] transgenic rabbits with Watanabe
heritable hyperlipidemic (WHHL) rabbits (28), an animal
model for human FH (28, 29). These rabbits have defec-
tive LDL receptor function due to a spontaneously arising
deletion in exon 4 of the LDLr gene that encodes a
4-amino acid deletion in the cysteine-rich ligand-binding
domain of the protein (30). Homozygous WHHL rabbits
are markedly hypercholesterolemic from birth and suffer
from tendon xanthoma and atherosclerosis, both of which
exhibit remarkable pathological resemblance to those ob-
served in human FH. In this study, we characterized the
lipids, lipoproteins, and human apo[a] levels in WHHL
transgenic rabbits expressing human apo[a] and we found
that there was an apparent accumulation of Lp[a] in the
transgenic rabbits in the setting of LDLr defects.

MATERIALS AND METHODS

 

Animals

 

The generation of human apo[a] transgenic rabbits has been
recently described (26) and, in the current study, hemizygous
transgenic rabbits were crossbred with the same colony of ho-
mozygous WHHL rabbits as previously described (29). All ani-
mal experiments were performed with the approval and accord-
ing to the guidelines of the Animal Research Committee of the
University of Tsukuba. By serial breeding, we obtained two
groups of WHHL transgenic rabbits: heterozygous WHHL rab-
bits expressing human apo[a] (apo[a]
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/LDLr
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) and ho-
mozygous WHHL rabbits expressing human apo[a] (apo[a]

 

1

 

/0

 

/
LDLr

 

2

 

/

 

2

 

). The presence of the human apo[a] transgene was
confirmed by Southern blotting using a human apo[a] cDNA
probe. Genomic DNA (10 

 

m

 

g) from ear biopsies was digested
with EcoRI restriction enzyme, subjected to electrophoresis on a
0.8% agarose gel, and transferred to a Nitran nylon membrane
using a Turboblotter system (Schleicher & Schuell, Keene, NH).
Membranes were hybridized with the 

 

32

 

P-labeled cDNA probe
synthesized with a Prime-It II random primer labeling kit (Strat-
agene, La Jolla, CA). LDL receptor genotype status was exam-
ined by the PCR method developed by Brousseau et al. (31) .

 

Plasma lipids and human apolipoprotein[a] analysis

 

The plasma lipid and lipoprotein profiles of WHHL trans-
genic rabbits were compared to those of age-matched apo[a]

 

transgenic rabbits with normal LDLr functions (apo[a]

 

1

 

/0

 

/
LDLr

 

1

 

/

 

1

 

) at the age of 3–4 months. Blood was collected from
fasting animals as described (32). The plasma apo[a] concentra-
tion was determined by a direct binding double monoclonal
antibody-based enzyme-linked immunosorbent assay (ELISA) as
reported previously (33). The capture monoclonal antibody
(a-6) in the assay is directed to an epitope present in apo[a]
kringle 4 type 2 and the detection antibody (a-40) is directed to
a unique epitope located in apo[a] kringle 4 type 9 (34). The
previous study showed that this assay was able to measure human
Lp[a] accurately and was not influenced by apo[a] size polymor-
phism (33). In addition, this assay was successfully used to quan-
titate apo[a] levels in plasma of transgenic mice expressing
either human apo[a] or both human apo[a] and apoB (35).
The mean apo[a] levels in the human apo[a] transgenic mice
were similar to human apo[a]/apoB double transgenic mice, in-
dicating that these mAbs have the same affinity for both free
apo[a] and apoB-bound apo[a] particles (35). The concentra-
tion of human apo[a] was also estimated by Western blotting of
rabbit plasma with detection by different mouse mAb against
human apo[a] (26). Plasma total cholesterol, triglycerides, and
HDL-cholesterol were determined using Wako assay kits (Wako
Chemicals, Osaka).

To assess apo[a] and apoB interactions, plasma isolated from
transgenic rabbits was electrophoresed on a 3.5% nondenaturing
polyacrylamide gel without sodium dodecyl sulfate (SDS) (36).
This method was shown previously to separate free apo[a] from
lipoprotein-bound apo[a]. The lipoproteins were further re-
solved by 4% SDS polyacrylamide gel electrophoresis (SDS-PAGE)
under nonreducing (without 

 

b

 

-mercaptoethanol) and reducing
(with 

 

b

 

-mercaptoethanol) conditions (26). Immunoblotting was
performed using the anti-human apo[a] mAb and immunocom-
plexed proteins were identified by reaction with a horseradish
peroxidase-conjugated goat Ab to mouse IgG, followed by en-
hanced chemiluminescent (ECL) detection (ECL kit, Amersham,
Arlington Heights, IL). The same immunoblot membranes were
rehybridized with goat anti-apoB polyclonal Ab. For the determi-
nation of the apolipoprotein distribution in transgenic rabbit lipo-
proteins, plasma lipoproteins were isolated by sequential ultracen-
trifugation as described (37, 38). These lipoprotein fractions were
subjected to agarose gel electrophoresis and stained with Fat red
7B or transferred to a nitrocellulose membrane for immunoblot-
ting with the anti-human apo[a] mAb and goat anti-apoB, -apoA-I,
and -apoE polyclonal Abs (Rockland Inc., Gilbertsville, PA). Cho-
lesterol and triglyceride contents in each density fraction were
measured using Wako assay kits.

 

mRNA analysis

 

For the investigation of the apo[a] synthesis, the hepatic and
renal expression of human apo[a] in WHHL transgenic rabbits
was evaluated by Northern blot analysis. Total RNA was isolated
using Trizol reagent (Gibco BRL, Life Technology, Frederick,
MD) and 10 

 

m

 

g of denatured total RNA was subjected to electro-
phoresis in a 1.2% agarose gel, transferred to a Nitran nylon
membrane and hybridized with the 

 

32

 

P-labeled human apo[a]
cDNA probe as described above. The blot was rehybridized with a

 

32

 

P-labeled human 

 

b

 

-actin cDNA probe (Clontech Laboratories,
Palo Alto, CA) to ensure that equal amounts of RNA were loaded
in each well. The signal bands were scanned using a GS-700 imag-
ing densitometer (Bio-Rad Laboratories, Hercules, CA).

 

Statistical analysis

 

Plasma lipids were expressed as mean 

 

6

 

 SD and assessed for
significance with Student’s 

 

t

 

-test, and in all cases, statistical signifi-
cance was set at 

 

P

 

 

 

,

 

 0.05.
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Fig. 1. Detection of human apo[a] transgene and determination
of LDLr status in WHHL transgenic rabbits. The presence of human
apo[a] transgene was confirmed by Southern blot analysis (upper
panel) using a human apo[a] cDNA probe as described in Materials
and Methods. Mutation of LDL receptors (LDLr) in WHHL rab-
bits was analyzed by PCR. Subsequent to gel purification and Bgl re-
striction enzyme digestion of the PCR products, LDLr1/1 rabbits
generated two bands (212 and 94 bp), whereas LDLr1/2 rabbits gen-
erated three bands (294, 212, and 94 bp). LDLr2/2 animals, how-
ever, generated only a single band (294 bp) due to the presence of
the 12-bp deletion in both alleles.

 

RESULTS

Successful crossbreeding between human apo[a] trans-
genic rabbits and WHHL rabbits was confirmed by the
analysis shown in 

 

Fig. 1

 

. The human apo[a] transgene was
detected as a 7-kb band by Southern blot analysis using a
human apo[a] cDNA probe. Heterozygosity or homozy-
gosity for the 12-base pair deletion in exon 4 of the rabbit
LDLr gene was analyzed by PCR followed by enzymatic
digestion. In LDLr

 

1

 

/

 

1

 

 rabbits, there were two product
bands of 212 and 94 bp, whereas in LDLr

 

1

 

/

 

2

 

 rabbits,
three product bands were observed after digestion with

 

Bgl

 

 I restriction enzyme due to the presence of one nor-
mal and one mutant allele. In contrast, in LDLr

 

2

 

/

 

2

 

 rab-
bits, only one 294 bp band was evident both before and
after digestion with 

 

Bgl

 

 I.

 

Plasma lipids and lipoprotein composition
Table 1

 

 summarizes the mean plasma lipid and human
apo[a] data of WHHL transgenic heterozygotes and ho-
mozygotes, as compared with those of normal transgenic rab-
bits. With a single allele mutation of LDLr, there was a slight
increase of total cholesterol and triglycerides, whereas in ho-
mozygous WHHL rabbits with two mutant alleles of LDLr,
there was a pronounced increase of total cholesterol and
triglycerides, accompanied by reduced HDL levels, com-
pared to normal rabbits. In general, the plasma lipid levels of
WHHL transgenic rabbits were similar to those of nontrans-
genic WHHL counterparts, as reported by others (28).

 

Figure 2

 

 shows that compared with control transgenic
rabbits, WHHL heterozygous transgenic rabbits had in-
creased pre-

 

b

 

 lipoproteins, while other lipoproteins were
unchanged. When the lipoproteins from the same gels
were transferred to membranes and incubated with hu-
man apo[a] mAb, increased pre-

 

b

 

 lipoproteins were iden-
tified as human apo[a]. In WHHL homozygous trans-
genic rabbits, there was a prominent increase of both 

 

b

 

and pre-

 

b

 

 lipoproteins, but a pronounced reduction of

 

a

 

-lipoproteins. Western blot analysis showed that pre-

 

b

 

lipoproteins contained a large amount of human apo[a]
(Fig. 2). Quantitation of plasma Lp[a] by ELISA revealed
that there were 2-fold and 4.2-fold increases of Lp[a] in
WHHL heterozygous and homozygous transgenic rabbits,
respectively, compared to the level in LDLr

 

1

 

/

 

1

 

 transgenic
rabbits (Table 1).

To investigate whether the elevated apo[a] in the WHHL
rabbits was associated with rabbit apoB, the plasma lipo-
proteins were fractionated on a 3.5% non-denaturing
polyacrylamide gel followed by Western blotting analysis.

 

Figure 3A

 

 shows that the increase of apo[a] in WHHL
transgenic rabbits was largely associated with apoB to form
Lp[a] complexes, while free apo[a] in apo[a]

 

1

 

/0

 

/LDLr

 

2

 

/

 

2

 

rabbits was also increased to a certain extent. Under non-
reducing conditions, the Lp[a] complex in WHHL trans-
genic rabbit plasma existed as a high molecular weight
form (Fig. 3B), suggesting that the apo[a]/apoB complex
was linked by disulfide bond(s). Upon reduction, two kinds
of apo[a] isoforms were visible (Fig. 3C), as reported pre-
viously (26). When the same immunoblot membranes were

 

TABLE 1. Lipid and lipoprotein levels in WHHL transgenic and control transgenic rabbits

 

n
Total 

Cholesterol Triglycerides HDL-cholesterol Human Lp[a]

 

m

 

M

 

/L m

 

M

 

/L m

 

M

 

/L n

 

M

 

/L

 

Apo[a]

 

1

 

/0

 

/LDLr

 

1

 

/

 

1

 

6 1.22 

 

6

 

 0.23 0.48 

 

6

 

 0.05 1.04 

 

6

 

 0.2 11.30 

 

6

 

 4.2
Apo[a]

 

1

 

/0

 

/LDLr

 

1

 

/

 

2

 

5 1.46 

 

6

 

 0.39 0.69 

 

6

 

 0.15 0.73 

 

6

 

 0.2 22.21 

 

6

 

 6.5

 

a

 

Apo[a]

 

1

 

/0

 

/LDLr

 

2

 

/

 

2

 

5 22.4 

 

6

 

 2.35

 

a

 

4.89 

 

6

 

 1.02

 

a

 

0.24 

 

6

 

 0.09

 

a

 

46.98 

 

6

 

 4.5

 

a

 

Values are represented as mean 

 

6 SD. All rabbits in the control and heterozygous WHHL groups were
females. In the homozygous WHHL group, two males and three females were studied. Rabbits were at the age of
3–4 months and were on a standard chow diet.

a P , 0.05 versus apo[a]1/0/LDLr1/1 rabbits.
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rehybridized with anti-apoB Ab, we found that apoB levels
were markedly increased in apo[a]1/0/LDLr2/2 rabbits
but there was no difference between apo[a]1/0/LDLr1/1

rabbits and apo[a]1/0/LDLr1/2 rabbits (Figs. 3B and 3C).
Compared to the level in apo[a]1/0/LDLr1/2 rabbits, the

plasma lipoprotein density fractions in apo[a]1/0/LDLr2/2

rabbits showed a marked increase in lipoproteins with den-
sity d , 1.006 g/ml very low density lipoprotein (VLDL), d
1.006–1.02 g/ml intermediate density lipoprotein (IDL),
and d 1.02–1.04 g/ml (LDL), whereas lipoproteins with den-
sity d 1.06–1.08 and d 1.08–1.10 g/ml (HDL2), and d 1.10–
1.21 g/ml (HDL3) were markedly reduced (Fig. 4A). Quan-
titation of these apoB-containing lipoproteins revealed that
cholesterol and triglyceride contents were remarkably ele-
vated (Fig. 4B). The overall features of lipoproteins in the
apo[a]1/0/LDLr2/2 rabbit were quite similar to those of ho-
mozygous WHHL nontransgenic counterparts (39).

As there was a marked increase of human apo[a] in
apo[a]1/0/LDLr2/2 rabbits, we further analyzed the distri-
bution of apolipoproteins (Fig. 5). As in apo[a]1/0/LDLr1/1

and apo[a]1/0/LDLr1/2 rabbits, apo[a] in apo[a]1/0/
LDLr2/2 rabbit was mainly distributed in a range of density
from 1.02 to 1.08 g/ml; however, apo[a] was also found in
lighter density fractions, such as in the VLDL(d < 1.006
g/ml) and IDL(d 1.006–1.02 g/ml) fractions, indicating
that in addition to LDL, apo[a] can bind to other apoB-
containing particles. A small amount of free apo[a] was
also present in the density range of 1.10–1.21 g/ml. Other
changes in apolipoprotein distribution in apo[a]1/0/
LDLr2/2 rabbits included enrichment of apoE in apoB-
containing particles and reduction in apoA-I-containing
lipoproteins (Fig. 4 and Fig. 5).

Apo[a] mRNA expression
As accumulation of Lp[a] in WHHL transgenic rabbits

could result from either delayed catabolism or a relative in-
crease of synthesis, we also examined whether increased
apo[a] in WHHL transgenic rabbits was caused by an in-

Fig. 2. Agarose gel electrophoresis of the plasma from WHHL
transgenic and control transgenic rabbits. Plasma (2 ml) was
electrophoresed on a 1% agarose gel; the gel was either stained for
neutral lipids with Fat red 7B (upper panel) or used for Western
blotting probed with anti-human apo[a] mAb (lower panel). Ar-
rowheads indicate the pre-b lipoproteins. There was more human
apo[a] in LDLr1/2 and 2/2 transgenic rabbits than in LDLr1/1

transgenic rabbits.

Fig. 3. Immunoblotting analysis of WHHL transgenic rabbit plasma apo[a]. Aliquots of plasma were sepa-
rated by either 3.5% non-denaturing polyacrylamide gel electrophoresis (A) or 4% SDS-PAGE under non-
reducing (B) or reducing (C) conditions. After electrophoretic transfer, the proteins were immunoblotted
using anti-human apo[a] mAb as described in Materials and Methods. The same immunoblot membranes (B
and C) were stripped in stripping buffer (100 mm 2-mercaptoethanol, 2% SDS, 62.5 mm Tris-HCl, pH 6.7) at
508C for 30 min and reprobed with anti-apoB polyclonal Ab as described. Of note, there are two small molec-
ular mass forms of apoB in apo[a]1/2/LDLr2/2 rabbits, presumably, apoB-48. Prestained SDS-PAGE marker
(Bio-Rad, Hercules, CA) was loaded in SDS-PAGE under the reducing condition to indicate the molecular
mass. The figures are representative of 5 animals in each group.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1008 Journal of Lipid Research Volume 41, 2000

Fig. 4. Lipoprotein and lipid distribution in WHHL transgenic
rabbit plasma. A: Lipoprotein profiles in WHHL transgenic rab-
bits. Plasma lipoproteins from WHHL heterozygotes (upper
panel) and homozygotes (lower panel) were separated by sequen-
tial density ultracentrifugation and resolved by electrophoresis
in a 1% agarose gel. Lipoproteins were stained with Fat red 7B.
B: Lipid distribution in plasma lipoproteins in WHHL transgenic
rabbits. Density fractions were collected and the cholesterol and
triglyceride contents were quantitated as described in Materials
and Methods. All rabbits were 4 months old, and were being fed
on a chow diet at the time of analysis. The combined recovery for
each animal averaged ,80% of total plasma levels.
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creased rate of synthesis. We found that apo[a] mRNA ex-
pression was basically not different between apo[a]1/0/
LDLr2/2 and apo[a]1/0/LDLr1/1 rabbits (Fig. 6), suggest-
ing that elevated hepatic synthesis of apo[a] did not ac-
count for the accumulation of Lp[a] in WHHL rabbits. Re-
cent studies from other laboratories suggest that the kidney
may be an alternative organ for apo[a] catabolism (40). Ac-
cordingly, we also investigated apo[a] expression in the kid-
ney. As shown in Fig. 6, although there was a weak expres-
sion of apo[a] in the kidneys of transgenic rabbits when
the blot membranes were exposed for 72 h, there was
no significant difference between apo[a]1/0/LDLr2/2

and apo[a]1/0/LDLr1/1 rabbits (Fig. 6). Biochemical and
pathological examinations of kidneys of WHHL rabbits did
not reveal any abnormal changes (data not shown).

DISCUSSION

The physiological function of Lp[a] is not fully under-
stood; however, elevated plasma levels of Lp[a] have been

shown to be associated with an increased risk of coronary
and carotid artery disease, stroke, and restenosis (1–3).
Several factors have been proposed to influence the
plasma levels of Lp[a], including apo[a] size polymor-
phism, Lp[a] production rate from the liver, and catabo-
lism by different cellular receptors (41). Studies using cul-
tured cells and human subjects have generated conflicting
conclusions regarding whether LDL receptor is involved
in the catabolism of Lp[a]. To examine whether the LDL
receptors may contribute to the catabolism of Lp[a], we
generated human apo[a] transgenic WHHL rabbits that
have defective LDL receptor functions. We found that
there was an accumulation of plasma Lp[a] in transgenic
rabbits in the setting of LDLr defective functions, leading
to 2-fold and 4.2-fold increases of apo[a] levels in het-
erozygous and homozygous WHHL transgenic rabbits, re-
spectively, compared to the level in normal transgenic rab-
bits. The increased apo[a] in WHHL transgenic rabbits
was covalently associated with rabbit apoB to form Lp[a]
particles, as shown in Fig. 3, and the apo[a] was mainly

Fig. 5. Western blots showing distribution of human apo[a], rabbit apoB, apoE, and apoA-I in the plasma lipoproteins of WHHL heterozy-
gous (upper panel) and homozygous (lower panel) rabbits. The plasma lipoproteins were isolated by sequential density ultracentrifugation.
Two microliters of each lipoprotein fraction was resolved by 1% agarose gel electrophoresis. Western blots were performed by using anti-
human apo[a] mAb and goat antisera specific for apoB, apoE, and apoA-I.

Fig. 6. Northern blot analysis for the determi-
nation of human apo[a] expression in transgenic
rabbits. Total RNA was extracted from the livers
and kidneys. Northern blotting was performed
using a human apo[a] cDNA probe. Rehybridiza-
tion of the membrane with a human b-actin
probe showed that similar amounts of RNA had
been loaded in each lane. The relative amount of
mRNA for human apo[a] was standardized with
that of mRNA for b-actin and there was no signif-
icant difference between WHHL and normal
transgenic rabbits.
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distributed in LDL particles, as shown in Fig. 5. It is nota-
ble that certain amounts of apo[a] were also found to be
associated with VLDL and IDL, suggesting that these par-
ticles can bind to apo[a] to a certain extent. It is currently
unknown whether these apo[a]-containing VLDL and
IDL particles are synthesized in the liver de novo or as-
sembled extracellularly or in circulating plasma. In addi-
tion, apo[a]- and apoB-containing particles were rich in
apoE in WHHL transgenic rabbits, and associated with en-
richment of the triglyceride content, which has been doc-
umented in nontransgenic WHHL rabbits (39).

Except for Lp[a] accumulation in the plasma, free
apo[a] was also increased to a certain extent in WHHL
transgenic rabbits (Fig. 3). We therefore studied whether
WHHL transgenic rabbits have enhanced hepatic apo[a]
production. This possibility was partly ruled out as the
apo[a] mRNA levels in the liver, the major site of apo[a]
production in transgenic rabbits, were similar in WHHL
and normal transgenic rabbits. The accumulation of
both Lp[a] and apo[a] leads us to speculate that both
Lp[a] and apo[a] may be removed by LDL receptors. Re-
cent studies indicate that the kidney may function to re-
move Lp[a] (40); therefore, we also investigated renal
functions in WHHL rabbits. Biochemical analysis of rab-
bit plasma (BUN and creatine) and pathological studies
on renal histology did not reveal any abnormalities in
WHHL kidneys (data not shown). This result indicates
that increased apo[a] levels in WHHL rabbits were not
caused by renal dysfunction. Furthermore, we did not find
significant apo[a] synthesis in the kidney in either
WHHL or normal transgenic rabbits (Fig. 7). In WHHL
rabbits, there is a high level of apoB-containing particles
(VLDL, IDL, and LDL) due to LDLr defects, leading to
marked hypercholesterolemia. One can argue that the
increased Lp[a] levels might be caused by accumulation
of apoB in the plasma, which might facilitate the binding
of apo[a] and apoB to form Lp[a] particles. This may be
partly true because cholesterol-fed transgenic rabbits
with hypercholesterolemia also showed a 3-fold increase
of Lp[a] levels in the plasma (data not shown). It is note-
worthy that in cholesterol-fed rabbits, LDL receptor ac-
tivity was also markedly down-regulated (42). Overall,
these results suggest that dysfunction of LDL receptors,
either genetic (WHHL rabbits) or as a result of a choles-
terol-rich diet (as in cholesterol-fed rabbits), leads to an
accumulation of Lp[a] in the plasma. Our results are in
agreement with those of a previous study which demon-
strated that there was a delayed catabolism of 125I-labeled
human Lp[a] (isoforms S1, S2, and S3) in WHHL ho-
mozygous rabbits compared to that in normal rabbits,
and that the fractional catabolic rates (FCRs) of both
Lp[a] and LDL were significantly smaller in WHHL rab-
bits than in normal rabbits (43). Recently, Sanan and his
co-workers (44) generated LDLr-deficient (LDLr2/2)
mice expressing both human apo[a] and apoB. Com-
pared to human apoB and apo[a] double transgenic
mice with normal LDL receptor functions, in which
Lp[a] levels were 15 6 2 mg/dl in males and 12 6 1 mg/
dl in females on a chow diet (35), LDLr2/2 transgenic

(apoB1/1/apo[a]1/2) mice also showed increased levels
of plasma Lp[a] (30 6 4 mg/dl in males and 19 6 3 mg/
dl in females).

In addition to LDLr, several candidate receptors for
Lp[a] catabolism have been proposed recently, including
VLDL receptors (45), LDL receptor-related protein (LRP)
(46), and megalin/pg330 (47), although it is not clear
how these receptors contribute to the Lp[a] catabolism in
vivo. Bottalico et al. (48) showed that cholesterol loading
of macrophages leads to an enhancement of Lp[a] inter-
nalization and degradation via induction of a specific re-
ceptor that has yet to be identified. With respect to humans,
one should be cautious about interpreting the current re-
sults found in WHHL transgenic rabbits regarding the
role of the LDL receptor in the removal of Lp[a] from
the plasma. First, as mentioned above, rabbits do not nor-
mally contain Lp[a]; therefore, the site of the Lp[a] re-
moval in rabbits may be different from the normal site
used in humans. This is also true for other non-Lp[a]-
containing species such as transgenic mice, in which LDLr
seems to play a role in Lp[a] catabolism (22). Secondly,
the status of other candidate receptors (such as VLDL re-
ceptor and megalin/pg330) has not been fully examined
in rabbits. Finally, the removal of Lp[a] mediated by LDL
receptor may be also dependent upon the isoforms of
apo[a] (46); therefore, transgenic rabbits expressing vari-
ous different-sized apo[a] isoforms must be studied in the
future to clarify this issue.

In addition to providing important insights into Lp[a]
catabolism, several unique features of WHHL transgenic
rabbits may make them a good model for the study of
Lp[a] and atherosclerosis. Homozygous WHHL rabbits
exhibit hypercholesterolemia from birth on a chow diet;
however, Lp[a] is not normally present in rabbits and its
significance in atherosclerosis is unknown. This study is
currently being extended, and efforts are also now being
directed toward breeding more WHHL transgenic rabbits
in order to evaluate the effects of Lp[a] on development
of atherosclerosis.

In summary, we demonstrated that LDL receptor may
participate in the removal of Lp[a] from the plasma in
transgenic rabbits. Although the relevance of our observa-
tions to human subjects remains uncertain, one may pos-
tulate that elevated levels of some, if not all, isoforms of
Lp[a] seen in human familial hypercholesterolemia may
be partially associated with LDLr defects.
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