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Abstract The WHHL rabbit has a defective low density
lipoprotein receptor and is a model for familial hyper-
cholesterolemia. WHHL rabbits are less fecund than NZW rab-
bits, the strain into which the defect has been inbred. This lower
fecundity could be related to impaired ovarian steroidogenesis
due to reduced intracellular availability of cholesterol. Here we
compare the WHHL and NZW rabbits with regard to oocyte
morphology and fertilization rates after stimulation with equine
chorionic gonadotropin. We also compare hypothalamic-
pituitary-ovarian axis function by measuring baseline and
gonadotropin releasing hormone-stimulated plasma estradiol,
progesterone, and gonadotropin levels, both before and after
simvastatin inhibition of de novo cholesterol synthesis. WHHL
rabbit oocytes remained encased in cumulus and had a lowered
fertilization rate (9/50 vs. 83/87, P < 0.05). WHHL rabbits had
lower baseline estradiol levels (7.1 + 0.72 vs. 10.2 + 0.94,
P < 0.05) and had higher baseline follicle stimulating hormone
(P < 0.05) and luteinizing hormone (P < 0.05) levels. Sim-
vastatin lowered luteal progesterone concentrations only in
WHHL rabbits (P < 0.05). 8 We conclude that the hypothalamic-
pituitary-ovarian axis in WHHL rabbits is abnormal. The
reduced availability of intracellular cholesterol for progesterone
synthesis by inhibition of de novo cholesterol biosynthesis leads
to a significant reduction in plasma progesterone concentrations
in the WHHL. These findings have implications for women with
familial hypercholesterolemia, particularly regarding treatment
with inhibitors of de novo cholesterol synthesis.— Robins, E. D.,
L. M. Nelson, and J. M. Hoeg. Aberrant hypothalamic-
pituitary-ovarian axis in the Watanabe heritable hyperlipidemic
rabbit. J. Lipid Res. 1994. 35: 52-59.
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The WHHL rabbit is a2 model for familial hyper-
cholesterolemia. As in familial hypercholesterolemia, the
pathophysiology in the WHHL rabbit stems from a defect
in LDL receptor function (LDL receptor activity can be
less than 1% of normal) (1, 2). Due to this LDL receptor
defect, the WHHL rabbit has a 10-fold increase in LDL
serum concentration and the sequelae of premature cardi-
ovascular disease and cholesterol deposition (1).

One problem with the WHHL rabbit as a model,
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however, is its low fecundity. The WHHL rabbit has an
average litter size of 2-4 kits (3) compared to a liter size
of 8-10 kits in wild-type rabbits (4). Chai (5) showed that
implantation was impaired in inbred females that had
normal LDL-receptors. However, Shiomi, Ito, and
Watanabe (3) established that closed-colony breeding
does not cause the rapid fall of reproductive vigor seen in
the inbreeding described by Chai (5). This reduced fecun-
dity in the WHHL may be due to disorders of ovulation,
implantation, and gestation (6). Because of poor fecun-
dity, WHHL rabbits must be regularly outbred to normal
rabbits in order to continue the colony. The WHHL rab-
bits here at the National Institutes of Health have been
outbred with NZW rabbits since 1983 so that NZW rab-
bits serve as the control rabbits (personal communication
with Nathan N. Jackson DV.M., Chief of the Genetic
Resources Section, Scientific Services Branch, Veterinary
Resources Program, National Center For Research
Resources, National Institutes of Health).

As cholesterol is the precursor for steroid hormones, the
LDL receptor defect might contribute to this lowered
fecundity by altering steroidogenesis. There are two main
pathways that provide cholesterol to the cell for steroid
production. Cholesterol is available from intracellular de
novo synthesis where HMG-CoA reductase is the rate-
limiting step, or cholesterol is imported from the serum in
lipoprotein particles (7). The low density lipoprotein par-
ticle is the preferred source for ovarian steroid synthesis,
particularly for the corpus luteum (8). Thus, defective
LDL receptor function may play a role in the reduced
fecundity.

Abbreviations: WHHL, Watanabe heritable hyperlipidemic; NZW,
New Zealand white; LDL, low- density lipoprotein; HMG-CoA,
3-hydroxy-3-methylglutaryl coenzyme A; eCG, equine chorionic gonado-
tropin; LH, luteinizing hormone; FSH, follicle stimulating hormone;
RIA, radioimmunoassay; GnRH, gonadotropin releasing hormone.

"To whom reprint requests should be addressed at: Building 10, Room
7N117, National Institutes of Health, 000 Rockville Pike, Bethesda,
MD 20852.
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Although the LDL receptor defect impairs adrenal
function in WHHL rabbits (9), it is not known whether
the LDL receptor defect alters ovarian steroid production.
In humans, patients without LDL in their serum have low
serum concentrations of progesterone in the luteal phase
(10) and during pregnancy (11). The corpus luteum is the
sole source of progesterone in the pseudopregnant rabbit,
and changes in progesterone production are responsible
for the variations in peripheral progesterone concentra-
tions in the rabbit (12).

To determine whether the LDL receptor defect in the
WHHL rabbit has an effect on the hypothalamic-
pituitary-ovarian axis, we compared plasma concentra-
tions of FSH, LH, estradiol, and progesterone to concen-
trations of these hormones found in age-matched control
NZW rabbits. We determined the impact of inhibition of
de novo cholesterol synthesis to supply precursor for ovar-
ian steroidogenesis in the WHHL rabbit by using the
HMG-CoA reductase inhibitor simvastatin.

MATERIALS AND METHODS

Animals

Sexually mature NZW female rabbits, obtained from
Hazelton Laboratory Products Inc. (Denver, PA), were
age-matched to sexually mature female WHHL rabbits
acquired from the Small Animal Section of the National
Institutes of Health. These rabbits were caged separately
at constant temperature (68%72°F) on a 12-h light cycle.
They were given 120 g of alfalfa-based pressed pellet daily
and water ad libitum.,

Agents

Buserelin, a GnRH agonist generously donated by
Hoechst Roussel AG (Frankfurt, Germany) was ad-
ministered by subcutaneous injection (0.6 pg/kg body
weight). ECG was obtained from Sigma Chemical Com-
pany (St. Louis, MOQO) as pregnant mare serum
gonadotropin and injected intramuscularly (28 IU/kg
body weight). Bio-Serve Inc. (Frenchtown, NJ) incorpo-
rated simvastatin, obtained by generous donation from
Merck, Sharp & Dohme (Rahway, NJ), into alfalfa pellets
in doses of 2 mg per g of pellet.

Blood samples

Central venous catheters were place in the right atrium
of each rabbit as previously described (13). Heparin
flushes (1:10,000, 0.5 ml, 3 times weekly) kept the catheters
patent. Blood samples for cholesterol measurements were
obtained after animals had fasted 12 h. Samples for hor-
mone assay were obtained from unrestrained rabbits at
time 0, 1 h, 2 h, 4 h, 4 days, and 8 days after buserelin
injection. All samples were collected in EDTA tubes and

placed on ice. The plasma was separated by centrifuga-
tion at 4°C, then stored at —20°C until assayed.

Assays

We measured the total cholesterol plasma concentra-
tions using the Abbott analyzer model VP Super System
with Abbott reagents purchased from Abbott laboratories
(Chicago, IL). Plasma progesterone was measured by an
extraction, double antibody RIA technique as previously
described (14). Estradiol concentration was measured by
an extraction chromatography RIA technique as previ-
ously described (15) with modification of the chromato-
graphic separation as described by Abraham et al. (16),
and also using 4 ml rather than 2 ml of plasma for the ini-
tial extraction of estradiol. Plasma LH and FSH were
measured utilizing radioimmunoassay kits kindly sup-
plied by A. F. Parlow, at the Pituitary Hormones and An-
tisera Center (Torrance, CA). These kits included purified
LH and FSH standard and respective antibodies raised in
guinea pigs. The second antibody was a goat anti-guinea
pig serum purchased from ICN Biomedicals (Costa
Mesa, CA).

Experimental design

Experiment I: In transgenic experiments in another
study with WHHL rabbits, oocytes were recovered from
mated WHHL and NZW rabbits as previously described
in mice (17) with the following exception: eCG was ad-
ministered subcutaneously (28 IU/kg) to the rabbits in-
stead of 5 IU administered to mice. Potentially sperm-
penetrated oocytes were examined by phase contrast
microscopy (100x). If the potentially sperm-penetrated
oocytes were both free of cumulus and had pronucleus
formation they were considered normal. These findings
were noted and were the genesis for experiments II and
IIT described below.

Experiment II: The endocrine status of the
hypothalamic-pituitary-ovarian axis of 8 WHHL rabbits
and 8 NZW rabbits was compared. We measured plasma
estradiol, progesterone, and gonadotropin concentrations
in blood samples obtained from non-anesthetized and un-
restrained rabbits, and compared these hormone concen-
trations in the two rabbit strains. Then we measured con-
centrations of progesterone in plasma samples obtained
from these same rabbits at 1 h, 2 h, 4 h, 4 days, and 8 days
after injecting the GnRH agonist buserelin (0.06 pg/kg).
Gonadotropin concentrations were also measured on the
sample obtained 1 h post-buserelin injection. We com-
pared the plasma progesterone and gonadotropin concen-
trations in the two rabbit strains to assess the response to
buserelin.

Experiment III: We next assessed simvastatin’s effect on
the preovulatory and pseudopregnant piasma progester-
one concentration. We controlled for the elevated plasma
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Fig. 1. Oocytes retrieved from NZW and WHHL rabbits. Oocytes retrieved 20 h after ovulation induction in NZW (A) and WHHL (B) as seen
by phase contrast microscopy (100x). The polar bodies as well as double pronuclei can be seen just inside the zona pellucida in all the NZW oocytes
indicating fertilization. The WHHL oocytes are coated with the cumulus oophorus and few are fertilized. The solid bar indicates 150 um.

FSH concentration in the WHHL rabbit by injecting
eCG (28 TU/kg) 48 h prior to buserelin injection and ob-
tained serial blood samples after buserelin as in experi-
ment II (6 WHHL rabbits and 6 NZW rabbits). Then we
supplied the simvastatin-incorporated feed in the diet to
the same 12 rabbits so that they would receive 20 mg per
kg of body weight of simvastatin each day for 4 weeks.
During the 4th week of simvastatin therapy the blood
samples were again obtained on the same schedule.
Twelve-hour fasting bloods were obtained for plasma
cholesterol concentration before and after simvastatin
treatment.

Statistics

Chi square was used to test the significance of the
difference between the frequency of fertilized oocytes be-
tween the two rabbit strains. Differences among multi-
group means were compared by two-way analysis of vari-
ance with repeated measures. Two-tailed Student’s ¢ tests
were used to determine significance between means. Be-
cause of lack of normality of the data, the Wilcoxon rank
sum test was used to determine the significance between
the means of the baseline WHHL and NZW rabbit
plasma estradiol and progesterone concentrations. All P
values < 0.05 were considered statistically significant.

RESULTS

The NZW potentially sperm-penetrated oocytes were
free from surrounding cells and mucin and the majority
of the cells were fertilized with clearly visualized polar
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bodies and pronucleus (Fig. 1). By contrast, the WHHL
rabbit potentially sperm-penetrated ova were encased in
cumulus and mucin. Occasional polar bodies were seen
but few WHHL rabbit potentially sperm-penetrated oo-
cytes contained pronucleuses. Eighty-three of 87 NZW
potentially sperm-penetrated oocytes were fertilized and
free of cumulus while 9 of 50 potentially sperm-
penetrated oocytes recovered in WHHL rabbits were
both free of cumulus and fertilized (P < 0.05).

The mean plasma estradiol concentration was 30%
lower in the WHHL rabbits than in NZW rabbits
(P < 0.05) (Table 1). The mean plasma concentration of
baseline FSH was 87% higher in the WHHL rabbits than
in the NZW rabbits (P < 0.05). Similarly, the baseline
mean plasma concentration of LH was 61% higher in the
WHHL rabbits (P < 0.05) (Fig. 2). One hour after
buserelin administration the, LH plasma concentration
was 79% higher in the WHHL rabbits (P < 0.05).

Although baseline progesterone concentrations were
not significantly different, post-LH surge plasma
progesterone concentrations were significantly higher in
WHHL compared to NZW rabbits (P < 0.05). The peak
progesterone concentration in the WHHL rabbits was
76% higher than in the NZW rabbits at hour 2 (Fig. 3).

As the baseline and stimulated LH concentrations were
significantly higher in the WHHL, the rabbits did not
receive a uniform stimulus for luteinization. To stan-
dardize the progesterone concentration in response to
gonadotropin stimulation we evaluated AP4/ALH, where
AP4 is the plasma progesterone difference between hour-1
and hour-0 and ALH is the plasma LH concentration
difference between hour-1 and hour-0. The mean AP4 in
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TABLE 1. Plasma estradiol concentration in WHHL and NZW
adult female rabbits

Rabbit Estradiol
pa/ml
WHHL
W327-3 5.6
W330-1 6.52
W330-3 6.9
W331-1 5.5
W335-1 10.2
W325-1 7.93
Mean + SEM 7.1 + 0.72°
Nzw
N19396 13.4
N25111 12.4
N58093 9.16
N63335 9.63
N70669 9.65
N78504 7.11
Mean + SEM 10.2 + 0.94

*Differs from NZW (P < 0.05 by the Wilcoxon rank sum test).

the WHHL rabbits was over 100% higher than in the
NZW rabbits (P < 0.05) and the mean ALH was 79%
higher (P < 0.05); however, the mean AP4/ALH was not
significantly different between the two strains (P = 0.4)
(Table 2). Therefore, the mean concentration change in
plasma progesterone per unit plasma concentration
change of LH in the first hour was not significantly differ-
ent between WHHL and NZW rabbits.

The mean plasma cholesterol concentration in the
WHHL rabbits was more than 10-fold higher than in the
NZW rabbits (P < 0.05). Simvastatin (20 mg/kg per day)
effectively lowered cholesterol levels in both WHHL rab-
bits and NZW rabbits (Table 3). The simvastatin treat-
ment decreased fasting plasma cholesterol concentrations
by approximately 60% in both strains (P < 0.05). The
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Fig. 2. Plasma gonadotropin concentrations in NZW and WHHL fe-
male rabbits. Mean plasma FSH and LH concentrations (ng/ml) in
NZW (white bars) and WHHL (black bars) before and 1 h after busere-
lin injection. The error bars represent standard error of the mean.
*Differs from NZW (P < 0.05).
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Fig. 3. Plasma progesterone concentrations after buserelin infusion in
NZW and WHHL female rabbits. Mean plasma progesterone concen-
trations (ng/ml) in NZW (@) and WHHL (O) before and after buserelin
(0.6 mg/kg). The error bars represent standard error of the mean.
*Differs from NZW.

cholesterol-lowering effect of the HMG-CoA reductase in-
hibitor was evident in each individual rabbit of both
strains (Fig. 4).

Having established that the hypothalamic-pituitary-
ovarian axis in the WHHL rabbit is aberrant, but
progesterone concentrations were not significantly less in
the WHHL rabbit, we tested the effect of simvastatin on
the WHHL and normal rabbits. HMG-CoA reductase
inhibition by simvastatin in the WHHL rabbits
significantly reduced plasma progesterone concentrations
in response to GnRH stimulation (P < 0.05). In con-
trast, simvastatin did not have this effect in NZW rabbits
(Fig. 5). The trend of the mean plasma progesterone in
the simvastatin-treated NZW rabbits did appear to drop
below the untreated NZW rabbits mean plasma
progesterone concentration at day 8, but the difference
was not significant (P = 0.2).

DISCUSSION

We have noted that potentially sperm-penetrated oo-
cytes obtained from WHHL rabbits after ¢CG stimula-
tion are less likely to be fertilized than those obtained
from NZW rabbits under the same conditions. The
WHHL potentially sperm-penetrated oocytes flushed
from the fallopian tube have both a tenacious mucous
covering and an extensive cumulus that we did not ob-
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TABLE 2. Progesterone and LH responses to the GnRH agonist buserelin in WHHL and
NZW female rabbits

Rabbit AP4* ALH® AP4/ALH
NZW1 1.39 9.95 0.14
NZW?2 3.68 60 0.061
NZW3 16.6 48.35 0.34
NZW4 5.2 64.1 0.08
NZW5 1.99 13.95 0.14
NZW6 5.64 62.9 0.09
NZW7 7.74 34.35 0.23
NZws 11.1 30.65 0.36
Mean + SEM 667 + 1.8 40.53 + 7.6 0.18 + 0.04°
WHHL! 11.2 62.45 0.18
WHHL2 10.9 93.3 0.12
WHHL3 13.7 128.05 0.11
WHHL4 8.62 38.75 0.22
WHHLS5 29.1 38.15 0.76
WHHLS6 15.5 64.05 0.24
WHHL7 6.75 76.35 0.09
WHHLS 19.9 61.25 0.32
Mean + SEM 14.4 + 2.53° 70.29 +0.4° 0.255 + 0.08°

“AP4 is hour-1 progesterone concentration — hour-0 progesterone concentration.
*ALH is hour-1 LH concentration - hour-0 LH concentration.

‘No significant difference (P = 0.4).
“Differs from NZW mean AP4 (P = 0.012).
‘Differs from NZW mean ALH (P = 0.019).

serve in oocytes from NZW rabbits. This difference prob-
ably does not reflect the normal cumulus expansion base
on oocyte maturation noted in human oocytes obtained
by ovarian follicle aspiration for assisted reproductive
techniques as the rabbit oocytes are 20 h post-ovulatory,
subject to rabbit fallopian tube processing, and poten-
tially sperm-penetrated. How these differences between
the ova of the two rabbit strains arise cannot be said with
certainty. Steroid hormones have been shown to have an
effect on the interaction of the oocyte and fallopian tube.
The secretion of tubal fluid is under hormonal control, es-
trogen increases secretion rate while progesterone
decreases the secretion rate, and estrogen decreases mu-
cin deposition while progesterone increases it (18). Fur-
thermore, components of tubal fluid may play a role in
removing the cumulus oophorus (19). Low concentration
of estradiol and high concentration of progesterone that
we have observed in the WHHL rabbit might be the
mechanism affecting oocyte quality and thus another
route by which the LDL defect lowers fecundity.

TABLE 3. Fasting plasma cholesterol concentration in NZW and
WHHL female rabbits before and after 21 days treatment with
simvastatin (20 mg/kg per day)

Rabbit Baseline Simvastatin-Treated
NZW 55 + 6.2° 20.4 + 1.3°
WHHL 705.3 + 34.2° 292.4 + 35.7¢

“Mean plasma cholesterol concentration, mg/dl + SEM.
*Differs from untreated NZW (P < 0.001).

‘Differs from untreated NZW (P < 0.001).

“Differs from untreated WHHL (P < 0.001).
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The corpus luteum is the sole source of progesterone in
the pregnant rabbit (12). Donnelly et al. (6) found lower
serum concentrations of progesterone from the 10th to the
25th day of pregnancy when they compared the WHHL
rabbit to the NZW rabbit. However, we found that the
WHHL rabbit does not have decreased plasma progester-
one concentrations at baseline or in the first 8 days of

4

800 .
600+ "
WHHL
400

200

AN,
A\

Fasting Cholesterol (mg/dl)
\
AT

50|

25 NZw

T
1

o— —L 1
Baseline Treated

Fig. 4. Fasting plasma cholesterol concentrations in WHHL and
NZW female rabbits before and after simvastatin treatment. The sym-
bols and lines represent individual animals with the points representing
the fasting cholesterol (mg/dl) in the animal before and after 4 weeks
treatment with simvastatin (20 mg/kg per day).
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Fig. 5. Plasma progesterone concentrations after buserelin injection in
simvastatin-treated and untreated NZW and WHHL female rabbits.
Mean plasma progesterone concentrations (ng/ml) before and after
buserelin (0.6 mg/kg) in simvastatin-treated (O) and untreated (®)
WHHL and NZW rabbits. The error bars represent standard error of
the mean,

pseudopregnancy compared to the NZW rabbit. It ap-
pears that there is a compensatory source of cholesterol
for progesterone steroidogenesis during the preovulatory
period and early pseudopregnancy. The source of
cholesterol for progesterone production in response to LH
stimulation (20) in the preovulatory rabbit comes from in-
tracellular pools of cholesteryl esters (21). With the robust
LH surge of the WHHL rabbit in response to buserelin
injection, large amounts of progesterone can be produced.
This transient pre-ovulatory progesterone surge may be a
cause of low fecundity in a manner similar to low-dose
progesterone birth control in humans. Our findings sug-
gest that the LDL receptor is less important in the early
corpus luteum function but the LDL receptor may be-
come more important to rabbit corpus luteum function in
mid to late pregnancy.

In the rabbit ovary, HMG-CoA reductase and the LDL
receptor both play a role in supplying cholesterol for
steroidogenesis (22). The rabbit is highly estrogen-
dependent for luteal progesterone production. The
decreased estrogen levels in the WHHL rabbit may be a
cause of reduced fecundity. Additionally, during the tran-
sition of luteal progestin production to becoming
estrogen-dependent, there is a fall in HMG-CoA reduc-
tase activity and an increased dependence on LDL-
derived cholesterol occurring after the first week of corpus
luteum function (12). Our data suggest that, without nor-
mal LDL receptor activity, ovarian function is impaired
as indicated by reduced baseline plasma estradiol concen-
trations and elevated plasma gonadotropin concentra-

tions. Presumably, the WHHL rabbit is able to maintain
baseline and preovulatory plasma progesterone concen-
trations by compensating through de novo cholesterol
synthesis. This is supported by our findings in simvastatin-
treated animals. Simvastatin therapy significantly lowers
plasma cholesterol concentrations in WHHL rabbits as
has been shown with the other HMG-CoA reductase inhi-
bitors lovastatin and pravastatin (23-25). After simvasta-
tin treatment the plasma progesterone concentrations in
the preovulatory and early pseudopregnant WHHL rab-
bits were reduced, but simvastatin treatment did not
significantly affect the plasma progesterone concentra-
tions in the preovulatory and pseudopregnant NZW rab-
bits. It appears that the WHHL rabbit relies on de novo
synthesis of cholesterol for preovulatory and early pseu-
dopregnancy progesterone production. It is possible,
however, that an alternative pathway independent of the
LDL receptor exists for transport of extracellular
cholesterol (26, 27), and that this pathway was impaired
by the lower plasma concentrations of cholesterol due to
simvastatin treatment. This is unlikely, however, as the
mean plasma total cholesterol concentration in the
simvastatin-treated WHHL rabbit is still nearly 300 mg/d],
about 5-fold the concentration of the mean plasma con-
centration of total cholesterol in the untreated NZW rabbit.

We have demonstrated that the WHHL rabbit has an
aberrant hypothalamic-pituitary-ovarian axis. Baseline
plasma estradiol concentrations are low while baseline
and stimulated plasma gonadotropin concentrations are
high in comparison to control rabbits. Ovarian steroids
exert negative feedback on the pituitary in the rabbit
(28-30) as they do in other species. Thus, the elevated
levels of gonadotropins in the WHHL rabbit may reflect
impeded steroidogenesis consequent to altered transport
of cholesterol substrate into steroid-producing cells ex-
pressing a defective LDL receptor. This suggests that
LDL may be an important source of cholesterol for
steroid production by the developing ovarian follicle in the
rabbit. This raises the possibility that women with
familial hypercholesterolemia might have an altered
hypothalamic-pituitary-ovarian axis by the same mechan-
ism. Certainly women with impaired estradiol synthesis
have elevated gonadotropins, as seen, for example, in
women with 17-20 lyase deficiency (31). We have also
shown that HMG-CoA reductase inhibition decreases
progesterone concentration in the GnRH-treated WHHL
rabbit but not in the normal rabbit. This suggests that the
WHHL corpus luteum is more dependent on de novo
cholesterol synthesis to maintain progesterone concentra-
tions. This raises the possibility that women with familial
hypercholesterolemia might have impaired corpus luteum
function while taking HMG-CoA reductase inhibitors.
We are currently investigating these possibilities in pa-
tients with familial hypercholesterolemia and other LDL
receptor pathway defects. B
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