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It has long been proposed that female sex
hormones protect premenopausal women
from developing coronary heart disease (1-3).
In our previous attempt to investigate the
possible mechanisms by which female sex
hormones lessen the vulnerability of women
to coronary heart disease, we failed to demon-
strate, in rabbits, a substantial change of
aortic acid mucopolysaccharides under the
influence of such hormones which could
account for the slower process of atherosclero-
sis in females (4). We did however find a
definite hypocholesteremic effect of estrogen
in these rabbits (4).

The hypocholesteremic effect of estrogen
has been shown to be the result of shifting
of serum cholesterol to tissues (5), change
in serum lipoprotein patterns (6, 7), and
suppression of endogenous cholesterol syn-
thesis (8-10), but the exact mechanism is
still not certain because the results are quite
controversial (11-15).

The present study was designed to investi-
gate the influence of female sex hormones
on the kinetics of cholesterol metabolism in
rabbits in order to better understand the
mechanism of this hormonal action.

Materials and Methods. Experimental de-
sign. Forty-one adult, female New Zealand
white rabbits, weighing an average of 2,805
g, were housed in individual cages and fed
purina rabbit pellet ad libitum throughout
the experiment; it contained a negligible
amount of cholesterol (0.06 mg/g of chow)
(16). Bilateral oophorectomy was performed
under ether anesthesia in 32 of these rabbits.
The remaining 9 rabbits served as normal

1 Supported by Public Health Service Grant HL-
13612-03 from the National Heart and Lung Insti-
tute.

intact female controls. Two weeks after the
surgery the castrated rabbits were divided
into four equal groups: A, B, C,and D (8 in
each group). Group A rabbits received no
sex hormone treatment. Each rabbit in
Group B was given a daily injection of 2
mg of progesterone (17a-ethynyl-17-hydroxy-
5(10)-estren-3-one or norethynodrel) sub-
cutaneously. A daily dose of 0.2 mg of
estrogen  (17-ethynlestradiol-3-methyl-ether
or mestranol) was given subcutaneously to
each of 8 rabbits in Group C. The rabbits
in Group D were treated alternately with a
daily dose of 0.2 mg of estrogen for one
week and a daily dose of 2 mg of pro-
gesterone for another week. The nine non-
castrated rabbits (Group E), received no hor-
mone treatment. The above regimen was con-
tinued throughout the rest of the experiment.

Six weeks after the commencement of the
hormonal treatment, rabbits in all groups in-
cluding the controls received a single dose of
25 uCi of cholesterol-7a-3H intravenously.
The cholesterol-74-*H solution for intravenous
injection was prepared according to the
method described by Chobanian and Hol-
lander (17). Blood specimens were obtained
from the central arteries of the rabbits’ ears
once a week throughout the entire experi-
mental period and every other day during
the first two weeks after the injection of
cholesterol-7a-*H. All animals were sacrificed
between 90 and 100 days after the admini-
stration of cholesterol-7a-*H.

Chemical and mathematical analyses. Serum
cholesterol levels were determined by the
Sperry—-Webb method (18) and their radio-
activities were measured by liquid scintilla-
tion counter techniques.

Compartmental analysis of the disappear-
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ance curve of serum cholesterol specific
activity (SA) was carried out by a com-
puterized program based on the combination
of the kinetic analysis reported by Gurpide
et al. (19), and the input-output analysis
shown by Perl and Samuel (20). The curves
of all cases uniformly fit a two-pool system
with the following general equation:

SAgerum(ry = A167% + Ase— Pt

Here SAgerum(e, is the SA of serum cholesterol
at time ¢. 4y, As, a, B are constants, and e
is the base of the natural logarithms. The fol-
lowing kinetic parameters could be obtained
by this program: total input (/r), output, or
turnover rate of cholesterol in the system,
mean transit time of cholesterol (7), total
traced mass (My) and individual pool size
(M4 and My) and exchange rate between
compartments A and B (KapM4, KgaMy).
Results. Changes in the body weights. The
average body weight of the rabbits at the be-
ginning of the experiment was 2805 =+ 403 g
(Mean == SD). They were considered as full-
grown adult rabbits. However, their body
weights still kept increasing during 22 weeks
of the experimental period. The body weights
of Groups A, B, C, D, and E rabbits at the
end of the experiment were 3636 = 510
(Mean == SD), 3731 =+ 320, 3431 = 379,
3719 = 369 and 3167 == 260 g, respectively.
All castrated rabbits gained more weight dur-
ing the experimental period than the normal
intact rabbits (p < 0.01). Although the mean
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body weight of the castrated rabbits treated
with estrogen was lower than that of the other
castrated rabbits; statistically the difference
was not significant. On the average, each of
the castrated rabbits gained 5-6 g per day,
while each normal intact rabbit gained only
3 g/day.

Changes in serum cholesterol levels. The
mean serum cholesterol level of all rabbits
before any special treatment was given was
49 = 17 mg/100 ml (Mean = SD). The se-
rum cholesterol levels of the normal intact
rabbits stayed in this normal range through-
out the experiment (Fig. 1).

After castration, the serum cholesterol lev-
els increased rapidly reaching the level of 88
*+ 36 mg/100 ml (Mean ==SD), and 92 =
39 mg/100 ml at the end of the first and
second week, respectively. The cholesterol
levels of the castrated rabbits without sup-
plementary hormones remained at this high
level (95 = 40 mg/100 ml) throughout the
experiment (Fig. 1).

Treatment of the castrated rabbits with
progesterone alone did not bring down the
elevated serum cholesterol level to the pre-
castrated range. Their mean serum choles-
terol level (91 == 33 mg/100 ml) was not
different from that of the non-hormone-treat-
ed castrated rabbits (p > 0.1).

The serum cholesterol levels of Groups C
and D at any time were essentially the same
(68 == 23, and 72 == 30 mg/100 ml, respec-
tively). The elevated serum cholesterol levels
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F1c. 1. Changes of serum cholesterol levels during 22 weeks of experiment.
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after castration, declined rapidly after estro-
gen administration. The levels fell toward the
precastrated value, but were still significant-
ly higher than the latter (p < 0.01).

Kinetic analysis of cholesterol metabolism.
The specific activity of serum cholesterol of
all rabbits declined rapidly during the first
week after intravenous administration of cho-
lesterol-74-3H; the curves then became less
steep and finally reached a straight line when
plotted in a semilogarithmic scale. Compart-
mental analysis revealed that these curves
best fit a general equation for a two-pool sys-
tem:

SAgerums, = Aze—et —+ Aoe—Bt

The mean equation for each of the five groups
of rabbits is shown in Table I. The mean
values of the various kinetic parameters of
such a two-compartment model are also in-
cluded in the table.

The time constants for the first and sec-
ond exponential functions of these equations,
1/a and 1/B8, were significantly greater in
castrated rabbits treated with no hormone or
progesterone alone than in the normal intact
female rabbits. It is also true for the mean

transit time, ¢, of the tracer cholesterol.
Treatment of the castrated rabbits with es-
trogen shortened all these time constants
which was no longer different from those of
the intact animals. Weekly alternation of es-
trogen and progesterone resulted in values
that were lower than those of castrated rab-
bits without hormone but higher than those
of normal rabbits.

The rate constants of the input of choles-
terol into compartment B from outside the
system and of the output from compartment
B to outside the system were very small and
negligible, and were omitted from the table.
The rate constants for interexchange of cho-
lesterol between two compartments, K,p and
Krs, showed no significant statistical differ-
ence among all groups except for lower values
observed in the castrated rabbits treated with
progesterone. On the contrary, a distinct dif-
ference was found in the rate constants of
output of cholesterol from compartment A to
outside the system, K,; lower in castrated
rabbits treated with no hormone or progester-
one alone, and higher in the other three
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groups.

A uniform statistical relationship existed
among these groups of rabbits as to the sizes
of compartment A, B, and total pool (Mj,
My, and M+y), and the production rate of
compartment A: (a) these values were low-
est in the normal rabbits, (b) castrated rab-
bits treated with no hormone or progesterone
alone gave similar values to one another which
were higher than those of the other three
groups except for the PR, of castrated rab-
bits treated with both hormones, (c) treat-
ment with estrogen alone or alternating with
progesterone lowered these values which, how-
ever, were still higher than those of the nor-
mal rabbits.

Discussion. Steady state of equilibrium. A
steady state of equilibrium of body cholesterol
should be attained and maintained throughout
the period of kinetic study of cholesterol
metabolism in order to obtain precise, valid
results. This is the reason why cholesterol-7a-
SH was given only six weeks after the com-
mencement of hormonal therapy which was
presumably the period required to obtain a
new steady state of equilibrium under the
controlled hormonal influences The rather
stable serum cholesterol levels in each group
of rabbits throughout the experimental period
provided good evidence of existence of such
steady states of equilibrium.

In spite of the stability of serum choles-
terol levels, however, the body weights of
these rabbits increased gradually during the
period of study, indicating a slow expansion
of body cholesterol pool, for the amount of
cholesterol in the body increased with the in-
crease of tissue mass. Therefore, the body
cholesterol of these rabbits was not exactly
in a steady state. The slow increase of body
weight might introduce some errors in the
measurements of the kinetic parameters. For
the purposes of intergroup comparison, the
possible errors were negligible since the same
errors might be introduced to a similar ex-
tent in all groups.

Effects of castration. After bilateral oopho-
rectomy, the serum cholesterol levels almost
doubled the precastration levels within two
weeks (Fig. 1). A similar phenomenon has
been observed in humans (3). The data ob-
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tained from kinetic studies revealed that, in
addition to the elevation of serum cholesterol
levels, the sizes of pools A and B also ex-
panded to 2.5 and 2.4 times that of the nor-
mal control rabbits, respectively (Table I).

The possible reasons for such increase of
body cholesterol were either increase of its
input or decrease of its output or both, The
increase of the production rate of pool A to
1.7 times the normal control indicated an in-
crease of input of cholesterol from outside
the system, rather than a decrease of output
from the system. There were two sources of
cholesterol input into compartment A from
outside the system; one was dietary choles-
terol absorbed by intestine, the other was the
newly synthesized cholesterol in compartment
A. Since the rabbits were fed a diet contain-
ing a very small amount of cholesterol, the
production rate of compartment A could be
considered as the amount of cholesterol syn-
thesized daily in this compartment.

In the steady state, PR, may also repre-
sent the output or excretion of cholesterol in
compartment A to outside the system. There-
fore, the cholesterol excretion was also en-
hanced in the castrated rabbits. The mean
transit time of the tracer cholesterol, how-
ever, was 1.4 times that of normal controls.
The prolonged transit time resulted in a rela-
tively greater expansion of compartments A
and B as compared with the increase of PR..

In short, removal of ovaries and hence the
ovarian hormones, apparently removed the
inhibitory effect on endogenous cholesterol
synthesis in compartment A and consequent-
ly stimulated its synthesis. The excretory
mechanism was also proportionally enhanced
to meet the increase of synthesis. However,
the mean transit time of the tracer cholester-
ol was prolonged after castration, resulting
in the expansion of both compartments A
and B in the same proportions. Elevation of
serum cholesterol levels in such animals was
the reflection of expansion of the body cho-
lesterol pool.

Effects of progesterone alone. The treat-
ment of castrated rabbits with daily admin-
istration of progesterone did not alter any
kinetic parameters or serum cholesterol lev-
els in these animals. They were essentially
the same as those of the castrated rabbits
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with no hormonal treatment.

Effects of estrogen alone. The elevated
postcastration serum cholesterol levels were
remarkably reduced by administration of es-
trogen for two weeks. Although their serum
cholesterol levels, thereafter, were still above
those of the normal control rabbits, this dem-
onstrated a definite hypocholesteremic effect
of estrogen in the castrated rabbits.

The kinetic study showed the value of
PR, in these animals fell between that of nor-
mal controls (135%) and the castrated rab-
bits with no hormonal treatment (80%). In
other words, the endogenous cholesterol
synthetic activity in estrogen-treated rabbits
was only 80% of that of the castrated rab-
bits with no hormonal treatment, represent-
ing a 20% reduction, or suppression. How-
ever, such synthetic activity was still higher
than that of the normal rabbits.

Another remarkable effect of estrogen on
the cholesterol metabolism to be emphasized
was the normalization of the mean transit
time of the tracer cholesterol, which was pro-
longed after castration. The shortening or
normalization of mean transit time prevented
further expansion of the body cholesterol pool.
As a matter of fact, compartments A and B
increased in the same proportion as PR, in
these rabbits (1.3-1.4 times normal).

The reason for the absence of total nor-
malization of PR, in the estrogen-treated,
castrated rabbits was not quite certain. One
possible explanation was the insufficient dose
of estrogen given, another explanation was
that the effects of mestranol might not be
exactly the same as the natural occurring
estrogens in rabbits. )

Effects of cyclic alternation of estrogen
and progesterone. The changes of the serum
cholesterol levels of the castrated rabbits
treated with weekly alternation of estrogen
and progresterone followed the same pattern
as those treated with estrogen alone. Al-
though the mean values of all the kinetic
parameters were higher in the former than
in the latter, no statistically significant differ-
ences were observed except for the sizes of
compartment B and the total pool.

Since administration of progesterone alone
was shown to have no effect on cholesterol
metabolism, the changes of various kinetic
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parameters in these rabbits treated with both
hormones were apparently due to pure
estrogenic influence and indeed followed a
pattern similar to those treated with estrogen
alone. The higher absolute values of the
kinetic parameters observed in these animals
were conceivably the result of smaller
amounts of estrogen administered (daily for
every other week instead of daily through-
out the study). The slowly exchangeable pool
or compartment B seemed to be more vulner-
able than compartment A to expansion when
the dose of estrogen given was insufficient.

Conclusions. There were two primary
effects of castration on cholesterol metabolism
in female rabbits: (a) removal of the in-
hibitory effect of estrogen on cholesterol
biosynthesis, and (b) prolongation of the
mean transit time of the tracer cholesterol.
As a consequence of the first effect,
endogenous cholesterol synthesis was in-
creased. A proportional increase of its excre-
tion compensated for such overproduction
and maintained a steady state of cholesterol
in the body. As a consequence of the second
effect, a new steady state of equilibrium was
attained in which both slowly and rapidly
exchangeable pools were expanded including
an elevated serum cholesterol level.

Administration of estrogen alone to the
castrated rabbits suppressed the stimulated
cholesterol biosynthesis and shortened the
prolonged mean transit time of the tracer
cholesterol to normal, whereas the admini-
stration of progesterone showed no such
effects. :

Summary. Thirty-two castrated adult
female rabbits were divided equally into
four groups treated with no hormone, pro-
gesterone alone, estrogen alone, and weekly
alternation of estrogen and progesterone, re-
spectively. An additional nine intact female
rabbits served as normal controls; 25 uCi of
cholesterol-7¢-*H was given to each rabbit
intravenously six weeks after the commence-
ment of hormonal treatment. The subsequent
disappearance curves of serum cholesterol
specific activity were analyzed and wvarious
kinetic parameters were obtained.
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The results indicated that castration re-
moved the inhibitory effect on cholesterol
biosynthesis and prolonged its mean transit
time with consequent expansion of body ex-
changeable cholesterol pool size. Such effects
could be reversed by administration of
estrogen alone or with progesterone but not
by administration of progesterone alone.
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