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Abstract

Concerns exist about the cardiovascular effects of hormone
replacement therapy (HRT) in postmenopausal women be-
cause results from the Women’s Health Initiative (WHI)
and the Heart and Estrogen/Progestin Replacement Study
(HERS) are contradictory. In both of these studies, post-
menopausal conjugated equine estrogens + medroxyproges-
terone acetate did not reduce risk, and somewhat increased
the risk of myocardial infarction in both primary (WHI) and
secondary (HERS) prevention. These results appear to con-
tradict numerous observational clinical trials and animal
studies, which reported profound beneficial effects of HRT
on cardiovascular disease risk. Results of both human and
monkey studies indicate that estrogen replacement therapy
(ERT)/HRT is effective in inhibiting progression of early
stage (fatty streak) atherosclerosis but that ERT/HRT is
much less effective in inhibiting progression of more ad-
vanced (established plaque) atherosclerosis. Results of these
monkey studies are consistent with those of studies in
women wherein ERT/HRT was initiated in postmenopausal
women with different initial amounts of atherosclerosis.
Based on these findings, it is speculated that ERT/HRT may
be more cardioprotective in younger postmenopausal
women with less coronary artery disease, and less effective
in women with established coronary artery disease. Re-
searchers are challenged to define the relative cardiovascu-
lar risk/benefit in different populations of postmenopausal
women based on differences in age, amounts of pre-existing
atherosclerosis, and risk factors.
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Introduction

ardiovascular disease is the leading cause of death

for both men and women in westernized countries.

One of every two women will die of heart disease or
stroke, compared with one of 28 women who will die of
breast cancer. Coronary heart disease (CHD') rates in
women after menopause are two to three times those of
women the same age before menopause. The increased in-
cidence of cardiovascular disease in women after the fifth
decade of life coincides with the onset of menopause, which
is associated with significant reduction in sex hormone, es-
trogen, progesterone, and androgen (AHA 2001; Bush et al.
1987). However, the increase in cardiovascular risk in the
fifth decade may be due to aging effects on the arteries. In
fact, both men and women have increased cardiovascular
risk as they age. There is no change in the slope (age vs.
cardiovascular disease) as women go though menopause.
Thus, the increased cardiovascular risk in the fifth decade is
age related and not related to changes in plasma hormone
concentrations. This characteristic has led to speculation
that postmenopausal hormone replacement therapy (HRT"),
which has been shown to reduce the risk of coronary heart
disease by as much as 50% in observational studies (Bush et
al. 1987), does not affect cardiovascular risk per se, but
represents a “healthy women” phenomenon. In other words,
healthier women are likely to take HRT and take care of
themselves.

The healthy woman effect can only be examined in a
randomized prospective double blind, placebo-controlled,
clinical trial. Results of recent prospective, randomized,
double blind, placebo-controlled trials have related HRT to
adverse health outcomes in postmenopausal women, and
have attracted considerable attention from health profes-
sionals, researchers, and the public. In particular, the Heart
and Estrogen/Progestin Replacement Study (HERS') (Hul-
ley et al. 1998) and the Women’s Health Initiative (WHI")
(Writing Group for the WHI 2002) have generated concerns
about the relative benefit/risk ratio of HRT in postmeno-
pausal women. In contrast to observational studies, HRT did
not decrease (and may have slightly increased) the risk of
coronary heart disease among women with (HERS) or with-
out (WHI) pre-existing CHD. Due to results of both HERS
and WHI, many experts in women’s health do not currently
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advocate the use of HRT in postmenopausal women except
for short-term relief of postmenopausal symptoms.

The ovariectomized cynomolgus monkey model has
been used extensively to examine the effects of HRT on
surrogate markers of coronary heart disease in postmeno-
pausal women. This monkey model develops dietary-
induced atherosclerosis. Atherosclerotic coronary arteries of
cynomolgus monkeys rupture, develop mural thrombosis,
and produce myocardial infarctions when the animals are
fed atherogenic diets for many years (Williams et al. 1991).
The incidence of myocardial infarction is greater in males
than in females (Williams et al. 1991); however, the inci-
dence is small (as it is in a population of people with similar
risk factors). For this reason, and the unpredictability of
identifying exactly which monkeys will have a myocardial
infarction (again, similar to people), surrogate endpoints
(e.g., plasma lipids and lipoproteins, coronary vascular re-
activity, and atherosclerosis extent) of clinical coronary
heart disease (chest pain, death, heart failure) are routinely
used to examine the effects of HRT on the risk of coronary
heart disease. In the text below, monkeys and humans are
compared in relation to cardiovascular risk factors and sur-
rogate endpoints of coronary heart disease.

Estrogen replacement therapy (ERT') and HRT have
been shown to have beneficial cardiovascular effects on
these surrogate markers in monkeys (Clarkson et al. 1996;
Mikkola and Clarkson 2002). However, publication of the
results from HERS and WHI provide results seemingly at
odds with the outcomes of the observational studies in
women as well as the prospective, randomized investiga-
tions conducted in monkeys. The question is not necessarily
whether the monkey model is valid (no one believes that
monkeys are exactly like women), but rather how these
divergent outcomes can be reconciled. The overarching is-
sue seems to be one of interpretation, which applies to the
randomized human trials as well as the monkey studies and
human cohort studies. A critical assessment of past studies
in monkeys in the context of results of the WHI and HERS
trials is presented in this review.

Characteristics of the Monkey Model

Cynomolgus monkeys share with women approximately
90% of their genome. Sexually mature females have regu-
lar, 28-day menstrual cycles and similar within-cycle go-
nadotropin and steroid sex hormone variations to those in
women (Clarkson et al. 1996; Hamm et al. 1993; Kaplan et
al. 1984). Additionally, cynomolgus monkeys share with
humans a susceptibility to diet-induced artery atherosclero-
sis. Finally, the distribution, cellular characteristics, and ex-
tent of lesions closely resemble the pattern observed in
humans (Clarkson et al. 1996).

Similar to their human counterparts, premenopausal fe-
male monkeys that consume a diet relatively high in satu-
rated fat and cholesterol develop less atherosclerosis and
have higher blood concentrations of high-density lipopro-
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tein cholesterol (HDLC') than equivalently treated, age-
matched males (Hamm et al. 1983; Kaplan et al. 1984).
Furthermore, surgically postmenopausal (i.e., ovariecto-
mized) monkeys fed an atherogenic diet develop more ath-
erosclerosis and have lower HDLC concentrations than
age-matched premenopausal females (Adams et al. 1985).
Typically, adult ovariectomized monkeys are used as mod-
els of postmenopausal females. Natural menopause occurs
in this species, but only near the end of life, and after most
individuals have already died of other causes. It is therefore
impractical to use naturally menopausal monkeys in most
experiments, requiring experimenters to rely on the surgical
removal of the ovaries to produce a model of postmeno-
pausal woman.

ERT/HRT Effects on Lipids
and Lipoproteins

Postmenopausal Women

At menopause, the plasma cholesterol profile of women
changes to one of increased cardiovascular risk. Total
plasma cholesterol (TPC') and low-density lipoprotein cho-
lesterol (LDLC') concentrations increase, and HDLC con-
centrations decrease (Bush et al. 1987; Lobo et al. 2001;
Walsh et al. 1991).

The cardiovascular effects of ERT/HRT on lipoproteins
are among the most widely accepted beneficial effects
(Bush et al. 1987). Although there is variability depending
on the type, dose, and route of administration, oral ERT
generally causes a decrease in LDLC and an increase in
HDLC and triglyceride concentrations (Bush et al. 1987). In
the Postmenopausal Estrogen/Progestin Intervention Trial
(PEPI) (Writing Group for the PEPI Trial 1995), all hor-
mone regimens reduced LDL cholesterol level by 15 to 16
mg/dL, significantly reduced lipoprotein (a), but increased
triglycerides. The most favorable effect on HDLC concen-
tration was in women taking unopposed estrogens. The ad-
dition of either cyclic or continuous medroxyprogesterone
acetate (MPA!) resulted in 75 to 80% less increase in HDL
compared with women taking estrogens alone.

HERS was the first large-scale randomized trial of HRT
for prevention of CHD in postmenopausal women with es-
tablished coronary disease (Hulley et al. 1998). Women
were randomly assigned to conjugated equine estrogens
(CEE!, 0.625 mg) + MPA (2.5 mg), or placebo. After fol-
low-up of 4.1 yr, the incidence of cardiac events was vir-
tually identical in the two groups despite beneficial changes
in plasma lipid concentrations analogous to those seen in the
PEPI study.

The most consistent adverse effect of ERT/HRT is the
increase of triglyceride levels. The elevated blood triglyc-
eride levels are an important risk factor for both CHD and
stroke (Hodis et al. 2003).

LDL particle size is reduced in women with estrogen
treatment. This reduction may be caused by a number of
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metabolic changes, the most likely of which include
changes in hepatic very-low-density lipoprotein (VLDL')
particle production and subsequent LDL particle formation,
a selective uptake of larger LDL particles by the liver, and
changes in enzymes/proteins involved in the process of in-
travascular remodeling of lipoproteins. Reports from studies
in women indicate that estrogen increases both the clearance
and production of large LDL and small LDL particles, with
the greatest effect on clearance of large LDL particles.
(Wagner 2001).

Ovariectomized Monkeys

Female cynomolgus macaques, like human females, have
higher plasma HDLC concentrations than their male coun-
terparts when fed an atherogenic diet (Hamm et al. 1983;
Kaplan et al.1984). Like women, postmenopausal (ovariec-
tomized) monkeys have an adverse plasma lipid profile (el-
evated TPC concentrations and reduced HDLC) compared
with intact females. The addition of exogenous ERT is gen-
erally associated with beneficial changes in plasma lipopro-
teins (Wagner et al. 1997). However, plasma HDLC
concentrations do not increase appreciably with ERT or
HRT in this species of monkey. In this respect, monkeys
differ from postmenopausal women (Wagner et al. 1997).
Thus, the plasma lipid responses of surgically postmeno-
pausal and postmenopausal women to hormone treatment
are somewhat divergent, However, based on results from
observational studies in women and in several monkey stud-
ies, ERT increases triglyceride levels primary by increasing
the production of large, VLDL particles, most of which are
cleared by the liver rather than being converted to small and
more atherogenic VLDL particles or LDLC. In summary,
female monkeys and women are similar with regard to their
TPC, LDLC, VLDL, and plasma triglyceride response
HRT. They differ in their HDLC response to HRT.

ERT/HRT Effects on the Artery Wall

Similar to postmenopausal women (Bush et al. 1987), the
antiatherogenic effects of HRT appear to be somewhat in-
dependent of changes in TPC, HDLC and LDLC, apolipo-
protein Al and B concentrations, average LDL particle size,
and HDL subfractions (Adams et al. 1990). Adams and
colleagues (1990) reported that both subcutaneously admin-
istered 17-f3 estradiol (E2) and E2 + cyclically administered
progesterone significantly inhibited progression of athero-
sclerosis in ovariectomized monkeys. The antiatherosclero-
sis effects of treatment were independent of variation in
plasma lipoprotein concentration.

Another study conducted by Adams and colleagues
(1997) was designed to test a commonly prescribed HRT in
women. Ovariectomized monkeys were untreated (controls)
or were treated with continuous oral CEE, MPA, or CEE +
MPA. After 30 months, unopposed CEE resulted in a 72%
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reduction in average plaque size compared with control ani-
mals. In contrast, plaque size in animals receiving CEE +
MPA was similar to that of controls. Clarkson and col-
leagues (2001) reported that addition of MPA did not an-
tagonize the atheroinhibitory effects of CEE. Progestin
issues are discussed below.

One major determinant of atherogenesis is the amount
of accumulated LDLC in the atherosclerotic plaque. In
1991, Wagner and colleagues reported that HRT (subcuta-
neous estradiol and progesterone) significantly decreased
(by 70%) the accumulation of LDLC and arterial LDL deg-
radation in coronary arteries of postmenopausal monkeys.
These changes in arterial LDL metabolism were indepen-
dent of changes in plasma lipid, lipoprotein, and apoprotein
concentrations, and they occurred without changes in indi-
ces of endothelial injury or changes in extra-arterial LDL
metabolism. The findings suggest that reduced arterial LDL
accumulation is one mechanism by which estrogen may
inhibit atherogenesis.

Results from numerous experimental and clinical inves-
tigations indicate that estrogen treatment may act directly at
the vascular wall level by affecting endothelial function
(Mendelsohn and Karas 1999). The endothelium plays a key
role in modulating vascular smooth muscle cell reactivity
(Williams et al.1997). Dilator and constrictor substances are
released by endothelial cells that may modulate the vascular
response to a wide variety of neurohumoral stimuli. Ath-
erosclerosis impairs dilation and enhances constriction of
coronary arteries (Ludmer et al.1986; Williams et al.1997).
There is considerable evidence that estrogens improve di-
lation. The effect of estrogen on coronary artery reactivity
has been evaluated by repeated quantitative angiography in
ovariectomized monkeys. Changes in the coronary artery
diameter have been measured after intracoronary infusion of
acetylcholine, which induces endothelium-mediated vasodi-
latation in normal arteries and constriction in atherosclerotic
arteries. After both short- and long-term estrogen treat-
ments, the animals exhibited vasodilatation in response to
acetylcholine, whereas estrogen-deficient controls exhibited
vasoconstriction (Williams et al. 1997).

These data from nonhuman primate and other animal
models suggest that ERT and HRT have beneficial effects
on several different risk factors and surrogate endpoints of
coronary heart disease. These results conflict with the ob-
servations made in the HERS and WHI trials, which report
little benefit of HRT on the incidence of coronary heart
disease. Reconciliation of these apparent differences may lie
in closer evaluations of the differences between these mon-
key studies and clinical trials.

What is Modeled in Monkeys?

To reconcile seemingly opposing effects of ERT or HRT on
the prevention of coronary heart disease between monkey
models and women, it is important first to define terms
(Grodstein et al. 2003). Most animal studies begin treatment
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(HRT or ERT) in the absence of pre-existing atherosclerosis
(Figure 1). Successful treatment (a positive effect of HRT)
in this circumstance relates to inhibition of the earliest
stages of atherosclerosis (Figure 1, upper panel). In contrast,
postmenopausal women enrolled in a clinical study would,
at the very least, start with some degree of atherosclerosis n
their coronary arteries and, depending on age, could have
well-established atherosclerotic plaques. Successful treat-
ment in such circumstances is measured by the degree to
which these more advanced plaques are prevented from rup-
turing and causing a clinical event (Figure 1, lower panel).
Therefore, initiation of treatment begins at two very dis-
tinctly different stages of atherosclerosis when one com-
pares monkey and human studies. The challenge then is to
interpret more accurately the results of studies (in both ani-
mal models and women) that initiate HRT or ERT at these
different stages of atherosclerosis to determine whether ath-
erosclerosis extent is an important determinant of the suc-
cess of treatment.

Initiation of ERT with No
Pre-existing Atherosclerosis

In two separate studies, Clarkson and colleagues (1998) and
Adams and coworkers (1997) initiated ERT (CEE given in
the diet at the monkey equivalent of 0.625 mg/day) imme-
diately after ovariectomy in monkeys with no pre-existing
atherosclerosis. In both of these studies (Figure 2), CEE
inhibited the very early progression of atherosclerosis by
about 70% compared with untreated controls. These sorts of
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Figure 1 Differing views of primary prevention. The vascular
biologist thinks of primary prevention as prevention of atheroscle-
rosis from the fatty streak (top left) to the beginnings of plaque
formation (top right), whereas the cardiologist views primary pre-
vention as the prevention of a cardiovascular event (bottom), re-
gardless of the amount of pre-existing atherosclerosis. Reprinted
with permission from Clarkson TB. 2002. The new conundrum:
Do estrogens have any cardiovascular benefit? Int J Fertil 47:61-68.
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Figure 2 Atherosclerosis size in ovariectomized monkeys that
consumed a low-fat, low-cholesterol diet in their premenopuasal
years, and then were given conjugated equine estrogens (CEE, at
the monkey equivalent of 0.625 mg/day) immediately after ovari-
ectomy. Progression of atherosclerosis in the CEE groups de-
creased 70% when the arteries were completely nonatherosclerotic
at the onset of treatment. Modified with permission from a figure
designed by Thomas B. Clarkson (Comparative Medicine Clinical
Research Center, Wake Forest University School of Meidcine,
Winston-Salem, NC), but not published at the time this article
went to press.

studies are the kind most commonly done in any animal
species. It is important to note that ERT is rarely initiated in
women with no pre-existing atherosclerosis.

Initiation of CEE with
Pre-existing Atherosclerosis

In a more recent study, Clarkson and colleagues (2001)
initiated CEE treatment immediately after ovariectomy in
monkeys with pre-existing atherosclerosis. CEE inhibited
further development of coronary artery atherosclerosis,
but only by about 50% (compared with untreated controls,
Figure 3). This treatment regimen would be equivalent to
treating a postmenopausal woman with average amounts of
pre-existing coronary artery atherosclerosis immediately af-
ter the onset of menopause. This population is still different
from the study populations used in the HERS, ERA (Estro-
gen/Progestin Replacement and Atherosclerosis Trial; Her-
rington et al. 2000), and WHI trials, which did not receive
HRT until several years after the onset of menopause.

Additional Studies
Two monkey studies closely model the situation in the

HERS, ERA, and WHI trials. In Williams and colleagues’
(1995) study, monkeys were ovariectomized, but not started
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