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Abstract

Some of the important health issues for postmenopausal
women include cardiovascular disease, osteoporosis, breast
cancer, and relief of menopausal symptoms. Ovariecto-
mized cynomolgus monkeys (Macaca fascicularis) have
many strengths as models for research in this area including
a close phylogenetic relationship to humans, similarities in
lipid/lipoprotein metabolism and coronary artery anatomy,
similar skeletal anatomical and morphological characteris-
tics, mammary glands with similar pathophysiological char-
acteristics, and a 28-day menstrual cycle with similar
hormonal fluctuations. Monkeys (macaques) also experi-
ence declining ovarian function and irregular menstrual
cycles (natural menopause) when they approach 24 to 29 yr
of age. However, because of their very short life span after
natural menopause, ovariectomized macaques are used to
model postmenopausal women. The cynomolgus monkey
model has been useful in defining the potential cardiovas-
cular benefits of soy foods and soy supplements; however,
it remains unclear whether the observations are generaliz-
able to all women or only to those who, like cynomolgus
monkeys, convert the soy isoflavone daidzein to the me-
tabolite equol. Particularly important has been the use of the
cynomolgus monkey model to understand the effects of soy
on breast health. There is evidence from a cynomolgus mon-
key trial to suggest that soy/soy phytoestrogens have no
estrogen agonist effects for breast. Finally, soy/soy phytoes-
trogens do not appear to be an adequate alternative to post-
menopausal hormone therapy. Nevertheless, important
attributes of soy have been identified, and it may have po-
tential as a complementary component to hormone therapy.
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Introduction

dvances in medical care and quality of life have

made it possible for North American women to live

for = 35 yr beyond the menopause. The number of
postmenopausal women living for these extended periods is
expanding rapidly with the expectation that there will be
more than 40 million postmenopausal women in the United
States alone in the next few years. Some of the health issues
of concern during this 35-yr postmenopausal period include
menopausal symptoms (e.g., hot flushes, vaginal dryness),
coronary heart disease and stroke, osteoporosis, breast can-
cer, cognitive decline, and memory loss. The need to main-
tain good health and good quality of life during this period
has resulted in the search for the “ideal” dietary supplement
or hormone therapy regimen. Although traditional hormone
therapy is effective for the relief of menopausal symptoms,
it has not been judged by either the physician community or
menopausal women as being ideal. This sentiment is due
primarily to the increased breast cancer risk associated with
long-term hormone treatment, ongoing thrombotic risk, and
the failure to prevent coronary heart disease in older (~65
yr) women (Rossouw et al. 2002).

The recent widespread disenchantment with hormone
therapy has spurned a vigorous attempt to identify “natural”
alternative and complementary therapies, such as soy. Soy
protein contains three compounds (genistin, daidzein, and
glyceitin) called phytoestrogens, because they are plant de-
rived and bind to the estrogen receptor. Daidzein can be
converted in the intestinal tract to a metabolite known as
equol. Because of their potential estrogen-like properties,
there has been a widespread belief that soy-containing phy-
toestrogens may be useful in improving menopausal symp-
toms associated with estrogen deficiency and preventing
chronic diseases thought to be estrogen dependent (coronary
heart disease, osteoporosis, cognitive decline) (see accom-
panying articles in this issue: Abbott et al. 2004; Archer
2004; Cline 2004; Jerome 2004; Kaplan and Manuck 2004;
Bruns and Kemnitz 2004; Shively and Bethea 2004; Story
and Kennedy 2004; Williams and Suparto 2004).

Currently, there is a necessity to obtain controlled ex-
perimental data to establish the effect or lack of effect of soy
protein, and its phytoestrogens, on the clinical conditions
associated with estrogen deficiency. Because monkeys have
phylogenetic similarities (DNA homology) with women and
they share many of the same reproductive biological char-
acteristics, the research group at the Comparative Medicine
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Clinical Research Center of Wake Forest University has
made a comprehensive effort to define their usefulness as
models for investigating the risk/benefits of soy supplemen-
tation in postmenopausal women (periclinical trials). In this
article, the effects of soy/soy phytoestrogens on surgically
postmenopausal monkeys (mainly cynomolgus macaques)
are summarized, and where possible, an explicit attempt is
made to translate the results to what is known currently
from clinical trials and observational studies of postmeno-
pausal women.

Cardiovascular Effects

Heart disease is the leading cause of mortality in women in
the United States; it accounted for 32% of deaths in the year
2000 (366,000/year). More women die from heart disease
than from stroke (103,000/year), lung cancer (65,000/year),
and breast cancer (42,000/year) combined (AHA 2002)
(Figure 1). Among North American women, the rate of
heart disease after menopause is two to three times greater
than that of premenopausal women of the same age
(NCWHD 2003).
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Figure 1 Mortality rates per 100,000 women in the United
States according to age and etiology: coronary artery disease,
stroke, lung cancer, breast cancer, colon cancer, and endo-
metrial cancer. From the Web (AHA [American Heart As-
sociation]. American Heart Association Statistical Update.
2002. http://www.americanheart.org/downloadable/heart/
10148328094661013190990123HS_State_02.pdf ; http://www.
americanheart.org/presenter.jhtml?identifier = 3000941).
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Suitability of the Cynomolgus Monkey Model

Ovariectomized cynomolgus monkeys have many strengths
as models for research on postmenopausal cardiovascular
disease. Among the strengths are their similarities in lipid/
lipoprotein metabolism, their comparable coronary artery
anatomy to that of women, their relative small size, and an
extensive bibliography about their reactions to diets and
hormones. Cynomolgus monkeys develop myocardial in-
farction as a sequela to their coronary artery atherosclerosis
at about the same rate as humans (1 per 300 at risk/year)
(Bond et al. 1980). Because very large numbers of animals
are required to have the statistical power to detect either a
positive or negative effect of an intervention, coronary ar-
tery atherosclerosis serves as a surrogate for coronary heart
disease.

As with all animal models, the ovariectomized cyno-
molgus monkey has some limitations. The first limitation
concerns the appropriateness/validity of extending observa-
tions from surgically postmenopausal monkeys to naturally
menopausal women. Macaques do develop a natural meno-
pause at around 24 to 29 yr of age (Gilardi et al. 1997), but
they have a very short (1- to 2-yr) postmenopausal life span,
making study during this period impractical. The principal
concern regarding the ovariectomized monkey model re-
lates to their very low plasma estradiol concentrations
(<5 pg/mL) compared with those of postmenopausal women
(~15-25 pg/mL) (Longcope 1999). They also differ in their
plasma androgen concentrations. For example, plasma tes-
tosterone concentrations are negligible in the ovariecto-
mized cynomolgus monkey, whereas naturally menopausal
women actually have measurable plasma testosterone con-
centrations (14-19 pg/mL) 24 mo after last menses (Long-
cope 1999; Speroff 1996).

Soy, Lipids, and Lipoproteins

Plasma lipids/lipoproteins are risk markers for atheroscle-
rosis in humans and monkeys. Elevated plasma tryglycer-
ides (TG") and low-density lipoprotein cholesterol (LDLC")
concentrations, along with reduced high-density lipoprotein
cholesterol (HDLC') concentrations, are associated with in-
creased risk for coronary artery atherosclerosis (Kannel
1987). After menopause, women’s plasma lipid/lipoprotein
concentrations tend to shift from a protective profile (high
HDLC, low LDLC) to one in which their risk for athero-
sclerosis is increased (low HDLC, high LDLC) (Speroff
1996). Like postmenopausal women, surgically postmeno-
pausal cynomolgus monkeys fed a “Western” diet have re-
duced HDLC and increased low-density lipoprotein (LDL')
+ very-low-density lipoprotein cholesterol (VLDLC') com-
pared with premenopausal monkeys. These lipoprotein
changes are also associated with progressing coronary artery
atherosclerosis in the monkeys (Figure 2) (Adams et al. 1985).

Based on current evidence, it appears that dietary soy
protein has a beneficial effect on plasma lipids/lipoproteins.
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Figure 2 Plasma high-density lipoprotein cholesterol (HDLC,
mg/dL) concentrations and coronary artery plaque (PQ) area
(mm?) in premenopausal versus postmenopausal cynomolgus
monkeys, both fed the same moderately atherogenic diet. Data are
modified from Adams MR, Kaplan JR, Clarkson TB, Koritnik DR.
1985. Ovariectomy, social status, and atherosclerosis in cynomol-
gus monkeys. Arteriosclerosis 5:192-200.

In 1999, the US Food and Drug Administration issued a
health claim stating, “25 grams of soy protein per day, as
part of a diet low in saturated fat and cholesterol, may
reduce the risk of heart disease” (FDA 1999). This claim
was based largely on the results of a meta-analysis by
Anderson and colleagues (1995) that reported reductions in
LDLC (~13%), and TG (~10%) and slight increases in
HDLC (~2%). However, the interpretation of this meta-
analysis has come into question recently. The shortcomings
of the meta-analysis are described in a review by Nestel
(2003), who states, “approximately half of the studies
showed minor or no cholesterol lowering effect and three
out of every four of the trials included in the meta-analysis
had such wide confidence intervals that an alternative con-
clusion might have been reached with equal validity” (p. 3).
In this brief review, the potential reasons for the disparities
among the studies of women are discussed, in addition to
the disparity in lipid responses to soy between monkeys and
women.

Our group has conducted several studies that have com-
pared the plasma lipid/lipoprotein profiles of monkeys fed
soy protein versus an animal protein (casein/lactalbumin
[CL']). Consistently, soy-fed postmenopausal monkeys had
increases in plasma HDLC of 20 to 30%, and reductions in
plasma LDL + VLDLC of 30 to 40% (Clarkson and Appt
2003). Translation of the monkey findings to human sub-
jects has been confusing and perhaps even controversial. In
controlled studies of human subjects, only very small
changes in plasma lipid/lipoproteins have been reported (re-
duced LDLC ~ 6%, no effect on HDLC) (Baum et al. 1998;
Crouse et al. 1999; Lichtenstein et al. 2002; Wangen et al.
2001). Several factors that may explain the translational
confusion concerning the effects of soy on lipids of post-
menopausal women and monkeys are described below.

First, among the human trials, there has been large
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variation in the composition of the soy products used (e.g.,
soy protein isolate powders, soymilk, soy flour baked into
foods, phytoestrogens pills) and the amount of phytoestro-
gens present in those products. Monkey studies have shown
that beneficial plasma lipid/lipoprotein responses are greater
when they are fed soy containing its phytoestrogens (soy
(+)") than when fed soy from which the phytoestrogens
have been removed by alcohol washing (soy (—" (An-
thony et al. 1998). It should also be noted that studies in
which phytoestrogens were removed from soy and either
added back to the diet of monkeys (Greaves et al. 1999) or
given as supplements to women (Nestel et al. 1997; Simons
et al. 2000) have reported no effect on plasma lipids. This
result suggests that soy protein containing its naturally oc-
curring phytoestrogens may provide the maximum benefit
for improving plasma lipid concentrations.

Second, we have found that postmenopausal monkeys
fed the same “dose” of phytoestrogens in their soy diets
have wide variations in their plasma phytoestrogen concen-
trations. Pertinent to the translational confusion is the find-
ing that monkeys with plasma phytoestrogen concentrations
< 400 nmol/L had decreased LDL + VLDLC, increased
HDLC, and marked inhibition of coronary atherosclerosis
compared with monkeys fed a control diet of soy (—). In
contrast, monkeys with plasma phytoestrogen concentra-
tions > 700 nmol/L had no improvement in their plasma
lipid profile and no protection against coronary artery ath-
erosclerosis (Clarkson and Anthony 2002). Therefore, there
may be an “optimum dose” of phytoestrogens to achieve an
“optimum” plasma concentration, both of which may vary
from individual to individual.

Third, there may be differences in soy phytoestrogen
metabolism between monkeys and women. In nearly all
monkeys, the soy phytoestrogen daidzein is converted by
bacterial enzymes within the intestine to the metabolite
equol, whereas only about 30% of women produce equol
(“equol producers”) (Setchell et al. 2002.) The biological
properties of equol are not well understood, but the impli-
cations of separating the equol producers from the “equol
nonproducers” with respect to lipid effects has been inves-
tigated recently (Setchell et al. 2002). Setchell and col-
leagues report on the re-evaluation of a randomized,
placebo-controlled, lipid-lowering study in which it was ini-
tially reported that there was no effect of soy foods on the
plasma lipids/lipoproteins of 23 hypercholesterolemic
women. However, when plasma lipid responses for equol
producers were reported separately, total cholesterol,
LDLC, and TG were lowered significantly (8.5%, 10%, and
21%, respectively) (Figure 3). Additional research is needed
to determine whether the beneficial effects of soy on the
plasma lipids/lipoproteins of monkeys are related to their
plasma equol concentrations.

Soy and Arterial Function

Studies of monkeys suggest that soy/soy phytoestrogens
may inhibit atherosclerosis progression through mecha-
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