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Abstract. Strong scientific evidence suggests that estrogen therapy offers consider-
able protection from coronary artery disease. While earlier studies focused mainly on
favorable changes in plasma lipid profiles as the mechanism of estrogen action, re-
cent studies have documented other mechanisms of action including direct effects on
vascular wall. The other mechanisms include estrogen’s role as an antioxidant, its
ability to protect from DNA damage, inhibition of cell proliferation, and altering vas-
cular response to vasoactive agents. Considerable emphasis must be placed on re-
search on individual components of the commonly used conjugated estrogens and
estrogen structure/function relationship to target specific tissues and minimize un-
desirable effects while maintaining estrogen’s cardioprotective potency.

[P.S.E.B.M. 1998, Vol 217]

strogen replacement therapy is attracting wide inter-
est, both in terms of its benefits and risks. It is esti-
mated that approximately 15%-20% of postmeno-
pausal women are on estrogen replacement therapy (1). Es-
trogens relieve menopausal symptoms (2) and play a major
role in preventing two of the most important health concerns
of postmenopausal women, i.e., osteoporosis and coronary
artery disease (3, 4). The beneficial effects of estrogen on
osteoporosis have been covered by excellent reviews re-
cently (5) and will not be discussed here. It should also be
noted that although a number of estrogen preparations are
used clinically, most contain either estradiol or conjugated
equine estrogens (CEE). Considerable attention will be fo-
cused on CEE for four reasons: i) it is the most widely used
estrogen preparation in most clinical trials; ii) it represents
a mixture of estrogens (as discussed below); iii) the role and
biological effect of each component (and their metabolites)
is still not clear; and iv) seldom is there an attempt to ex-
plain the benefits and risks of estrogen replacement therapy
in terms of chemical composition of CEE.
To understand the mechanism of estrogen action, it is
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essential to understand structural differences among estro-
gens used in therapy and appreciate the differences in their
biological activity and a few aspects of their metabolism.
CEE represents a mixture of conjugated estrogens isolated
from the urine of pregnant mares and contains at least 9
major components (6, 7). Among these, estrone sulphate is
the predominant estrogen (about 45%) with a significant
amount of ring B unsaturated equine estrogens (predomi-
nantly 17a-dihydroequilin, equilin, equilenin amounting to
nearly 51%), and minor amounts of both 178 and 17« es-
tradiol (<4%). Although this estrogen preparation has been
in use for the past 50 years, the significance of individual
equine estrogen in demonstrated clinical effects is not
known. The USP specifications for composition of conju-
gated estrogen requires that, apart from two of its major
components (estrone sulphate and equilin sulphate), the
preparation contain 17a-dihydroequilin, equilenin, 17B-
dihydroequilin, equilenin, 173-estradiol, and 8 dehydroes-
terone (8). Elegant studies by Bhavnani and his collabora-
tors (6) have shown that the formation of ring B unsaturated
in mares may involve pathways without squalene and cho-
lesterol as intermediates. The detailed metabolism and phar-
macokinetics of major components of conjugated estrogen
preparation by Bhavnani, e al. (9-11) showed that equilin
sulphate is metabolized to 17p-dihydroequiln and 178-
dihydroequilin sulphate. They further noted (11) that a large
fraction of radioactivity was associated with metabolites
that were more polar polyhydroxy ring B unsaturated estro-
gens. The identity and biological activities of these polar
metabolites are only beginning to be investigated. 17(3-
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dihydroequilin sulphate is a far greater uterotrophic agent
than equilin (12) and has one of the highest binding affini-
ties for estrogen receptors (13) in the human and rat uterus,
but in the rabbit uterus all the equine estrogens were less
effective than 17B-estradiol, but better than 17a-estradiol
(12). Howard and Keaty (14) examined the clinical potency
of CEE components using suppression of urinary gonado-
trophic levels in oopherectomized women. They noted that
equilin sulphate was the most potent in this respect. How-
ever, these studies noted that in terms of uterotrophic po-
tency, 17B-estradiol sulphate and equilin sulphate were the
most potent.

One important point is that there is an equilibrium in
the body between the inactive sulphoconjugates and the
active free phenols (14), and there is evidence that only a
proportion of the sulphates are cleaved before their appear-
ance in the system’s circulation. Anderson, et al. (15) re-
ported that the major, circulating, conjugated oestrogen af-
ter oral administration is the parent sulphoconjugate. This
suggests that bioavailability of estrogen is influenced by the
role of sulphatases (16). Recent studies also suggest that
estrogens exist as aryl esters, a factor that could affect es-
trogen distribution.

Cardioprotective Effect of Estrogen

Cardiovascular disease is the leading cause of death in
postmenopausal women, accounting for 53% of all deaths in
women over the age of 50 (17). Coronary heart disease
(CHD) affects 2 million women and accounts for 500,000
deaths annually in women in the United States (18, 19). The
cardioprotective effect of postmenopausal estrogen admin-
istration has been demonstrated in a number of studies, with
recent publication of a 10-year follow-up of 48,470 post-
menopausal women that revealed a relative risk for heart
disease of 0.56 (20). This study now joins 21 case control
and cohort studies designed to examine the effect of post-
menopausal estrogen treatment on fatal and nonfatal cardio-
vascular disease. Despite the absence of a randomized, pla-
cebo-controlled trial on estrogen replacement, the 22 avail-
able studies in combination (and by meta-analyses) lead to
the conclusion that postmenopausal women have about a
50% reduction in cardiovascular disease with estrogen ad-
ministration (21, 22).

Although epidemiologic data correlate cholesterol lev-
els with incidence of CHD, the effect of endogenous and
exogenous sex steroids on lipids, and subsequent cardiovas-
cular risk is more complex and not well understood. Until
recently, much of the cardiovascular effects of sex steroids
were felt to be mediated through changes in lipoproteins
(23). The cardioprotective effect of estrogen was thought to
be substantially mediated by increases in high density lipo-
proteins (HDL) and the lowering of LDL cholesterol (24).
Most studies have clearly established that estrogen therapy
decreases total plasma cholesterol (24, 25) and increases
(24, 26) or maintains (25) plasma triglyceride levels. How-
ever, in the presence of a progestin, estrogen causes a sig-
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nificant decrease in both total cholesterol and triglyceride
levels in the plasma (26). The majority of the studies have
consistently documented that a significant increase in HDL
cholesterol levels in the plasma may be slightly blunted by
the addition of a progestin (24-27). HDL, cholesterol levels
were noted to be significantly elevated either in the estrogen
alone or with a progestin (25) with no consistent agreement
or changes in HDL, levels (28). Estrogen alone or in com-
bination with a progestin significantly reduced LDL cho-
lesterol levels (24-27). One of the interesting aspects of
estrogen therapy on plasma lipoprotein is the consistent de-
crease in Lp(a) levels observed even in the presence of a
progestin (26-29). A summary of the effect of estrogens on
plasma lipids is shown in Table 1.

The significance of overall beneficial effects contrib-
uted by blood lipid changes was reevaluated by two studies
that analyzed the source of the cardioprotective effect of
estrogens and found that only 25%-50% of the estrogen
effect could be accounted for by HDL changes (30, 31).
Therefore, as much as 50%—-75% of the effect of postmeno-
pausal estrogen therapy is not linked to circulating lipid
levels. Moreover, measurement of cholesterol levels in li-
poprotein fractions does not reflect interaction of lipopro-
teins with the vessel wall. Animal data also support the lack
of correlation between sex steroid induced changes in cir-
culating lipoproteins and cardiovascular pathology. For ex-
ample, monkeys were fed an atherogenic diet and adminis-
tered estrogens and progestins in concentrations that re-
sulted in ‘‘unfavorable’’ lipoprotein changes (32), less
atherogenic change than controls despite a significant re-
duction in HDL cholesterol. This study indicates a lack of
correlation between circulating HDL levels and atherogen-
esis and provides indirect evidence for a local effect of sex
steroids at the vascular wall. The lack of correlation be-
tween HDL levels and cardiovascular effects of estrogens
should lead to a reevaluation of other mechanisms by which
sex steroids may affect cardiovascular disease risk.

It has recently been shown that high doses of estrone,
estradiol, and estriol inhibit oxidation of LDL (mediated by
copper ions, monocytes, and endothelial cells), whereas tes-
tosterone had no effect (33). Thus, estrogens had antioxi-
dant properties in this model system. Other researchers have
demonstrated in vivo antioxidant effects of estrogen in hu-
man subjects using estradiol patch (34), while studies using
conjugated equine estrogens yielded conflicting results (35).
This could depend upon the metabolic pathways of estrogen
metabolism as well. Structural differences in the estrogen
molecule have been shown to influence its antioxidant po-
tential (36). In fact, studies from our laboratory have shown
that equine estrogens (equilin) are better oxidants (than es-
tradiol) at inhibiting the peroxidation of both fatty acids and
cholesterol (37). These observations may be very important
in vivo since peroxidation of lipoproteins is now believed to
play a key role in atherogenesis due to excess uptake of
oxidized LDL by macrophages (38). The oxidation of LDL
involves not only the formation of malonaldehyde and other



Table I. Postmenopausal Estrogen Therapy and

Plasma Lipids
With
Unopposed progestin References
Total cholesterol l d 24-26
Triglycerides T T 24-26
HDL Cholesterol ) Tl 24,25 26
HDL, T T 25,29
HDL, ) ™ 25,30
LDL Cholesterol d J 24-27
Lp(a) - { 26,28

hydroxy derivatives of fatty acids but also the formation of
toxic oxysterols from the cholesterol moiety (39). The
mechanism of antioxidant effect of estrogen on LDL oxi-
dation is not clear. Estrogen could play an inhibitory role
either in production and/or scavenging of reactive oxygen
species, or in protecting the level of endogenous antioxidant
such as vitamin E within the LDL molecule. It has recently
been shown (40) that estradiol has no effect on superoxide
production by human mononuclear cells. However, no stud-
ies were done on the effect of estrogen on pathways leading
to the formation of specific highly reactive oxygen species
such as singlet oxygen, hydrogen peroxide and hydroxyl
radicals. Estrogens might be involved in scavenging free
radicals or may interfere with oxidative chain reactions,
without having a significant effect on superoxide formation.
Preliminary studies done in our laboratory suggest that at
high concentrations, estradiol-17@ might inhibit superoxide
formation with no effect on hydroxyl radicals.

Recently attention has been focused on the effect of
estrogen metabolites on lipid peroxidation. In the liver and
some extrahepatic tissues (breast, uterus, kidney, etc.) es-
tradiol undergoes reversible oxidation to estrone, which can
then be oxidized irreversibly by one of two alternative path-
ways, the 2-hydroxylation pathway, which leads to the non-
estrogenic metabolites 2-hydroxyestrone and 2-metho-
xyestrone, and the 16a-hydroxylation pathway, which leads
to the highly estrogenic metabolites 16a-hydroxyestrone
and estriol (16a-hydroxyestradiol). Thus, the overall estro-
genic and metabolic impact of administered estradiol de-
pends on the relative magnitudes of the 2-hydroxylation and
16a-hydroxylation pathways (41). The C2-hydroxylation of
estradiol-17@ is primarily carried out by the dioxin-
inducible CYP1A2 group of cytochrome P450 (42). There
is precedence for compounds that stimulate C2-
hydroxylation (Dioxin or polycyclic aromatic hydrocarbon)
to cause decreased estrogenic activity (43—47). In vivo stud-
ies have shown that women who smoke cigarettes generally
have lower urinary estrogen levels than nonsmoking women
(45). Not as much is known about the specificity of the
P450-mediated C16a-hydroxylation except that the activity
is inducible by phenobarbitol but not polycyclic hydrocar-
bon (46). These characteristics suggest that the P450 en-

zyme mediating the C16a-hydroxylation might be a mem-
ber of the CYP2 or CYP3 families (42).

Our laboratory examined (48) the effect of estrogen
metabolites 4-hydroxy estrone and 17a-dihydroequilin (me-
tabolites of estradiol-173 and equilin, respectively) and
compared their antioxidant effect on plasma and lipoprotein
lipid peroxidation with parent estrogens. Lipid peroxidation
was evaluated by products of both fatty acid (thiobarbutric
acid reactive substances (TBARS)) and cholesterol (oxy-
sterols) oxidation from lipoproteins or whole plasma.
Whereas all estrogens significantly reduced lipid peroxida-
tion, 4-hydroxyesterone was far more potent than either
16a-hydroxyestrone, equilin or 17a-dihydroequilin in in-
hibiting TBARS formation in lipoproteins induced by Cu**
(Table II). Similar effects were also noted on TBARS for-
mation in THP-I macrophages in culture. However, 17a-
dihydroequilin (along with equilin) strongly inhibited oxy-
sterol formation whereas 4-hydroxyesterone was ineffective
(Table III). These studies suggest that different estrogens
might act preferentially on distinct lipid substrates in exhib-
iting antioxidant effects. Therefore, in vivo effect of estro-
gens as antioxidants might depend upon the predominance
of pathways (l16a-hydroxylation versus 2a- and 4a-
hydroxylation) of metabolism.

The antioxidant ability of estrogens was compared to
Vitamin E and B-carotene (49) in terms of lipid peroxida-
tion. In our study (49) the antioxidant effect of E, was
compared with fat-soluble antioxidants [alpha-tocopherol
and beta-carotene] in terms of both fatty acid (thiobarbutric
acid) and cholesterol oxidation. Addition of a-tocopherol
(54 p.M) inhibited oxidation (as measured by tiobarbutric
acid assay) of LDL by 92.6% and HDL by 76.5% but in-
hibited HDL oxidation by only 55.4%. BC had no antioxi-
dant effect. By the diene conjugation method (Figure 1), lag
times for a-tocopherol and B-carotene were reduced, but E,
exhibited a linear curve (no change in lag time). In terms of

Table Il. Effect of Specific Estrogen Metabolites on
VLDL and LDL Peroxidation®

TBARS Formation (nMoles)

Group
VLDL LDL
Control 31.75+1.39 49.77 £0.95
Equilin 14.21 £ 0.95 15.98 + 0.23°
17 a-dihydroequilin 11.31 £ 0.60° 14.50 +0.61?
17 B-dihydroequilin 1323 +1.21° 17.56 + 0.53°
17 B-dihydroequilenin ~ 14.68 + 2.88° 18.12+0.77°
4-hydroxy estrone 5.04 +0.20°° 5.44 + 0.98°°
16-hydroxy estrone 25.22 + 0.95° 26.77 £ 0.39°

Note. Mean + SD.

aVLDL (130 pg protein) and LDL (125 pg protein) were incubated
with cupric sulfate 50 ul (50 mM) and estrogens (7.5 x 10~>M) for a
period of 1 hr at 37°C. The formation of TBARS was measured by the
method of Satoh (15). Each data point is a mean of 3—4 determina-
tions.

b Significantly different from control (p < 0.01).

¢ Significantly different from other estrogens (p < 0.01).

Taken from Ref. 48 with permission.
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Table Ill. Effect of Estrogen Metabolites on
Formation of Plasma Oxysterols?

Group Oxysterols (ug/mL)
Control 16.75+t2.12
Equilin 1.36 £ 0.44*t
17a-Dihydroequilin 1.02 £ 0.92*t
4-Hydroxyestrone 13.51+£3.70

Note. Mean + SD.

* Significantly different from control (p < 0.1).

T Significantly different from 4-hydroxyestrone (p < 0.1).
@ Taken from Ref. 48 with permission.

cholesterol oxidation, E, was far more effective than either
of the antioxidants in inhibiting oxysterol formation. This
study shows that E, is as effective an antioxidant as o-
tocopherol in terms of fatty acid peroxidation but far more
effective than a-tocopherol or B-carotene in terms of cho-
lesterol peroxidation.

We further examined (50) the ability of estrogens to
protect against DNA damage induced by either hydrogen
peroxide or arachidonic acid alone or in combination with
Cu?*. DNA-strand breaks were determined by conversion of
double-stranded, supercoiled ©X-174 RFI DNA to double-
stranded, open, circular DNA and linear, single-stranded
DNA (Figure 2). Estradiol-17f significantly decreased the
formation of single- and double-strand breaks in DNA in-
duced by H,0, alone or with Cu®*. Equilin (an equine es-
trogen) was more effective than estradiol-178 at the doses
tested. Arachidonic acid in the presence of Cu?* caused the
formation of high levels of linear DNA that was protected
by estrogen with equilen being more effective. These stud-
ies suggest that estrogens through this protective effect on
DNA damage might contribute to cardioprotection.

Another area of considerable interest in evaluating es-
trogen effect is whether lipoprotein/estrogen interaction

Absorbance (234nm)

Time (min)
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plays a significant role in the distribution of E, within
plasma. Studies of the cardioprotective effect of estrogen
have revealed that estrogen significantly decreases LDL
levels and increases HDL levels in plasma (31). Further
studies of HDL subfractions have shown that estrogen
causes major increases in HDL, or HDL,, fraction and
apoAl levels (51). While there are considerable advances
made in the effects of estrogen on lipoproteins (52), knowl-
edge of its distribution and transport in plasma compartment
and factors influencing its cellular uptake are limited. Es-
trogen is believed to exist in plasma predominantly bound to
steroid hormone binding globulin (SHBG) or albumin and
as free estrogen (37, 53). The free estrogen is believed to
enter the cells passively bound to an intracellular estrogen
receptor (54). Recently elegant studies by Leszczynski and
Schafer (55, 56) showed that a variety of steroid hormones
can bind to plasma lipoproteins using equilibrium dialysis
techniques. Furthermore, they noted that steroid hormones
were converted into less polar compounds (presumably fatty
acid esters), especially in high density lipoproteins (HDL).
Indeed, fatty acid esters of estrogen have been identified in
human blood (57). These studies suggested that lipoprotein
bound steroid hormones would provide an alternative means
of transporting estrogen into the cells. However, quantita-
tive aspects of distribution of estrogen within various lipo-
proteins and non-lipoprotein compartments and their entry
into the cells are not known. Our recent studies (58) showed
that addition of labeled estradiol to plasma followed by
ultracentrifugation suggested that E, was predominantly
bound to HDL (50%) and lipoprotein-free fraction (presum-
ably albumin and SHBG) with very little in VLDL and LDL
fraction (<2%). Increasing hydrophobicity of estradiol (con-
version to acetates) increased its binding to LDL.
Recently important new developments are occurring on
the role of estrogens in modulating blood flow and re-

-8~ Control
-©~ Estradiol

—&— Alpha-tocopherol . )
Figure 1. Time course of the formation of

conjugated dienes during AAPH-induced
oxidation. LDL (60 pg) in PBS were oxidized
with 11 mM/L AAPH. All additions of estro-
gens and vitamins were 28 pM/L. Diene in-
crease was measured by continuously moni-
toring the increase of the 234 nM absor-
bance. The initial 234 nM absorbance of the
LDL solution was set to 0.1 and then the
increase was recorded over 3 hr. No blank
cuvete was used in the experiment. Taken
from Ref. 49 with permission.

—i— Beta-carotene




Figure 2. Agarose gel (stained with ethidium bromide) of ©X-174
RFI plasmid DNA incubated with H,O,, in the presence of or absence
of estrogen at 37°C for 30 min. Lanes 1-3: control DNA; lanes 4-6:
DNA + H,0, (15 mM); lanes 7-9: DNA + H,0, (15 uM) + E,, (18 uM).
A, B, and C represent supercoiled, open circular and linear forms of
DNA, respectively. Taken from Ref. 50 with permission.

sponses of the coronary artery to vasoconstriction agents.
Previous studies have already documented that estradiol-
178 can induce relaxation of a contracted coronary artery,
reverse acetylcholine-induced vasoconstriction (59, 60), and
improve exercise-induced myocardial ischemia in women
with coronary artery disease (61, 62). In an important study
Collins, et al. (63) showed that estradiol-178 modulates
acetylcholine-induced coronary artery responses only in
women, but not in men. This phenomenon might operate
through enhancement of endothelium dependent nitric oxide
synthesis (64, 65). Many details of vascular response in
terms of growth and vasomotor effects to estrogen can be
found in an excellent review by Farhat, et al. (66).

No discussion on estrogen therapy is complete without
examining the serious concern that exogenous estrogen
might increase the incidence of breast cancer (67). Whereas
estrogens promote breast cancer in experimental animal
models, tamoxifen (a competitive inhibitor of estrogen
binding) significantly reduces the carcinogensis (68). These
data, together with studies relating plasma estrogen levels to
risk of breast cancer, suggest that estrogen levels may in-
fluence the risk of disease among postmenopausal women
(69).

However, the results in humans are not consistent. In
one study the risk of breast cancer with menopausal estro-
gen replacement increased slowly with duration of therapy,
but only after the first five years of therapy (70). Two other
studies showed no significant increase in breast cancer risk
with estrogen replacement (71, 72). Other studies showed
that short-duration (less than 15 years) use of estrogen did
not increase breast cancer risk, whereas long-term use might
pose a 25% increase in risk (73). Interesting studies by
Colditz, et al. (74) found that the small increase in risk that
they noted in women who took estrogen was related to the
consumption of alcohol. The results of the PEPI Study pub-
lished recently (75) did note an increase in endometrial
hyperplasia in women taking estrogens.

A relationship between the pathways of estrogen me-
tabolism and its potential role in pathology was the recent
study of Osborne, et al. (76) who reported an association
between elevated estradiol-178 16a-hydroxylase activity in

human breast tissue and increased risk of breast cancer. The
Cl6a-hydroxylation leads to formation of the electrophilic
metabolite 16a-hydroxyestrone, which has been shown to
cause DNA damage (77). On the other hand the formation
of catechol estrogens (2-OH E1 and 4-OHE,) and their ef-
fects have also received considerable attention.

These compounds are non-uterotrophic, bind to estro-
gen receptors (78), and are able to form DNA adducts (79).
These compounds may reduce proliferation activity of cells
and function as antiestrogen (80). Under the influence of
metals these compounds cause severe DNA damage (81).
Therefore, an understanding of differences in metabolism of
E, is critical to evaluate estrogen induced carcinogenesis.

The reader is referred to excellent reviews on the es-
trogen therapy in relation to cancer risk by Zumoff (41) and
Speroff (82).

Future Research

One area that needs immediate attention is to determine
which components of the complex CEE mixture are respon-
sible for the demonstrated clinical benefits (and risks) in
humans. If one can identify a single component responsible
for most of the effects, is it necessary to consume a complex
mixture for therapy? In view of the fact that the metabolism
and biological effects of the major components in CEE are
not known, it is time to sort the mixture out and identify a
single compound to be used in therapy. Secondly, there are
challenges to developing an ideal estrogen (i.e., one that
produces beneficial effects in the cardiovascular system and
bone with little effect on breast and reproductive tissues). It
is possible that selectivity and specificity can be achieved
via the estrogen receptor interaction. A recent review by
Kaufmann and Bryant (83) alludes to this topic with impor-
tant suggestions on potential antiestrogenic compounds that
are in development. Finally, I feel strongly that further
knowledge on the distribution of estrogens in plasma may
help identify factors to deliver estrogen selectively to target
tissues.
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Ayers, Dr. B. Kessel, and the late Dr. Z. Rymaszewski for their collabo-
rations and to Ms. Jeannie Wilson for word processing support.
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