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ABSTRACT

Women experience acute myocardial infarctions (AMI) 10 years later than men —
evidence that estrogen is protective is not consistent. Ovulatory disturbances (low
progesterone but normal estradiol levels) silently occur in >33% of all cycles.
Progesterone-based (cycle-timed serum or saliva) levels or urinary metabolite
excretions are necessary to diagnose silent ovulatory disturbances within regular,
normal length menstrual cycles. Progesterone acts biphasically in vitro — initial
proliferation changes to differentiation. It also suppresses or complements estradiol’s
actions. Basic and clinical studies show that progesterone is positively related to
endothelial function/blood flow, influences vascular smooth muscle cells and cardiac
electrical signals. Several studies in primates document that high fat-fed subordinate
females have higher stress, fewer ovulatory cycles and lower progesterone levels
but similar cycle lengths as menstruating, dominant females. Subordinate females
develop arterial plaque similar to high fat-fed males. In population-based prospective
data, women with early pregnancy progesterone deficiency, stress and multiple
miscarriages are at five-fold higher AMI risk. Also, early menopausal AMI are
associated with significantly more pre-/perimenopausal anovulatory cycles. Given
the multi-dimensional positive effects of progesterone on the cardiovascular system
(CVS), and persuasive data from primate and human studies associating increased
AMI with ovulatory disturbances, this review presents a new CVS protection
hypothesis for women — ovulatory cycles with balanced progesterone-estradiol
levels decrease women'’s risks for AMI. Based on this new theory, it is believed

that progesterone as well as estradiol is required during the premenopausal years to
prevent women’s early heart disease.
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INTRODUCTION

It is well established that women having their first
heart attack (acute myocardial infarction, AMI) are
approximately 10 years older than men."? Although
the risk for, and consequences of, coronary heart dis-
ease (CHD), AMI and other cardiovascular diseases
(CVD, including stroke, heart failure and peripheral
vascular diseases) are similar between genders,
factors involved may be different.* These issues
have recently been comprehensively reviewed® and
guidelines for women’s CVD prevention are avail-
able.* Although overall, women’s CHD incidence
and mortality are lower than men’s throughout the
lifecycle,! cardiovascular diseases (heart diseases
and stroke) are the largest single reason for death

in women of all ages.> CHD remains a current

and urgent issue for women due to recent British
Columbia-wide data showing increasing AMI mor-
tality rates in younger women (defined as those <55
years old).® In other age cohorts and in men, AMI
mortality rates have seen decreases over time.°

Furthermore, there may be gender differences in
the effectiveness of CHD prevention strategies. For
example, statin treatment is prescribed and effective
for secondary prevention in both men and women
but only in 2013 did a meta-analysis suggest that
statins are effective for primary prevention in
women.” Statin use for women’s primary CVD pre-
vention continues to lack data in large cohorts on its
cost-effectiveness, side-effect profiles and number
needed to treat. Low dose aspirin has been reported
to decrease men’s risk of first AMI but does not in
women; aspirin does, however, decrease stroke in
hypertensive women aged >65.8 The Framingham
study showed that the presence of diabetes attenu-
ates women’s “cardiovascular protection” and is
related to increased CHD risks and higher mor-
tality.” However, impaired fasting glucose also
increases women’s but not men’s CHD risk, '
further demonstrating gender-related complexities
in the pathophysiology of CVD.

For many years, estrogen has been understood

to provide women with “cardiovascular pro-
tection” — a corollary is that “postmenopausal
estrogen deficiency” causes heart disease. These
ideas were based on observational data in large
cohorts such as the Nurse’s Health Study.!" These
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studies have been criticized, however, because
estrogen-treated women were healthier, often had
better access to health care'? and only those treated
women without side effects continued estrogen
therapy.!* However, beginning in 2002, two large
estrogen or estrogen-progestin women’s primary
prevention randomized controlled trials (RCTs)
showed negative cardiovascular results.'*'> More
recently, abstract-presented early results in younger
menopausal women in the Kronos Early Estrogen
Prevention Study'® showed that neither transdermal
estradiol nor oral conjugated estrogen (each with
lower dose cyclic progesterone) prevented pro-
gression of coronary artery calcification or carotid
intima media thickness. Further, as early as 1997,
in the Ancel Keys lecture, epidemiology physician
Barrett-Connor while asserting that women’s cardio-
vascular system was “superior” to that of men,
stated: “Plasma estrogen levels do not explain CHD
in either sex; . . . new hypotheses are needed”.!”

Several recent publications from the Centre

for Menstrual Cycle and Ovulation Research
(CeMCOR)"*2 in addition to the existing body of
literature on menstrual cycles and ovulation?" >
have led to the hypothesis that cardiovascular
protection in women is related to the progesterone
as well as the estradiol within normally ovulatory
pre/perimenopausal menstrual cycles. These new
observations are: oral micronized progesterone in

a 3-month randomized placebo-controlled RCT

in healthy menopausal women tends to improve
endothelial function (15% increase in flow but non-
significant) and showed cardiovascular safety.'” A
recent meta-analysis of prospective studies docu-
mented that undetected, clinically silent “ovulatory
disturbances,” meaning anovulation or short luteal
phases within regular menstrual cycles, occurred
almost 50% of the time; ovulatory disturbances were
significantly related to negative bone changes.'® As
well, a whole population study of ovulation within
one cycle in over 3000 regularly cycling women
showed that anovulation (diagnosed by a cycle-
timed serum progesterone level) occurred about a
third of the time.” Together these data showed that
oral micronized progesterone has short term benefi-
cial effects and safety; silent progesterone deficiency



(ovulatory disturbances) is common despite suf-
ficient estradiol in regular cycles.

Thus, the primary purpose of this evidence-based
review is to propose a new women’s heart protec-
tion hypothesis: normal progesterone levels in
ovulatory women counterbalance or complement
estradiol’s actions leading to subsequent protection
from early CHD.

ESTROGEN AND
CARDIOVASCULAR DISEASE

The notion persists that endogenous estradiol
levels are the reason that women’s AMI incidence
lags behind men’s.?® Further, in assessment of
women’s cardiovascular risks, estrogen deficiency
is considered to be the key without considering
that a woman with amenorrhea is also progester-
one deficient.” In addition, it is assumed that if
women have regular cycles® of normal lengths
(21-35 days),? they are hormonally normal and
therefore heart disease is not a worry. Menopausal
women, who are defined in epidemiology as being
1 year after their final menstruation, are believed
to have “estrogen deficiency,” although low levels
of both progesterone and estradiol are normal in
menopausal women. Despite the unsuccessful
outcomes in large, long-duration RCT estrogen or
estrogen-progestin therapy primary'*'* and sec-
ondary?*” CVD prevention studies in menopausal
women and of higher dose estrogen therapy in
men,?? this “estrogen-heart protection” notion for
women persists.'?

At the core in explanation of the new progester-
one-estradiol premenopausal balance hypothesis
for CVD protection is the assumption that regular
cycles are inevitably ovulatory as vigorously
asserted by some.*® Other experts declare that

the high levels of premenopausal progesterone
within ovulatory menstrual cycles are a “unique
disorder”.*! Despite these assertions, normal
ovulation is by no means inevitable in clinically
normal menstrual cycles — multiple researchers
using various assessment methods have docu-
mented lack of ovulation and/or low progesterone
levels occurring despite regular cycles.?! 32734
Furthermore, estradiol levels have been reported
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to be similar in anovulatory and ovulatory
cycles.*

PHYSIOLOGY OF MENSTRUATION

Due to the varying methodologies reported in the
literature for the assessment of ovulation within
menstrual cycles, it is important to understand the
reliability and relevance of the various detection
methods. The gold standard for ovulation docu-
mentation is real-time surgical visualization of an
egg being extruded from the rupturing follicle (see
http://youtu.be/Kjulr5i10Gk). Thus all ovulation
detection methods are indirect; most either meas-
ure progesterone or some action of progesterone

(as in increasing core temperature).** Common
validated methods include cycle-timed single or
multiple serum?® or salivary progesterone levels,*’

a three-fold follicular to luteal increase in urinary
excretion of the progesterone metabolite, pregnane-
diol glucuronide (PdG)**-** or quantitative elevation
of the first morning temperature [quantitative basal
temperature (QBT)].*> 4! Although the mid-cycle
luteinizing hormone (LH) peak usually precedes
and triggers ovulation, an LH peak may occur with-
out subsequent ovulation — it has sensitivity without
specificity.'®

Anovulation means failure to release an egg; it is

the post-ovulatory corpus luteum that produces
progesterone, therefore progesterone levels remain
low throughout an anovulatory menstrual cycle. As
some clinicians use the term “anovulation” to mean
oligo- or amenorrhea, for purposes of this article, the
use of the term “anovulation” describes a menstrual
cycle without progesterone levels achieving >9.54
nmol/L for at least 3 days during the cycle.’+

Menstrual cycles are timed from the first day of
flow, thus cycle day 10 is 10 days after the onset
of menstruation. Menstrual cycle lengths (from the
first day of flow until the day before the next flow)
are accepted as normal if between 21 and 35 days
in length?® and with usual variability of less than

7 days.” Menstrual cycle lengths roughly indicate
integrated cycle estradiol levels — those that are
shorter tend to have higher estradiol levels* and
those 36 days or longer (oligomenorrhea) tend to
have lower estradiol levels. Amenorrhea, meaning
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no flow for three or more cycles, indicates that low
levels of both estradiol and progesterone are present
unless there is a pregnancy or its occurrence is in a
woman with anovulatory androgen excess, com-
monly called polycystic ovary syndrome (PCOS).
In PCOS, even with amenorrhea, estradiol levels
are tonically high.* (This review will not further
discuss PCOS since this syndrome involves only
about 5% of the premenopausal population, is
complicated by androgen excess and often associ-
ated with obesity and insulin resistance as well as
major psychosocial stress;* all of these individually
increase CVD risks.)

“Ovulatory disturbances” is a generic term for
decreased progesterone production within regular
cycles. It is defined as clinically normal men-
strual cycles (regular, and of normal length) that
are either anovulatory or are ovulatory but hav-
ing a shortened luteal phase length; short luteal
phases are the more common of ovulatory dis-
turbances.* ¢ There are no large prospective
population-based studies (i.e. whole cohort or
random sample of a discrete group and to include
a participation rate of ideally more than 50%)
that have reported ovulatory disturbances, but
prospective studies suggest that it is relatively
common.'® Furthermore, based on a cross-sectional
single cycle-timed serum progesterone measure-
ment within regular cycles in a population-based
cohort of over 3500 spontaneously menstruat-
ing Norwegian women aged 20-49.9 years, at
least 30% of all regular, normal-length cycles are
anovulatory.?

THE ROLE OF PROGESTERONE IN
CARDIAC PHYSIOLOGY

Progesterone is women’s post-ovulatory or luteal
phase menstrual cycle hormone, in contrast to
estradiol, menstrual cycle’s follicular phase
hormone. The absolute and relative amounts of
the two steroids produced during the menstrual
cycle*” must be noted since this relationship is
obscured by the fact that both hormones are com-
monly presented graphically (for example, many
are readily available in “Google Images” that are
without units) (Figure 1a). In reality, estradiol is
reported in “pmols” while progesterone is reported
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in “nmols”."? To show estradiol-progesterone
menstrual cycle relationships, each hormone can be
reported as percentage changes related to its level
on cycle day 1; in the normal ovulatory menstrual
cycle, estradiol rises to a peak that is 240% above
its low during the follicular phase — by contrast
progesterone rises 1400% above its follicular phase
baseline*’ (Figure 1b).

PROGESTERONE'S CELLULAR AND
SUBCELLULAR CARDIOVASCULAR-
RELATED ACTIONS

In vitro studies of cells in culture are typically
short-term experiments lasting only a few days.
These studies demonstrate that both progesterone
and estradiol cause cell growth or proliferation —
this is true in different tissues and in differing
animal species.*® However, if the culture time is
extended, then progesterone and estradiol have
differing actions — progesterone is biphasic with
initial proliferation followed by anti-proliferative
and differentiation/maturation effects.*® * Thus in
both human biology (for example, the importance
of adequate luteal phase length for fertility) and in
in vitro studies, progesterone’s duration of action is
important.

STEROID RECEPTORS

It is known that steroid receptors show promis-
cuous interactions,® but the receptor-mediated
actions of estradiol and progesterone also indicate
specific and extensive cross-talk. Estradiol, in
general, leads to up-regulation of progesterone
receptors.’!-32 This does not mean that when
estradiol levels are low, however, progesterone is
inactive. Each tissue may have a different ster-

oid action threshold; for example, bedtime oral
micronized progesterone therapy, in doses keeping
the blood level above the luteal phase threshold
for 24 hours, has been documented in an RCT to
be effective in decreasing hot flushes/flashes and
night sweats in menopausal women*® despite their
known normally low estradiol levels. Progesterone
also causes inactivation of estradiol receptors and
enzymatic changes leading to decreased estradiol
actions.! Further, progesterone has important
counterbalancing interactions with cortisol. In
osteoblasts, for example, cortisol inhibits bone
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Figure 1: This two-part figure shows in a) an internet-extracted diagram of the menstrual cycle hormones,
estradiol and progesterone plotted across menstrual cycle days without any values for the hormone levels (www.
thenakedscientists.com and adapted by JC Prior 5/2009). Estradiol is shown having similar levels as progester-
one. The Y axis has no units—estradiol is in solid red line and progesterone is the dashed green line. By contrast,
in b) the percentage changes of estradiol and progesterone from their respective low follicular phase baselines
are shown (Y axis) illustrating the much greater increase in progesterone (dashed green line) than estradiol
(solid red line) levels during the menstrual cycle. This is adapted by JC Prior from Nielsen ef al. J Clin Endocri-

nol Metab. 1990;70:1431-7.4

formation while progesterone counterbalances
this,** and through specific progesterone-receptor
mediated actions, directly promotes osteoblastic

bone formation.>

MYOCARDIAL OR VASCULAR CELLS

Progesterone cardiovascular physiology as it
relates to myocardial or vascular cells, endothelial
function with direct stimulation and indirect vaso-
dilatation through nitric oxide production, related
to angiogenic factors, responses to adrenergic
stimulae or to electrical responses of the cardio-
vascular system have been previously reported on,
thus are only briefly summarized in this review.
It is postulated that fibroblast and myocardial cell
overgrowth are induced by cardiac injury and high
blood pressure, in turn leading to cardiovascular
disease and hypertension. An in vitro study of
myocardial fibroblasts showed that 17 estradiol
and progesterone (but not estrone nor estriol)

inhibited fibroblast proliferation.’® However,
hormone exposure time in culture was limited to

24 hours. Thus, given the biphasic cellular actions

of progesterone, ***’ with longer exposure it is

plausible that progesterone may induce fibroblast
differentiation and regeneration thus aiding in
cardiac injury repair and maintenance (similar to
the progesterone’s activity in bone formation).
Both estradiol and progesterone after three days
in culture similarly inhibited mitogen-stimulated
proliferation of human umbilical vein smooth
muscle cells.’” Likewise, with longer term proges-
terone culture, vascular smooth muscle cells might

show differentiation.

ENDOTHELIAL FUNCTION AND THE
NITRIC OXIDE SYSTEM

Blood vessels can be dilated directly by vascular
smooth muscle actions or indirectly through nitric
oxide produced in endothelial cells. Endothelial
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progenitor cells that arise in the bone marrow and
hone in on tissues as needed, are understood to

be fundamental to cardiovascular physiology.*®
Several in vitro studies have shown that premeno-
pausal women’s circulating endothelial progenitor
cells are more effective at colony formation,

and respond better to oxidative stresses than in
men of a similar age.*® % Circulating endothelial
progenitor cells have been shown to increase

in number at the LH peak and in the mid-luteal
phase in 11 progesterone-documented ovulatory
premenopausal women.® However, endothelial
cell number correlated with estradiol, but not with
progesterone levels.®! Nitrites and endothelial
nitric oxide synthetase (eNOS) are stimulated

by progesterone; this stimulation is similar to or
greater than the effects of estradiol.®

RESPONSES TO ADRENERGIC STIMULAE

Catecholamines are important regulators of
responses of the cardiovascular system. As such
they are both important for essential functions such
as maintaining adequate blood pressure during
pregnancy, ensuring adequate upright blood pres-
sure and protective responses during dehydration
or volume depletion. However, vasopressors may
also be harmful to the cardiovascular system, thus,
modulation of responses to adrenergic stimulae are
likely important in vascular biology. Progesterone
actions on vascular responses have been studied
both in vivo in rats and in vitro in vascular smooth
muscle tissues (devoid of endothelial cells).%® These
studies demonstrated that progesterone antagonizes
vasoconstriction (stimulated by various agents
including arginine vasopressin and norepinephrine)
likely through calcium-channel effects.%® This was
confirmed in humans in a randomized cross-over
trial which showed that, with norepinephrine trans-
port inhibition during a head-up tilt procedure, there
were greater counter-regulatory responses in the
hormonally confirmed luteal phase than during the
follicular phase.*

CARDIAC ELECTRICAL CONDUCTION
SYSTEM EFFECTS

Arrhythmias resulting from conduction distur-
bances within the heart are responsible for many
strokes, some syncope and even sudden death.
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Recent evidence suggests there are hormonal
influences on the cardiac electrical repolariza-
tion rate or the QT rate-corrected (QTc) interval.
The long QT2 syndrome in women is associated
with ventricular arrhythmias and sudden death. To
clarify the relationship of sex hormones, prepu-
bertal rabbits with a genetic long QTc defect were
ovariectomised and then in a random fashion were
treated with estradiol, progesterone, dihydrotes-
tosterone or placebo and observed over eight
weeks for cardiac arrhythmias or sudden cardiac
death. Estradiol was found to be proarrhythmic
and increased risk of sudden cardiac death versus
placebo and all other treatments.® In contrast,
progesterone compared with both estradiol and
placebo, decreased arrhythmias and risk of sudden
cardiac death.%

ENERGY METABOLISM

Progesterone is known to increase core or basal
temperature;* interestingly, estradiol appears

to counterbalance progesterone’s thermogen-
esis.®® The progesterone-temperature effect is
now known to be effected through hypotha-
lamic progesterone receptors. The physics of
progesterone’s luteal phase small temperature
increase (about 0.25°C) indicate that concomitant
increased energy consumption is required for
weight maintenance. This has been demonstrated
in a prospective diet-monitored menstrual cycle
study where it was found that weight-stable
premenopausal women consumed about 300
kilocalories more per day if they were ovulatory
versus anovulatory.?’

It has also been understood for decades that
women’s reproductive function and energy
availability are related. The Frisch hypothesis
of body fat and age at menarche® has been
criticized but the fundamental observation is
correct. Given these facts, progesterone may
have interactions with food-seeking/appetite,
insulin levels, energy intakes, brain appetite and
satiety hormones and to other aspects of inter-
mediary metabolism. Alternatively, anthropology
studies show that increased energy expenditures
(through exercise/work demands) are associated
with lower progesterone levels.® However, the
lengths of the luteal phases were not considered.



Given the higher energy intakes in the luteal
phase, it is understandable that higher insulin
levels are also observed in that cycle phase.”” An
RCT in which 10 days of oral micronized pro-
gesterone was administered showed a tendency
to decrease fasting insulin levels and improve
markers of insulin resistance in young women
with PCOS.™

CARDIOVASCULAR EFFECTS OF
PROGESTERONE IN PRIMATES

Cynomolgus monkeys have similar menstrual cycle
hormones and cycle lengths as humans, and are
therefore an appropriate model in which to study
relationships of ovulation to cardiovascular diseases
in women.” In the 1980s, Bowman Gray School

of Medicine at Wake Forest University imported
young adult cynomolgus monkeys from Southeast
Asia for studies of cardiovascular risk factors. At
least three identical early experiments (each pub-
lished separately without indication if there were
overlapping data) fed male and female animals a
“Western” style high fat diet for 30 months. The
primary outcome was coronary artery and large
vessel plaque and fatty streaks.” The animals
were housed in “family groups” that included a
single vasectomized male and four or five females.
In all experiments social interactions were docu-
mented by systematic observations. Researchers
observed that a couple of females per group

were groomed more, got to feed first and were
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consistently dominant in female social relation-
ships. Conversely, three or more of the females
were rather isolated, fed last and had less groom-
ing — these dominant and subordinate social status
designations were stable within a given animal over
time. Along with social observations, the investiga-
tors trained the females to submit to daily vaginal
swabbing to detect menstruation and to have blood
samples for progesterone levels collected cycle
day 7 and every three days starting cycle day 12.
Animals were also weighed regularly and estra-
diol data were available for a few animals.™ For
all animals, at necropsy, bilateral adrenal weight
(adjusted for body weight) was measured. Thirty
months of demographic, social behavioural, men-
strual cycle, ovulatory and hormonal results™ are
presented in Table 1. This experiment is presented
as it is the only study in which number of cycles
were reported. All three experiments, each involv-
ing about 23 females, included both dominant and
subordinate females and reported peak proges-
terone levels and the proportion of anovulatory
cycles over 30 months. In all experiments, those
animals that were dominant had fewer anovulatory
cycles (approximately 3—5%) versus the subordin-
ate animals with anovulation rates of 16-25%.
Furthermore, all coronary artery histology results
indicated greater coronary atherosclerosis in the
males and in subordinate females than in the
dominant females.”*"* Results of coronary artery
observations of one study’ are shown in Figure 2.

These cynomolgus monkey experiments consist-
ently document that socially stressed animals

cynomolgus monkeys.

Table 1: Behavioral, physiological and morphological characteristics of reproductively intact dominant and subordinate female

Characteristic
[range]) n=11

Dominant (median

Subordinate P
(median[range]) n=12

Body weight (wt.) (kg)
Adrenal wt. (mg/kg)
Progesterone peak (nmol/L)°

3.4 (2.8-4.0)
168 (126-333)
32.8 (21.0-40.7)

% Anovulatory cycles® 10 (0-46)
Total No. cycles 19 (13-23)
Mean cycle length (days) 35

2.9(2.1-3.6) <0.1
202 (160-303) <0.05
21.3(10.5-34.3) <0.02
32 (5-92) <0.01
17.5 (10-22) NS
38 NS

“By two-tailed Mann—Whitney U test.

Prior from the data presented in Kaplan er al.™

"Estimated peak luteal phase plasma progesterone concentrations across all ovulatory cycles, for each animal.
‘Percentage of cycles, for each animal, in which plasma P in the luteal phase was <6.4 nmol/L. These data are adapted by JC
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11 12 15
P=0.021
Dominant Subordinate Males
females females

Figure 2: This diagram shows the coronary artery results of thirty months of eating a Western-style
higher fat diet in cynomolgus monkeys. They were all housed in family groups of one vasectomized
male with 4-6 females. Females differed in social status (dominant, subordinate) and their proportion
of regular menstrual cycles with ovulatory disturbances — subordinate females had more ovulatory
disturbances and similar vascular plaque burden as the males while the dominant, ovulatory females
maintained normal coronary arteries. Numbers of animals are shown above. Drawn from data in

Kaplan et al.”

having subordinate status have larger body
weight-adjusted adrenal glands and are more
likely to experience ovulatory disturbances

within regular menstrual cycles. However, in one
experiment’ three of the subordinate animals
developed oligomenorrhea and, as expected, had
lower estradiol levels. Given that these studies
report on cycle lengths showing no difference
between social status groups, and that all three
studies showed that body weight was equal or
very similar between groups, it can be inferred
that these stressed and isolated monkeys, like
women with ovulatory disturbances,'® usually have
normal estradiol levels. Despite this assumption,

it has been argued that the abnormal coronary
arteries in subordinate animals were explained by
“estrogen deficiency”. However, the data speak

to the fact that the predominant perturbation of
reproductive function was in ovulation (and thus
lower progesterone) rather than in cycles (and thus
lower estradiol). The first report of studies of this
design summarized that “subordinate females had
impaired ovarian function (increased frequency

of anovulatory cycles and luteal phase deficien-
cies)”.” Therefore, these data demonstrate a
direct relationship between subclinical ovulatory
disturbances and increased coronary artery disease
in regularly menstruating female primates.

Additional primate data show that estradiol and
progesterone both prevent coronary artery spasm
acting through endothelial signals or through
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actions on vascular smooth muscle cells.” Whether
data support a direct positive cardiovascular effect
of progesterone and negative consequences in its
absence, or whether progesterone must be present
to counterbalances primary negative heart effects of
stress hormones cannot be determined from these
studies. The subordinate female monkeys compared
to dominant females had larger adrenal glands, and
in one report” showed higher ACTH-stimulated
cortisol levels. However, the adrenal weights were
positively related to the percentage of anovulatory
cycles (r=0.43, P<0.05).” That raises the question
about whether cortisol has direct atherosclerotic
effects. This question has been addressed in the
discussion of endothelial function in humans.”

PROGESTERONE, OVULATION
AND THE CARDIOVASCULAR
SYSTEM IN WOMEN

THE PREVALENCE AND INCIDENCE OF
OVULATORY DISTURBANCES

Based on a meta-analysis'® and emerging popula-

20 _ disturbances of ovulation are common

tion data
within clinically normal menstrual cycles in
premenopausal women. This has been documented
since the early 1980s.”® Eighty-two percent of

women screened to be normally ovulatory in two



consecutive cycles in a prospective 1-year study
experienced at least one ovulatory disturbance.?
This study included premenopausal women of
varying exercise habits, from “normally active” to
those training for and running marathons. Women
were non-smokers and did not use hormonal
contraception, were between 20 and 42 years of
age, with a normal body mass index (18.5-24.9
kg/m?). Further, included women had no (overt)
eating disorder and were not compulsive exercis-
ers.*® Results showed that marathon-trained runners,
despite lower body weights and body fat, were

no more likely to experience ovulatory disturb-
ances. Their cycle lengths remained within normal
limits for all but about 1% of cycles that showed
oligomenorrhea.** The ovulatory characteristics

of this cohort’s total menstrual cycles across that
study year are shown in Figure 3 illustrating how
common ovulatory disturbed cycles are, even in

a homogenous cohort of healthy premenopausal
women, and that short luteal phases are much more
prevalent than anovulatory cycles.

Early reports on the adaption of sex organs in
response to stress in addition to more recent
studies, suggest that ovulatory disturbances
represent an adaptation to a variety of stressors
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including unusual or new exercise-training.”-%!

Progesterone is produced in very large quantities
and this requires a major “effort” which would be
spared in the distressed individual by opting to
produce less progesterone while preserving estra-
diol levels and normal menstrual cycle-lengths.
These reproductive adaptations have since been
supported by an anthropological review of human
reproduction in varying environments and sea-
sons.*> % Stressors that can influence ovulation
may initially seem quite minor, as in cognitive
dietary restraint (normal-weight women who
worry about weight gain and obesity), but they
are still associated with higher rates of ovulatory
disturbances® and, as in subordinate monkeys,
related to higher cortisol exposures.® Also,
younger women, whose complex reproductive
system is still maturing and developing normally
ovulatory cycles (within 10-12 years of men-
arche), are more likely to respond to stressors
with ovulatory disturbances.*®

Prospective studies of ovulation and menstrual
cycles show that ovulatory disturbances are
common. A recently published meta-analysis of
prospective studies of menstrual cycles and ovula-
tory characteristics included six investigations in

<

Figure 3: This pie chart describes the incident ovulatory disturbances within largely regular and normal
length menstrual cycles (n=782): anovulation (4% )=green; short luteal phases (25 % )=purple; normally ovula-
tory cycles (61 % )=blue; and incomplete or could not analyze ovulation cycles (10% )=red. These data were
from a prospective 1-year observational study in 66 initially proven-ovulatory, healthy premenopausal women.
Redrawn from data in Prior et al. ¥
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healthy premenopausal women.'® In these stud-
ies averaging 2 years’ duration in 436 individual
women whose ages spanned the late teens to the
early 40s, the median split of within-cohort per-
centage of ovulatory cycles was 31-39%. Looked
at another way, despite normal mean cycle lengths
averaging 27 days, a mean of 49% of women
experienced one or more ovulatory disturbances
per year (range 13-82%) (Table 2).'® Also, in a
population-based whole-county cross-sectional
study in Norway (participation rate 58.8%) using
a cycle-timed progesterone threshold level of
29.54 nmol/L, the ovulation point prevalence was
56.3% to 65.8% depending on whether women
provided investigators with information on the
start date of only their last cycle or both their last
and next cycles, respectively.?

It is noteworthy that women in perimenopause
(the transition to menopause) may or may not
menstruate regularly,* and clearly have increased
rates of ovulatory disturbances®> 8¢ and infertility.
Furthermore, perimenopausal women are also more
likely than similar aged premenopausal women to
experience chest pain and arrhythmias. Although
the discussion of perimenopause and women’s
cardiovascular risks is beyond the scope of this
article, it is important to understand the increased
cardiovascular risk in this population with ovula-
tory disturbances.

Thus, although perhaps previously unrecognized,
silent ovulatory disturbances appear to be suffi-
ciently common that they could theoretically relate
to women'’s risk of early heart attack.

REPRODUCTIVE VARIABLES RELATED TO
CARDIOVASCULARRISK

In general the longer a woman’s reproductive
lifespan (the number of years from a woman’s
menarche to menopause) the lower her cardiovascu-
lar risk."” In light of the proposed hypothesis, this
ideally means longer exposure to both estradiol
and progesterone. A number of other studies have
examined heart attack risks related separately to
age at menarche, age at menopause, nulliparity,
parity, reproductive lifespan and cycle regularity or
irregularity®-* but none of these have documented
ovulation or luteal phase length. However, it is
known, based on population data, that women with
an early age at menarche have greater likelihood of
adult obesity® which is a cardiovascular risk factor.
Earlier menarche in population data is also associ-
ated with greater all-cause mortality.”! It is also
reasonably clear that women with early menopause
(generally before age 40) have an increased risk
for heart attacks.” Premenopausal bilateral ovari-
ectomy has long been understood to put women

at CVD risk but a 1-year comparative RCT of
conjugated equine estrogen versus the synthetic
medroxyprogesterone showed more weight gain
and abnormal cardiovascular risks in women treated
with the equine estrogen.*?

It is known that irregular menstrual cycles are
associated with increased risks for heart attacks® —
irregular cycles are an indicator of lower estradiol
levels (in women without PCOS) but also of lower
progesterone levels associated with ovulatory
disturbances that are more prevalent in irregularity.

Table 2: Meta-analysis of prospective menstrual cycle and ovulation/luteal phase length studies.

First Author, Year No. of Duration Age (years) Mean BMI No. of cycles/  Cycle length % with >1 ovulatory
women (years) (kg/m?) year® (days) disturbance”

Bedford et al.*® 114 2 22 22 7 31 82

Waugh et al.'"® 189 2 32 24 6 29 33

Morris et al.'* 14 1.5 15 22 1 30 36

Waller ef al."! 53 1.5 33 3 30 13

Prior ef al.'*? 27 4 36 22 2 28 66

Prior et al.* 66 1 34 22 10 28 62

Total or Mean 463 2.2 years 28.7years 224 4.8 29.3 days 48.6%

phases within the duration of the study.

Adapted from Li et al. Epidemiol Rev. 2014;36:137-47."® (Oxford University Press).
“Menstrual cycles per year with ovulatory characteristics documented.
"Percentage of women experiencing one or more regular, normal-length menstrual cycles with anovulation or short luteal
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Currently however, there are no prospective data in
women that have assessed menstrual cycle and ovu-
latory characteristics, cardiovascular risk factors,
psychosocial stressors and documented subsequent
AMI and CHD experiences.

Historically, before effective contraceptive strate-
gies were available, nulliparity in married women
was likely to indicate an increased difficulty con-
ceiving — this subfertility was most commonly due
to ovulatory disturbances. Now, women can choose
whether or not to bear children. Data indicate that
nulliparity is increased in women experiencing sud-
den cardiac death (RR=3.8) in a case-control study
within married women.” However, not all studies
show a nulliparity relationship with women’s CVD
risk perhaps because now it is usually related to a
reproductive choice. Studies have shown that the
risk relationship is U or J shaped, meaning that
risk for CVD is increased in women who bear one
child, lower in those bearing between two and

four children, and again increases in women who
bear five or more children.’®*® In parous women,
the increased risk of CVD is partially attributed to
history of pregnancy complications and dyslipid-
emia; however, it is clear other factors may also be
involved that have not yet been identified.”

INDIRECT, NITRIC OXIDE MEDIATED
CONTROL OF VASCULAR ENDOTHELIUM
AND BLOOD FLOW

As previously discussed, endothelial function is
fundamental to cardiovascular health. The indi-
rect or nitric oxide-related increased blood flow
response is triggered by temporary vessel occlu-
sion and then release causing increased flow (“flow
mediated dilatation”). As an experimental or clini-
cal test, endothelial function may be assessed using
ultrasound and post-occlusion changes in brachial
artery diameter or it can be assessed more com-
plexly and in smaller blood vessels using forearm
strain gauges during venous occlusion plethysmog-
raphy.” Acetylcholine in standardized, increasing
doses is infused locally via artery to stimulate the
release of endogenous nitric oxide by endothelial
cells.

Although there are few human investigations that
have studied endothelial effects of progesterone
separate from estrogen/estradiol, one study using
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venous occlusion plethysmography in 27 healthy
early menopausal women during intra-arterial
infusion of physiological menstrual cycle levels

of estradiol, progesterone, estradiol and progester-
one versus the vehicle has been reported.'® Each
hormone was tested in random order, separated by
a 1-week period between administrations. Results
in the 22 women with complete cross-over data
showed that forearm blood flow reliably increased
on all interventions during higher acetylcholine
doses, but that progesterone induced significantly
greater flow than vehicle control (P<0.01). Forearm
blood flow on estradiol alone or estradiol combined
with progesterone increased blood flow; however,
this increase was not significantly greater compared
to vehicle control.

Endothelial function was assessed during a
double-blind short-term RCT of oral micronized
progesterone in early menopausal women (1-11
years since final menstruation) with problematic hot
flushes/flashes and night sweats (vasomotor symp-
toms, VMS). Although there were baseline VMS
associations with cardiovascular markers,” there
were no prospective ones. Participating women
were screened to be without historical, clinical or
laboratory evidence of cardiovascular disease."
During a 3-month RCT of oral micronized pro-
gesterone (300 mg at bedtime daily to ensure the
blood progesterone concentrations remain above
the luteal phase threshold for 24 hours),'”' endo-
thelial function was assessed in 34 women before
and after 3 months on experimental therapy.'® At
baseline the 18 women on progesterone did not dif-
fer from the 16 women on placebo.!® Although the
forearm blood flow increases on progesterone were
consistently greater than on placebo (Figure 4), and
they were similar (about 15% greater than placebo)
to results of a previous intra-arterial progesterone
study,'® they did not reach statistical significance
versus placebo."

It is important to consider whether or not stress
hormones directly adversely influence endothelial
function as the mechanism for ovulatory disturb-
ances appears to be that stressors perceived in the
hypothalamus upregulate corticotrophin releas-
ing hormone to both increase pituitary ACTH

and adrenal cortisol production.'” Acting through
stressors (higher corticosteroid levels or the cat-
echolamines, epinephrine and norepinephrine) and
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Figure 4: This diagram illustrates the percentage increase (+SE) in forearm blood flow (Y axis) (adjusted for
the opposite arm) by venous occlusion plethysmography on active progesterone (300 mg/day for 3 months) or
placebo during increasing doses of acetylcholine (ACH). Reprinted with permission of PLOS One from Prior

et al.”

complex neuroendocrine changes resulting from
disturbances in sleep or circadian rhythms'® there
are a series of coordinated actions leading to the
ovulatory disturbances. However, it may be that
direct effects of cortisol or catecholamines have
negative cardiovascular effects. In a randomized
double-blind cross-over trial in eight men given
high dose glucocorticoid, cortisol (20 mg every

6 hours) for 5 days, venous occlusion plethysmog-
raphy showed that cortisol completely eliminated
the acetylcholine-related increased forearm blood
flow.” This suggests that adrenal stress hormones
have direct negative effects on endothelial function
and thus the cardiovascular system; high cortisol
may potentiate the adverse cardiovascular effects
of insufficient progesterone. In order to confirm
this potential endothelial effect interaction, a study
of high dose cortisol treatment with and without
progesterone in women is required.

EFFECT ON PROGESTERONE BIOMARKERS
OF CARDIOVASCULAR RISK

In the progesterone versus placebo RCT described
above, smokers, those with diabetes, hypertension,
previous cardiac disease, abnormal cardiograms or
abnormal fasting glucose or lipids were excluded."
Using the Framingham General Cardiovascular Risk
Profile for women, at baseline mean 10-year risks
for AMI, heart failure, stroke or peripheral vascular
disease were low at about 4%.'* Results of this
study showed that progesterone caused no negative
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within-woman changes adjusting for placebo
therapy (by analysis of covariance) in weight, body
mass index, systolic or diastolic blood pressure,
heart rate, waist circumference, fasting glucose,
total cholesterol, low density lipoprotein cholesterol,
triglycerides, C-reactive protein, serum albumen

or D-dimer.'® The small (7.7%) decrease in high
density lipoprotein cholesterol (although used to
calculate the Framingham General Cardiovascular
Risk Profile) did not result in any changes in this
metric during the trial, nor in differences in change
between progesterone and placebo.'

THE CARDIOVASCULAR ELECTRICAL
CONDUCTION SYSTEM

Atrial fibrillation is an abnormal heart rhythm that
is rare in those under the age of 55 but common

in older individuals. It leads to congestive heart
failure, strokes (without effective anticoagulation)
and is a significant part of women’s CVD although
atrial fibrillation is less common in women than

in men. Atrial fibrillation developed in about 1200
of the approximately 27,000 women participat-
ing in the two hormone trials of the Women’s
Health Initiative.'% Atrial fibrillation developed
more frequently in the hormone-treated versus

the placebo-treated women overall, but in the
estrogen-only treated women the risk ratio for this
incident arrhythmia was significantly increased

to 1.17 (95% CI 1.00, 1.36).' However, in the
estrogen-progestin treated women the incidence of



new atrial fibrillation was 1.07 (95% CI1 0.91, 1.25)
P=0.44.%

It is also likely that ovarian hormonal changes
are directly responsible for the higher risk for
arrhythmias in perimenopausal women. This is a
normal life transition® when estradiol levels are
higher!'%- 197 and progesterone levels are lower3> %
than in premenopause. Given the experimental
data showing that estradiol lengthens the QTc and
progesterone shortens it by improving cardiac
repolarization,® this may be an important CVS
mechanism through which progesterone counter-
balances the actions of estradiol.

MULTIPLE SPONTANEOUS EARLY
MISCARRIAGES

Spontaneous miscarriages typically occur between
10 and 15 weeks of gestation around which time in
the course of pregnancy progesterone production
changes from the corpus luteum to the placenta.'®

A large prospective cohort study documented
psychosocial, nutritional and hormonal events in
over one thousand urban community women in early
gestation.'® Sufficient data were available to analyze
the contributing factors to early miscarriage in 55
women with spontaneous pregnancy loss compared
with 809 controls delivering at term. Results showed
that a lower body weight (body mass index <20
kg/m?) and lower serum progesterone levels (<38
nmol/L) as well as being over age 33 were associated
with these early miscarriages.'” Furthermore, these
women miscarrying early in pregnancy reported,
prior to that event, perceived higher life stresses and
demands (and had higher corticotrophin releas-

ing hormone levels).!® Thus early miscarriages

are related to lower progesterone and higher stress
hormone levels. Both lower progesterone and higher
stress hormone levels are associated with vascular
abnormalities as previously discussed.””

In a cross-sectional study investigators assessed mis-
carriages by questionnaire in a representative sample
of almost 4000 Finnish woman aged 20-90.!1°
Among parous women aged 50-74, having experi-
enced a miscarriage, after age-adjustment, there was
an odds ratio of 2.1 (95% CI 1.0-4.3) for clinical
cardiovascular disease.'’ The strongest data are
prospective and are provided by a large population-
based study centred in Heidelberg, Germany and
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part of the European Prospective Investigation into
Cancer and Nutrition (EPIC)."" This study followed
almost 12,000 women who had ever been pregnant
for a mean period of 10.8 years; 82 myocardial
infarctions were documented during this time.'"!
Women with more than three miscarriages had a
multiply-adjusted five-fold increased risk for acute
myocardial infarction (adjusted HR 5.06 [95% CI
1.26-20.29].""" Thus these data suggest that women
with lower progesterone levels, lower BMI levels,
higher premenopausal age and higher stressors are at
increased risk for myocardial infarctions. These data
support the hypothesis that normal progesterone
levels (as well as normal estradiol levels) are needed
for cardiovascular protection in women.

ANOVULATION IN A POPULATION-BASED
PROSPECTIVE STUDY

As part of a breast screening programme in Utrecht,
Netherlands a nested case-referent population-based
study of risks for early myocardial infarction was
performed in women aged 40—-49 who continued

to menstruate (were non-menopausal and not on
hormones). This study enrolled 10,583 women
(participation rate 44%) and observed the rate of
incident AMI over the subsequent 5-7 years."? All
women were asked to provide first morning urine
samples on cycle day 22 for three consecutive
menstrual cycles and to keep a menstrual calendar.
All 10 regional hospitals’ records were searched
prospectively and 45 women were found to have
been admitted for an AMI or chest pain with
documented angiographic coronary artery dis-
ease.'"? Each of these women with CVD (cases) was
matched with three similar-aged women (controls)
who had collected urine samples within 6 months
of them. Urine samples for cases and referents were
analyzed for excretion of estrone, PdG and testos-
terone and were adjusted for urinary creatinine.
Age at menopause was similar for controls and
cases. Contrary to the investigators’ expectations,
lower estrogen or higher testosterone excretions
were not present; urinary PdG levels were also not
different. When a criterion for ovulation (PdG >0.5
umol/mmol creatinine) was applied to the dataset
to identify participants with any specimens from
anovulatory cycles, significantly more women who
suffered an MI (29%) than controls (14%) were
identified as anovulatory (P<0.02).!'? This evidence
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supports a role for anovulation during ages 40—49
within regular cycles as important in the risk for
early heart attacks in menopausal women.

OVERVIEW

This review suggests that progesterone has bene-
ficial cardiovascular physiological effects and

its presence within ovulatory menstrual cycles is
associated with decreased risks for women’s cardio-
vascular diseases. In most instances, clinicians are
currently unaware of whether or not normal proges-
terone levels are present within clinically normal
menstrual cycles and lack appreciation that “sub-
clinical” or “silent” ovulatory disturbances are very
prevalent. Normal menstrual cycle estradiol levels
are clearly important for women’s heart health.
However, emerging data on the prevalence and inci-
dence of silent ovulatory disturbances within regular
cycles and new RCT data on progesterone’s positive
endothelial actions with a lack of adverse effects on
surrogate markers for cardiovascular disease have
prompted this new hypothesis related to risks for
cardiovascular disease in women in menopause.

The reviewed data from basic science, animal
experiments, clinical, epidemiological and RCTs
all point toward a positive effect of ovulation and
the high post-ovulatory levels of progesterone (in
the context of normal estradiol levels) on vari-
ous aspects of women’s cardiovascular health. In
some circumstances the effects of estradiol may be
negative (as in lengthening the QTc interval) and
evidence suggests that progesterone counterbal-
ances this. In endothelial function, estradiol and
progesterone appear to both indirectly increase
blood flow through the nitric oxide system.
Progesterone also has direct vasodilatory actions
through vascular smooth muscle.

This review is strengthened by the breadth of the
information assessed — from in vitro and basic sci-
ence, to animal studies to clinical experimental and
epidemiological data. Furthermore, this review may
be beneficial in terms of integration of information
into clinically sensible and physiologically plausi-
ble relationships. However, there are limitations to
this review that warrant mention including that the
review is by no means comprehensive but merely
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highlights possible relationships. Any omissions are
not by design but by lack of awareness or inability
to make integrated sense of the data.

Although it is early in the development of these
ideas, there are both research and clinical options
to explore and validate them. The research implica-
tions of this hypothesis are: 1) there is a need for

a non-invasive but accurate test of ovulation that
does not require cycle-phase timing; 2) women
identified as having ovulatory disturbances (as in
with non-male factor or obstructive infertility) or
low progesterone levels (as in recurrent miscar-
riages) could to be prospectively observed, along
with suitable control groups, for the development
of arrhythmias and other cardiovascular diseases;
3) women with proven frequent ovulatory disturb-
ances could be randomized to cyclic progesterone
therapy or a placebo and observed for development
of changes in cardiovascular markers.

Likewise, there are many clinical implications of this
new concept about risk factors for women’s cardio-
vascular disease including: 1) in premenopausal
women experiencing hypothalamic amenorrhea,
oligomenorrhea or irregular cycles, in addition to
dealing with each woman’s social, environmental
and nutritional stressors, it is worth considering
cyclic progesterone therapy (http://www.cemcor.
ubc.ca/help_yourself/articles/cyclic_progester-
one_therapy) to prevent bone loss''® and potentially
cardiovascular disease; 2) women identified as
having had more than one early miscarriage could
be “prophylactically” treated with progesterone for
the first 12 weeks of a confirmed pregnancy; and 3)
women identified as having ovulatory disturbances
causing infertility be treated with cyclic progester-
one (begun after the LH peak); 4) perimenopausal
women presenting to emergency rooms or physicians
with inexplicable chest pain or arrhythmias could be
treated with cyclic or daily progesterone.

CONCLUSION

Menopause does not suddenly increase women’s
risks for heart attacks. Estrogen treatment, even
as a transdermal application (having fewer throm-
botic risks than oral),!"* and when provided early
in menopause (if the higher risks of breast cancer



are ignored), is not a logical solution to prevent
women’s heart disease. Prevention of women’s
cardiovascular disease begins during the premeno-
pausal and perimenopausal years and requires not
just estradiol but also progesterone. Ovulatory
disturbances (as only briefly touched on here) arise
because of social inequities, abuse, inadequate
caloric intake to balance energy needs, illness,
over-exercise and other “threats” or stressors. Thus,
for women to be normally ovulatory they need to
feel “at home” in their social, emotional, physical,
nutritional and spiritual environments.

The hypothesis that normally ovulatory cycles will
prevent women'’s cardiovascular disease integrates
socio-cultural and stress-related variables with
traditional cardiovascular risk factors. Further, this
new hypothesis demands an innovative, multifaceted
women’s CHD prevention strategy. To be imple-
mented it would require elimination of gender-based
economic and social inequities and stereotypes and
to combine social support, cognitive behavioural
therapy, optimization of nutrition and activity with
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