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Abstract

Activated platelets serve as a catalyst for thrombin generation and a source of vasoactive and
mitogenic factors affecting vascular remodeling. Oral menopausal hormone treatments (MHT)
may carry greater thrombotic risk than transdermal products. This study compared effects of
oral and transdermal MHT on platelet characteristics, platelet proteins, and platelet-derived
microvesicles (MV) in recently menopausal women. Platelets and MV were prepared from blood
of a subset of women (n¼ 117) enrolled in the Kronos Early Estrogen Prevention Study prior to
and after 48 months of treatment with either oral conjugated equine estrogen (0.45 mg/day),
transdermal 17b-estradiol (50 mg/day), each with intermittent progesterone (200 mg/day for
12 days a month), or placebo pills and patch. Platelet count and expression of platelet
P-selectin and fibrinogen receptors were similar across groups. An aggregate measure of 4-year
change in vasoactive and mitogenic factors in platelet lysate, by principle component analysis,
indicated significantly lower values in both MHT groups compared to placebo. Increases in
numbers of tissue factor positive and platelet-derived MV were significantly greater in the
transdermal compared to placebo group. MHT was associated with significantly reduced
platelet content of vasoactive and mitogenic factors representing a potential mechanism by
which MHT may affect vascular remodeling. Various hormonal compositions and doses of MHT
could differentially regulate nuclear transcription in bone marrow megakaryocytes and non-
genomic pathways in circulating platelets thus determining numbers and characteristics of
circulating MV. Thrombotic risk associated with oral MHT most likely involves liver-derived
inflammatory/coagulation proteins rather than circulating platelets per se.
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Introduction

Studies of menopausal hormone treatments (MHT) on the
progression of cardiovascular disease in women report conflicting
conclusions, reflecting differences in study populations, timing of
MHT initiation relative to the menopause, and MHT formulations
and doses [1–5]. For example, while oral MHT may shift lipid
metabolism to a favorable cardiovascular risk profile (i.e.,
decreases in low-density lipoprotein cholesterol and increases in
high-density lipoprotein cholesterol), other metabolic effects due
to entero-hepatic absorption of the hormones may increase liver
synthesis of inflammatory cytokines and clotting factors that
increase thrombotic risk [2, 6–8].

Activated platelets catalyze thrombin generation and release
vasoactive and mitogenic proteins and cytokines implicated in the
progression of cardiovascular disease [9–12]. Consequently, it
is important to understand how different MHT formulations
affect platelet functions and secretory products to establish

cardiovascular risk benefit profiles of various formulations [8,
13]. Activated platelets also release double membrane-bound
microvesicles (MV) expressing bioactive molecules. These MV
may be modulated by hormonal status. For example, the number
of MV expressing tissue factor and procoagulant phospholipid
(i.e., phosphatidylserine) are inversely related to plasma estrogen
levels in recently menopausal women [14]. Furthermore, there is
an emerging longitudinal relationship between procoagulant MV
in the blood and end-organ structure, as the number of
procoagulant and platelet-derived MV measured at one time
point correlated with the volume of brain white matter
hyperintensities in post-menopausal women 4 years later [15].
However, no studies have compared the longitudinal effects of
oral and transdermal MHT on platelet function and content, and
procoagulant MV number, in healthy, recently menopausal
women. To address this knowledge-gap, we compared platelet
characteristics, platelet proteins, and characteristics of cell
membrane-derived MV in recently menopausal women rando-
mized to either placebo, oral, or transdermal menopausal
hormone treatments for 4 years. We hypothesized that platelet
reactivity, pro-mitogenic proteins, and total procoagulant and
platelet-derived MV would be greater in women randomized to
oral compared to transdermal MHT and both would differ from
women randomized to placebo.
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Methods

Participants

Study participants were recently menopausal women (42–59 years
old, within 6 months to 3 years of their last menses) enrolled in
the Kronos Early Estrogen Prevention Study (KEEPS) at the
Mayo Clinic, Rochester, MN [16]. KEEPS was a multi-center
randomized, double-blinded, placebo-controlled clinical trial
designed to test the hypothesis that hormone therapy started
early in menopause would reduce the progression of subclinical
atherosclerosis as defined by changes in carotid artery intima-
medial thickness (CIMT). Women were excluded if they had a
history of or were symptomatic for cardiovascular disease;
smoked more than 10 cigarettes/day; had coronary artery
calcification (i.e., �50 Agatston Units), body mass index
435 kg/m2, dyslipidemia (low-density lipoprotein cholesterol
4190 mg/dl), hypertriglyceridemia (triglycerides, 4400 mg/dl),
17b-estradiol 440 pg/ml; uncontrolled hypertension (systolic
blood pressure 4150 mm Hg and/or diastolic blood pressure
495 mm Hg) or fasting blood glucose 4126 mg/dl [16, 17]; or
used lipid lowering drugs. This study was approved by the
Mayo Clinic Institutional Review Board (IRB #2241-04 and
#09-003464). All participants gave written informed consent.

Each woman underwent a medical examination including body
mass index, waist-hip ratio measurements, standard blood
chemistries prior to and 48 months after randomization to either
oral conjugated equine estrogen (0.45 mg/day, oCEE), transder-
mal 17b-estradiol (50mg/day, tE2), each with intermittent
progesterone (200 mg/day for the first 12 days of the month),
or placebo pills and patch (PL).

Blood chemistries

Total cholesterol, low- (LDL-C) and high- (HDL-C) density
lipoprotein cholesterol (C), triglycerides, blood glucose, estrone
(E1), 17b-estradiol (E2), sex hormone binding globulin, testos-
terone, and high sensitivity C-reactive protein (hs-CRP) were
measured by Kronos Science Laboratories (Phoenix, AZ) and the
Mayo Clinic Department of Laboratory Medicine and Pathology
(Rochester, MN). Platelet count was determined by Coulter
counter [18].

Blood collection and platelet activation assays

Fasting venous blood was collected into a syringe from an
antecubital venipuncture with a 19 gauge butterfly needle. Blood
was dispensed into plastic tubes containing anticoagulants as
indicated below and maintained at 33 �C until the test was
performed. To provide consistency and to not activate the
platelets, all samples were processed within 30 minutes of
collection by the same individuals [19].

Platelet microaggregation was measured as the quotient of
platelet counts in blood samples collected in 3.2% sodium citrate
and 7.5% ethylenediaminetetraacetic acid tripotassium [EDTA
(k3)] salt anticoagulants [20, 21] and is reported as the percentage
of the difference between the two measurements [18]. This test
provides information about the sensitivity of platelets to respond
to threshold stimuli. A minor share of platelets in blood collected
from normal donors into citrate anticoagulant but not EDTA
undergo spontaneous microaggregation, a phenomenon linked to
thrombosis [22–24]. Platelet microaggregates are not counted as
platelets in Coulter Counter. Therefore, differences in platelet
counts between blood collected in EDTA and blood collected in
citrate provides an estimate of the number of microaggregates.

Platelet dense granule ATP secretion was measured as
previously described [13, 18].

Platelet expression of P-selectin and the fibrinogen-binding
conformation of receptor integrin �IIb�3 were measured by flow
cytometry [18–20]. Non-activated (basal) and agonist-activated
platelet expression of P-selectin and fibrinogen-binding receptor
(PAC-1 binding) conformation were expressed as % positive
platelets from total (10 000) platelet events.

Preparation and analysis of proteins from platelet lysate
and microvesicle free plasma

Platelets were isolated from platelet-rich plasma that was
separated from blood anti-coagulated with hirudin plus soybean
trypsin inhibitor and sodium citrate by centrifugation at 1500� g
for 10 min. To prepare platelet lysate, the washed platelet pellet
was reconstituted in 200ml lysis buffer [(#0103004 -L; Ray
Biotech, Norcross, GA); with 5 mM TRIS, 0.5% TRITON X100,
and a mixture of protease inhibitors (serine, cysteine, aspartic
proteases, and amino-peptidases) (#P8340, Sigma, St. Louis,
MO), pH 7.4], passed through a 26-guage needle for 8–10 times,
and then sonicated for 5 min [18, 25]. Insoluble membrane debris
was pelleted from the platelet lysate by centrifugation at
12 000� g for 5 minutes. The concentration of total protein in
the membrane debris-free lysate (supernatant) was measured by
Pierce� BCA protein assay kit (Pierce Biotechnology, Inc.,
Rockford, IL). An equal amount of protein (300 mg) from each
woman was applied to a customized protein array membrane from
Ray Biotech, Inc. (Norcross, GA). A standard protocol suggested
by the manufacturer was followed.

A similar protocol was followed for diluted (1:5 in non-
specific binding blocking buffer supplied by manufacture, Ray
Biotech, Norcross, GA) MV-free plasma which was obtained by
centrifuging platelet-free plasma at 20 000� g for 30 minutes.
Platelet lysate and plasma proteins were analyzed using a
customized protein array (Supplementary Material). The densities
of protein signals were quantified by positive dot blot analysis of
UN-SCAN-IT gel� analysis software (Silk Scientific Inc., Orem,
UT). Positive and negative controls were proprietary and included
on the arrays by the manufacturer. The signal intensity of every
protein measured in the platelet lysate and microvesicle-free
plasma was normalized by subtracting the average background
signal (negative control) and dividing by the average pixel value
of the positive controls on that array. Intensity of each protein is
expressed as the average of duplicate pixel values for that protein
on a given array. Examples of arrays are provided in the
Supplemental Figure S1 which demonstrates the absence of signal
for negative controls.

Characterization of blood-borne MV

Blood-borne MV were isolated from fresh and/or frozen platelet-
free plasma prepared from hirudin/soybean trypsin inhibitor
anticoagulated blood [18, 26]. Total numbers of procoagulant MV
expressing tissue factor or phosphatidylserine (measured by
annexin V binding) as well as activated platelet-derived, endo-
thelial-derived, and leukocyte-derived MV and MV expressing
intercellular adhesion molecule-1 (ICAM1) and vascular cell
adhesion molecule-1 (VCAM-1) were measured at baseline and
after 48 months of MHT using cell specific antibodies conjugated
with phycoerythrin (PE) or fluorescein (FITC) by digital flow
cytometry (FACSCantoTM; Becton Dickinson, San Jose, CA)
[14, 18, 19, 26].

Statistical analyses

Descriptive statistics were used to summarize the cohort,
including counts (percentages) for categorical variables and
means (SD, standard deviation) or medians (IQR, interquartile

DOI: 10.3109/09537104.2015.1023273 Menopausal hormones and platelet characteristics 33



range) for continuous variables. For comparisons of treatment, all
results reported were analyzed based on the ‘‘intent to treat’’
approach, though ‘‘per protocol’’ analyses were also performed.

In general, the overall effect of treatment was assessed in
regression based on a 2 degrees of freedom test, with a significant
result required before proceeding with post-hoc testing of
pairwise comparisons so as to not further inflate the type I
error rate. With the exception of screening the overall treatment
effect, analyses were uncorrected for multiple testing and thus
adhered to a liberal significance level of 0.05.

Clinical Characteristics were measured at baseline and end-of-
study. For descriptive purposes, baseline data are reported on the
pooled set of participants as treatment group comparisons via
ANOVA showed no significant differences. Changes in these
measures over time were compared across treatment groups based
on an analysis of covariance (ANCOVA). In particular, a main
effect of treatment was entered in a linear regression model to
predict the end-of-study clinical measure of interest, while the
corresponding baseline measure was used as an adjusting variable
in the model to reduce participant heterogeneity. For hormone
data which were collected only at end-of-study and tended to be
skewed, a Kruskal–Wallis test was used to assess a difference in
the distributions across the three treatment groups.

Platelet and plasma protein array measurements were limited
to baseline and end-of-study visits on a subset of participants
(n¼ 30 and 29, respectively), with the simple difference in the
paired responses used to express changes over time. Due to
the multitude of (and likely correlation between) variables,
data reduction using principal components (PC) analysis was
attempted to transform the entire set of changes into a few
independent dimensions that could ‘‘explain’’ most of the
variability in the data. Each dimension, or PC, is scored based
on a linear combination of the original variables, with the first PC
accounting for the highest variance possible, and each succeeding
PC the maximum variance P to orthogonal constraints of the
preceding PCs. With a majority of the total variance concentrated
in these first few components, a higher signal-to-noise ratio is
achieved while reducing the number of comparisons considerably
(i.e., 30 tests reduced to 3). The scores for each PC were then
tested for a treatment group difference in a second step using
one-way analysis of variance (ANOVA).

Platelet and microvesicle parameters were assessed for time
trends, both within and across treatment groups, based on linear
regression using the generalized estimating equations (GEE)
method to account for repeated measures with an exchangeable
working correlation structure assumed. From this type of
regression, which allowed any participant with at least one
follow-up measurement in the analysis, a differential slope
(change) across treatment was tested based on the interaction
coefficient between a three-level group variable and time. Each
continuous response variable was graphically assessed for
normality, with those found to be non-normally distributed
transformed as appropriate to satisfy linear regression assump-
tions. For ease of describing (not testing) serial data of each
platelet variable, repeated measures were summarized per
participant based on the change in their average follow-up value
from baseline.

Results

Clinical characteristics of participants

Of the 118 women enrolled, 117 had at least one follow-up
measurement; 110 women completed the study. The median
(interquartile range) age and months past menopause of women
for whom adequate blood samples after 48 months of treatment
were available were 57 (56, 60) years and 68 (60, 74) months,

respectively. Changes in phenotypic and clinical parameters
considered in assessment of cardiovascular risk for participants
at the Mayo Clinic site over the 48 months of the study were
representative of the entire KEEPS cohort [5]. Specifically, there
were no statistically significant differences in changes in body
mass index, waist circumference, or systolic or diastolic blood
pressure across treatment groups (Table I).

In KEEPS participants enrolled at the Mayo Clinic, changes in
LDL cholesterol differed significantly across treatment groups
(overall F-test, p50.001), with post-hoc testing revealing that
decreases in the oCEE and tE2 groups were greater than those in
the PL group (p¼ 0.013 and 0.015, respectively). There was also
a significant association of treatment group with changes in
triglycerides and (log-transformed) C-reactive protein (overall
F-tests, p� 0.001 for both), with higher increases in both
measures in the oCEE group compared to the tE2 (p� 0.001 for
both) or PL (triglycerides, p¼ 0.019; log C-reactive protein,
p� 0.001) groups (Table I).

There were significant differences in end-of-study levels of
estrone, 17b-estradiol and sex hormone binding globulin among
the three treatment groups (overall ANOVA F-tests, p� 0.001 for
each; Table II). From post-hoc testing of pairwise group contrasts,
there were significantly higher serum levels of estrone and
17b-estradiol in each hormone-treated group compared to PL
(p� 0.001 for each), and in levels of sex hormone binding
globulin for those treated with oCEE compared to PL (p¼ 0.001).
As expected, estrone and sex hormone binding globulin were
higher in the oCEE compared to the tE2 group (p¼ 0.024
and 0.001, respectively); 17b-estradiol was higher in the tE2
compared to oCEE group (p� 0.001). The median serum
17b-estradiol level at end of study did not exceed values
characteristic of menopause required for inclusion (40 pg/ml) in
the study. Total serum testosterone did not differ significantly
across groups (Table II).

Effects of MHT on general platelet functions

Platelet count did not differ significantly among groups at
baseline or at end of study (Table III). Platelet functions were
evaluated as a function of treatment and time among participants
with a baseline and at least one follow-up measurement. Within
the hormone-treated and placebo groups, there were nominally
significant increases (p50.05, uncorrected for multiple compari-
sons) in platelet number and agonist-activated platelet dense-
granular ATP secretion over time, while both basal and agonist
activated expression of P-selectin and fibrinogen receptors
(PAC-1 binding) tended to decrease within groups (Table III).
There were no statistically significant differences in the longitu-
dinal changes in any of these platelet functions across treatment
groups (Table III). These analyses produced similar results when
repeated used in a ‘‘per protocol’’ approach (results not shown).

Effects of MHT on platelet proteins

For a subset of 30 participants (n¼ 11 in the tE2 group, n¼ 9 in
the oCEE group and n¼ 10 in the PL group), quantity of platelet
lysate was sufficient to perform paired analysis of changes in
protein expression from baseline to 48 months after treatment
(this includes four participants in the PL group in whom baseline
values were imputed from corresponding measures at 6-month
follow-up). Total protein measured in the platelet lysate did not
differ significantly across groups either at baseline (mean ± SD:
1611 ± 546 in PL, 1610 ± 676 in tE2 and 1738 ± 726 mg/ml in
oCEE; overall ANOVA F-test, p¼ 0.887) or after 48 months
of treatment (2036 ± 788 in PL, 1689 ± 805 in tE2 and
2151 ± 743mg/ml in oCEE; p¼ 0.390). The 30 proteins examined
were grouped into four categories based on their source as derived
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from platelet a-granules, characteristic of endothelial cells,
characteristic of leukocytes, or derived from platelets and other
cell types. In general, with 48 months of MHT (with either tE2 or
oCEE), proteins in the platelet lysate appeared to decrease
compared to baseline but to increase with placebo, though formal
comparisons of these changes showed a nominally significant
treatment difference in only one of 30 proteins (Figure 1 and
Table IV). In an attempt to achieve a higher signal-to-noise ratio
by reducing the dimensionality of the data, a principle component
(PC) analysis was performed on the measured changes of these
proteins. The eigenvalues of the correlation matrix indicated that
the first three PCs account for 86% of the variability in the data,
with the first PC alone explaining 70%. Since the loadings of the
first PC were all positive and ranged from 0.10 to 0.21, this
dimension could be interpreted more or less as a global average of
the changes across all 30 proteins. The test for an overall
treatment effect on the transformed changes described by the
first PC was statistically significant (overall ANOVA F-test,
p¼ 0.022), with an average global increase in the placebo group
differing from average global decreases in both the oCEE and tE2
groups (p¼ 0.009 and 0.035, respectively; Table IV). The second
and third PCs describe other dimensions (explaining 13 and 4% of
the total variability, respectively) that express contrasts in the
changes between the different proteins. In comparing these across
treatment groups, the second PC showed no significant treatment
group difference. However, the third PC differed by treatment
(overall F-test, p¼ 0.026) based on significantly higher values in
the tE2 group compared to the PL group (p¼ 0.028) from post-
hoc testing. In terms of scoring, the proteins with the lowest
loading values were EPO-R, E-selectin, MMP-9, MMP-2, and
CRP. The major cellular origins of these proteins are cells other
than platelets, while those with highest loading were L-selectin,

VEGF, TGFa, P-selectin, and PDGF-BB. With the exception of
L-selectin, which is derived from leukocytes, all others are
derived primarily from platelets.

In the comparable set of proteins measured in plasma on the
same subset of individuals, there were no noticeable patterns in
the 4-year changes that distinguished the three treatment groups
(Figure 2), and all but one protein (MMP-9) failed to show a
nominally significant group difference from formal testing. After
reducing the dimensionality in these changes using PC analysis,
no significant treatment effects were detected for any of the first
three PCs (cumulatively these accounted for 59% of the total
variability).

Paired measures of proteins in platelet lysate and in plasma
were compared on this subset, a total of 29 participants pooled
across treatment groups. With the exceptions of CRP, E-selectin,
and TNFa, protein levels differed significantly between platelet
lysate and plasma, although the direction and magnitude of these
differences varied. Only levels OPN, ICAM-1, CD14, L-selectin,
MMP-9, and TIMP-2 were, on average, greater in plasma than
platelet lysate (Table V).

Effects of MHT on populations of MV

Changes in measures from the eight MV variables collected
serially over the 48 months of the study were compared across
treatments. Although baseline data were limited to only 58
participants due to a lack of available samples, regression analysis
testing for a differential treatment-by-time slope included all
participants (N¼ 115) with at least one measurement. Among the
MV variables analyzed, only changes in tissue factor-positive and
platelet-derived (CD42a) MV showed nominally significant
differences across the three groups (p¼ 0.008 and 0.037,

Table I. Phenotypic and clinical variables prior to treatment (baseline) and changes in those parameters 48 months after randomization to placebo
or MHT.

Baseline
Changes after treatment

Parameters (N¼ 118*) Placebo n tE2 n oCEE n p Valuey

Body mass index (kg/m2) 27.1 ± 4.2 0.8 ± 2.2 39 0.7 ± 2.0 36 0.3 ± 1.4 38 0.453
Waist circumference (cm) 84.3 ± 11.6 5.7 ± 7.7 38 2.8 ± 6.1 31 3.3 ± 6.4 32 0.140
Systolic blood pressure (mm Hg) 122.2 ± 14.0 �1.7 ± 15.2 38 0.1 ± 13.3 36 �2.8 ± 13.4 38 0.919
Diastolic blood pressure (mm Hg) 75.4 ± 8.0 0.9 ± 9.0 38 0.6 ± 10.2 36 �0.2 ± 7.7 38 0.870
Fasting blood glucose (mg/dl) 80.1 ± 9.3 0.9 ± 4.9 42 �2.3 ± 12.0 35 0.8 ± 8.6 39 0.420
Total cholesterol (mg/dl) 205.4 ± 31.6 17.3 ± 24.1 42 �5.8 ± 36.5 35 10.9 ± 34.5 39 0.034
HDL cholesterol (mg/dl) 70.2 ± 13.3 2.2 ± 8.0 42 1.7 ± 7.0 35 4.9 ± 8.5 39 0.093
LDL cholesterol (mg/dl) 118.5 ± 28.1 1.0 ± 22.8 42 �15.1 ± 30.0 35 �11.9 ± 25.5 39 0.017
Triglycerides (mg/dl) 87.4 ± 47.1 12.2 ± 39.7 42 �7.2 ± 25.7 35 32.1 ± 50.0 39 50.001
C-reactive protein (mg/l), median (IQR) 1.5 (0.5, 3.0) 0.1 (�0.2, 0.5) 42 0.2 (�0.8, 1.2) 35 1.5 (0.5, 3.9) 39 50.001z

Results reported as mean ± SD unless indicated otherwise.
*Baseline measures based on N¼ 118 participants except for waist circumference (N¼ 114). There were no statistically significant differences in these

variables among treatment group assignment at baseline.
yp value tests the overall effect of treatment group (2 degree-of-freedom) derived from an ANCOVA model where the end-of-study measure for a given

parameter is specified as the response variable and the baseline measure as an adjusting covariate, and treatment group as the main effect of interest.
zDue to data skewness, log-transformed values of the baseline and end-of-study measures were used in ANCOVA.

Table II. Serum hormone levels after 48 months of randomization to placebo or MHT.

Parameters Placebo (n¼ 36) tE2 (n¼ 34) oCEE (n¼ 36) p Valuey

Estrone (pg/ml) 18.0 (13.5, 23.5) 34.0 (26.0, 44.0) 53.0 (25.0, 86.0) 50.001
Estradiol (pg/ml) 5.3 (4.1, 7.2) 30.5 (7.3, 50.0) 10.5 (5.8, 16.0) 50.001
SHBG (nmol/l) 45.2 (29.4, 66.7) 54.1 (37.9, 76.1) 86.4 (59.3, 129.0) 50.001
Total testosterone (ng/dl) 19.3 (17.0, 22.5) 22.0 (16.0, 28.0) 21.0 (18.5, 28.5) 0.255

Results reported as median (IQR).
yp value testing for an overall group difference using a non-parametric Kruskal–Wallis Test.
SHBG is sex hormone binding globulin.
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respectively). From post-hoc testing, increases in tissue factor-
positive MV in the tE2 group were significantly higher than
changes observed in the PL and oCEE groups (p¼ 0.011 and
0.003, respectively), while increases in platelet-derived MV in
those treated with tE2 were significantly higher only compared to
those on PL (p¼ 0.011; Figure 3). Longitudinal analyses of the
other six MV parameters showed no evidence of a treatment
difference using either the ‘‘intent to treat’’ or ‘‘per protocol’’
approach.

Discussion

This study is the first to provide a comprehensive and longitudinal
evaluation of the effect of two clinically relevant MHT formu-
lations on platelet functions, platelet-associated proteins and
blood borne activated cell-membrane-derived MV in recently
menopausal women. As platelets are derived from nucleated bone
marrow megakaryocytes, sex steroid hormones affect gene
transcription and translation and thus most platelet characteristics
including receptor content, and enzyme and protein concentra-
tions in granules. However, once in the circulation, hormonal
actions on the anucleated platelets would be through non-genomic
activation of membrane ion channels, receptors and post-transla-
tional regulation of proteins, receptors and enzyme activity. This
study evaluated the aspects of both of these possibilities indirectly
with three important and novel findings.

Platelet activation

The first important and somewhat unexpected finding was
that the formulations of MHT used in KEEPS did not have
significant effects on general platelet characteristics, that is,
numbers of blood platelets, their spontaneous micro-aggregation
or either basal or stimulated expression of surface proteins/
receptors (P-selectin or fibrinogen receptors). Spontaneous

microaggregation is not a test commonly used to assess platelet
function and represents an indirect measure of platelet sensitivity
based on the observation that platelets undergo spontaneous
aggregation in citrate but not EDTA anticoagulant. Platelet
microaggregates are not counted as platelets in the Coulter
Counter and therefore, differences in platelet counts between
blood collected in citrate and EDTA provides an estimate of the
number of microaggregates. Citrate-induced platelet microag-
greagaton is increased among patients with myocardial infarction,
peripheral arterial disease, and reno-vascular hypertension
compared to normal controls, indicating in vivo activation of
these platelets by contact with vascular lesions [20, 24, 27]. The
lack of significant changes in platelet sensitivity in KEEPS
participants may reflect the absence of arterial disease [5].
Alternatively, it could be argued that the doses of hormones used
in KEEPS were insufficient to affect platelet functions as the
median serum 17b-estradiol of participants randomized to
treatment did not exceed that used to define menopausal status
(540 pg/ml) for inclusion into the study [16, 28]. However, both
hormone treatments were efficacious for relief of menopausal
symptoms [5], and for maintaining bone mineral density [29],
suggesting that the hormone levels achieved by the treatment and
sustained throughout the study had physiological activity on other
systems. Changes in platelet characteristics observed within
groups, including the PL group, over the duration of the study
may reflect those changes associated with chronological aging.

Platelet proteins

The second important finding was that although overall platelet
sensitivity did not appear to be altered by MHT, these treatments
did affect the aggregate distribution of platelet proteins in a subset
of participants in whom these parameters were measured.
A custom designed antibody array which included proteins

Table III. Platelet functions prior to randomization (baseline) to placebo or MHT and changes in those functions 48 months after randomization.

Baseline
Changes after treatment

Parameters (N¼ 118^) Placebo n tE2 n oCEE n p Valuey

Platelet count (103/ml)
in EDTA 240.6 ± 49.1 7.8 ± 21.1* 40 12.2 ± 22.5* 36 11.8 ± 25.9* 39 0.156
in citrate 235.3 ± 49.1 6.2 ± 21.5 39 11.8 ± 22.0* 35 8.4 ± 31.4* 39 0.420

Platelet microaggregates
(% difference)

2.1 ± 6.2 0.5 ± 6.9 39 0.6 ± 7.0 35 0.8 ± 9.1 39 0.488

ATP secretion (amoles/plt)
in citrate 25.0 ± 7.8 2.0 ± 8.0* 37 0.2 ± 6.1* 34 1.2 ± 7.2* 38 0.908
in H&S 26.9 ± 9.6 0.8 ± 9.2 33 �1.8 ± 7.0 32 �0.4 ± 7.6 33 0.844

PGE1 sensitivity (% decrease in ATP secretion)
in citrate 22.3 ± 14.9 0.7 ± 12.3 37 2.0 ± 8.3 33 �0.6 ± 14.8 37 0.990
in H&S 22.2 ± 15.3 �2.7 ± 13.5 33 2.4 ± 11.8 32 �1.5 ± 10.4 33 0.884

Basal expression of P-selectin (%),
median (IQR)

1.9 (1.4, 2.6) �0.4 (�0.9, 0.2) 38 �0.3 (�0.9, 0.1)* 36 �0.1 (�1.0, 0.3) 37 0.340z

Activated expression of P-selectin (%) median (IQR)
TRAP 92.2 (90.3, 94.1) �0.7 (�2.3, 1.0) 40 �0.7 (�2.0, 1.8) 36 �0.9 (�2.7, 1.0)* 37 0.641z
ADP 67.3 (55.9, 75.2) �3.9 (�7.9, 2.2)* 38 �1.5 (�6.7, 2.6)* 36 �0.5 (�4.1, 6.8) 37 0.157z

Basal expression of fibrinogen
receptor (%), median (IQR)

0.9 (0.6, 1.2) �0.2 (�0.6, 0.1)* 40 �0.2 (�0.4, 0.2)* 35 �0.1 (�0.6, 0.1)* 38 0.832z

Activated expression of fibrinogen receptor (%), median (IQR)
TRAP 14.1 (8.1, 20.5) �2.6 (�10.7, 3.1)* 41 �3.8 (�8.7, �1.6)* 35 �2.1 (�6.6, 3.1)* 38 0.483z
ADP 78.6 (67.4, 88.4) �3.1 (�7.3, 15.7)* 40 �3.9 (�8.4, 6.6)* 35 �1.2 (�4.8, 15.2) 38 0.447z

Results reported as mean ± SD unless indicated otherwise.
^Baseline measures of ATP H&S amoles/platelet and H&S PGE1 sensitivity based on N¼ 99 participants; all other baseline measures from 108 to 116

total participants.
yp value derived from GEE method to correct a working independence model for within-subject correlation (N¼ 117 for each).
zDue to data skewness, transformed values were used in the GEE modeling.
*Significant within-group change (p50.05).
Abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate; H&S, hirudin and soy bean trypsin inhibitor; TRAP, thrombin receptor

agonist peptide.
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Figure 1. Mean changes in concentrations (defined by average pixel value of each protein) of proteins derived from platelet lysate collected prior to
(baseline, BL) and after 48 months of randomization to either Placebo, transdermal 17b-estradiol (E2) or oral conjugated equine estrogen (oCEE). Each
bar represents the mean of pixel values per group (n¼ 10 in the placebo group, n¼ 11 in the tE2 group, and n¼ 9 in the oCEE group). The proteins are
grouped according to proposed cell of origin. The list of abbreviations for the proteins is provided in the Supplementary Material.

Table IV. Changes in proteins in platelet lysate after 48 months of treatment with placebo, transdermal 17b-estradiol (tE2) or oral
conjugated equine estrogen (oCEE).

Proteins Placebo (n¼ 10) tE2 (n¼ 11) oCEE (n¼ 9) p Valuey

a Granule-associated
OPN 18.0 ± 28.9 �3.7 ± 11.9 �14.5 ± 26.2 0.172
OPG 18.4 ± 38.2 �2.2 ± 9.0 �11.8 ± 29.7 0.189
PAI-I 3.1 ± 64.7 �13.9 ± 25.1 �30.1 ± 32.1 0.096
PDG -AA 3.3 ± 67.9 �16.3 ± 28.5 �33.2 ± 32.0 0.092
PDGF-AB 8.9 ± 40.0 �16.1 ± 18.4 �24.7 ± 31.4 0.115
PDGF-BB �1.4 ± 44.9 �20.6 ± 18.2 �34.6 ± 29.5 0.119
P-selectin �11.3 ± 45.2 �18.2 ± 11.8 �19.0 ± 16.9 0.480
RANTES �0.9 ± 73.1 �20.9 ± 49.9 �20.6 ± 38.3 0.260
TGFa 3.1 ± 9.1 4.1 ± 22.4 �1.9 ± 22.7 0.572
TGFb1 7.4 ± 12.2 �4.6 ± 21.5 �7.2 ± 20.7 0.899
TGFb2 12.0 ± 21.5 �9.4 ± 22.9 �16.4 ± 23.1 0.437
TGFb3 13.6 ± 18.1 �8.5 ± 21.2 �14.5 ± 26.7 0.209
TPO 9.6 ± 21.2 �11.1 ± 14.0 �14.5 ± 24.4 0.243

Endothelium�associated
E-selectin 18.3 ± 30.8 �11.0 ± 17.2 �13.9 ± 21.0 0.061
ICAM 1 12.3 ± 25.1 �9.2 ± 15.5 �13.8 ± 19.3 0.123
VCAM 1 2.7 ± 10.4 �9.8 ± 15.4 �11.2 ± 21.2 0.544

Leukocyte-associated
CD14 20.1 ± 31.2 �8.9 ± 13.6 �14.8 ± 26.1 0.086
CD40 23.0 ± 34.9 �6.8 ± 13.3 �13.2 ± 23.9 0.059
CRP 28.6 ± 53.9 �11.0 ± 17.9 �21.2 ± 26.0 0.061

(continued )
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Figure 2. Mean changes in concentrations (defined by average pixel value of each protein) of proteins in plasma collected prior to (baseline, BL) and
after 48 months of randomization to either placebo, transdermal 17b-estradiol (E2), or oral conjugated equine estrogen (oCEE). Each bar represents the
mean of pixel values per group (n¼ 10 in the placebo group, n¼ 11 in the tE2 group, and n¼ 9 in the oCEE group). The proteins are grouped according
to proposed cell of origin. The list of abbreviations for the proteins is in Supplementary Material.

Table IV. Continued

Proteins Placebo (n¼ 10) tE2 (n¼ 11) oCEE (n¼ 9) p Valuey

EPO-R 20.0 ± 31.7 �10.1 ± 20.7 �15.9 ± 17.9 0.079
IFNg 8.3 ± 31.6 �5.9 ± 8.8 �14.6 ± 15.7 0.303
L-selectin �3.1 ± 13.6 1.7 ± 8.9 �10.2 ± 12.7 0.499
Lymphotactin 13.7 ± 23.0 4.3 ± 17.0 5.4 ± 28.6 0.822
MCP-1 19.7 ± 28.9 �2.9 ± 14.6 �3.5 ± 23.8 0.138

Platelet/other cell-associated
MMP-2 18.5 ± 25.2 �6.0 ± 16.6 �7.8 ± 20.0 0.251
MMP-9 32.0 ± 39.6 �11.9 ± 17.9 �18.9 ± 20.4 0.010
TIMP-1 2.2 ± 51.1 �9.6 ± 19.8 �24.6 ± 29.1 0.265
TIMP-2 11.5 ± 34.9 �10.3 ± 16.6 �20.6 ± 23.4 0.306
TNFa 16.2 ± 34.2 �9.9 ± 15.8 �12.6 ± 20.0 0.158
VEGF �2.4 ± 8.3 �5.6 ± 10.4 �9.6 ± 13.6 0.925

Principle components (PC)
PC#1 (70%) 3.067 ± 5.542 �0.946 ± 2.177 �2.252 ± 4.123 0.022
PC#2 (12.7%) 0.138 ± 1.879 �0.149 ± 2.371 0.029 ± 1.655 0.947
PC#3 (3.7%) �0.588 ± 0.926 0.613 ± 0.841 �0.096 ± 1.107 0.026

Results reported as mean ± SD.
yp value tests the overall treatment group effect (2 degree of freedom), which was derived from an ANCOVA model for individual

protein variables (adjusting for baseline values) and from an ANOVA model for each of the three principle components.
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involved in vascular remodeling, some of which are also known to
be modulated by estrogen at the genomic level [30–32] was used,
but these selected proteins represent just a few of the bioactive
materials within platelets [33, 34].

The two hormone treatments, relative to placebo, had
comparable effects on an aggregate measure of the change in
platelet proteins, with a majority of the inflammatory and
mitogenic cytokines showing decreasing trends. These effects
may reflect genomic actions of the hormones on megakaryocytes,
as concentrations of the proteins in the platelets were greater than
in the plasma. These proteins identified in the platelet lysate
represent potential secretory cargo which could be released during
intravascular activation. In platelets derived from ovariectomized
pigs treated, the amount of platelet-derived growth factor (PDGF)
released in response to platelet activation by collagen was lower
in the hormone-treated groups (oral oCEE and oral E2) than in the
placebo group [31]. Consistent with this observation, from data on
women in this study, PDGF BB represented a positive loading
variable, thus a principle component, contributing to decreases in
platelet proteins derived from women randomized to MHT
compared to PL. However, these variables represent total platelet
content and not stimulated release of proteins. PDGF is a growth
factor implicated in vascular remodeling and wound healing
[35, 36]. Other proteins with the highest and lowest load weighing
are also known to contribute to cell–cell interaction, matrix

remodeling, and angiogenesis. Lower concentrations of platelet-
associated proteins that are characteristic of vascular endothelium
and leukocytes in the hormone treated groups compared to
placebo, suggest that the hormone treatments may decrease
interactions among endothelium, leukocytes, and platelets. In
other words, proteins identified as potentially originating from
other cells indicate cell–cell interactions through microvesicles
and protein exchange [37, 38].

The disequilibrium of concentrations of proteins in platelet
lysate and plasma suggests an active dissociation between the two
compartments. This difference underscores a potential source of
variability in these proteins when plasma values are used in
isolation of other sources as biomarkers for diagnosis and
prognosis of disease. For example, there were several proteins
whose concentrations were higher in the plasma than in the
platelet lysate (OPN, ICAM-1, CD14, L-selectin, MMP-9, and
TIMP-2). These differences may reflect spontaneous release of
these proteins from the platelets or that these proteins were
derived from other cells either blood elements or cells of the
vascular wall. Indeed, some of these proteins are associated with
leukocytes. MMP-9 was identified within regions of plaque
instability [39] possibly contributing to increases in vascular
remodeling processes and adverse events in women using
hormone treatments for secondary prevention of cardiovascular
disease [40].

Cell-derived MV

The third important finding of this study is that the number of
tissue factor-positive MV and platelet-derived MV increased to a
greater extent in the tE2 group than in the PL group. Previous
studies have shown that circulating MV reflects cellular activation
and the number of platelet-derived MV and phosphatidylserine
(annexin V)-positive MV characterizes a procoagulant environ-
ment [14, 19]. In addition, the number of tissue factor-positive
MV in women being screened for KEEPS [14] negatively
correlated with serum E2 levels. The absence of a reduction in
tissue factor-positive MV in the tE2 group compared to placebo
may reflect the narrow range of serum E2 levels in the blood of
women on treatment with only a few individuals achieving levels
440 pg/ml which was the limit defining menopausal status for
entry into the study [16]. Estrone can be converted to 17b-
estradiol and its local metabolism may account for changes in
tissue factor-positive MV in the oCEE group.

Differences in numbers of platelet-derived MV among groups
may reflect either: (a) increased in vivo activation of platelets in
the tE2 group, (b) decreased in vivo activation of platelets in the
placebo and oCEE group, or (c) adhering of MV to the vascular
wall or to other blood cells, thus decreasing their numbers in the
plasma in the placebo and oCEE groups. In support of the latter
possibility, MV are found in atherosclerotic plaque [41–45] and
numbers of platelet-derived and procoagulant MV in the blood of
women prior to randomization to the MHT correlated with white
matter hyper intensities in the brains of women after 48 months of
treatment [15]. These observations suggest a temporal relation-
ship of MV with end-organ structural remodeling. It is unclear
how MV numbers correlate to vascular or brain structural changes
during or following MHT. However, these results are hypothesis
generating and such analyses will be possible with follow-up of
this subset of KEEPS participants.

Limitations

It could be argued that this subset of KEEPS participants does not
represent the study as a whole. However, women in this subset
showed the same and predictable changes in lipids and C-reactive
protein based on known effects of oral MHT preparations and

Table V. Comparison of pixel values of proteins measured in platelet
lysate and plasma 48 months after treatment with placebo, transdermal
17b-estradiol, or oral conjugated equine estrogen.

Variable (48-months
values)

Platelet
(n¼ 29)

Plasma
(n¼ 29)

p (paired
t-test)

a granule-associated
OPN 25.0 ± 22.1 36.0 ± 13.8 0.026
OPG 28.0 ± 24.6 6.7 ± 7.7 50.001
PAI-I 115.2 ± 33.8 47.1 ± 13.9 50.001
PDGF-AA 107.9 ± 38.3 27.6 ± 11.1 50.001
PDGF-AB 75.2 ± 27.1 11.3 ± 5.9 50.001
PDGF-BB 71.0 ± 27.3 9.7 ± 8.1 50.001
P-selectin 89.6 ± 37.5 59.5 ± 15.1 50.001
RANTES 153.9 ± 38.6 67.1 ± 13.0 50.001
TGFa 11.9 ± 15.6 0.3 ± 0.4 50.001
TGFb1 12.1 ± 12.8 0.6 ± 0.9 50.001
TGFb2 26.3 ± 15.4 4.8 ± 3.6 50.001
TGFb3 23.1 ± 18.2 9.6 ± 6.3 0.001
TPO 17.4 ± 17.1 2.0 ± 1.6 50.001

Endothelium-associated
E-selectin 23.4 ± 20.3 32.9 ± 13.5 0.072
ICAM-1 20.4 ± 18.1 47.8 ± 13.6 50.001
VCAM-1 11.4 ± 13.5 1.2 ± 1.4 50.001

Leukocyte-associated
CD14 29.5 ± 22.8 55.9 ± 13.0 50.001
CD40 21.4 ± 24.7 2.7 ± 2.7 50.001
CRP 42.6 ± 31.6 37.9 ± 11.0 0.468
EPO-R 27.6 ± 21.3 4.4 ± 4.2 50.001
IFNg 26.6 ± 19.9 8.7 ± 8.0 50.001
L-selectin 20.5 ± 14.8 47.5 ± 13.1 50.001
Lymphotactin 24.5 ± 23.7 2.9 ± 2.4 50.001
MCP-1 36.2 ± 26.0 17.5 ± 8.0 0.002

Platelet/other cell-associated
MMP-2 33.2 ± 19.4 8.7 ± 5.9 50.001
MMP-9 40.2 ± 29.4 65.9 ± 12.5 50.001
TIMP-1 103.9 ± 24.6 63.7 ± 13.6 50.001
TIMP-2 38.2 ± 21.8 50.6 ± 13.4 0.013
TNFa 23.6 ± 21.9 18.8 ± 10.5 0.319
VEGF 11.0 ± 12.6 1.2 ± 1.1 50.001

Values are shown as median ± SD.
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were similar to those of the entire KEEPS participants [5]. The
KEEPS used lower dosages of hormones than used in other
studies and therefore, results may not be comparable to what
might be expected with higher doses or other formulations of
hormones (i.e., continuous combined CEE with a synthetic
progestogen). Platelet proteins were measured in lysate thus
representing total content and not activated secretion as in other
studies [31]. Finally, this analysis focused on effects of treatment
alone on platelet parameters and an integrated model will need to
be developed which accounts for other variable that may affect
cell membrane stability (plasma lipids) and energy metabolism
(glucose).
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Figure 3. Time trends (estimated by least
squares means) in tissue factor positive (TF;
upper panel) and platelet-derived (CD42
positive; lower panel) microvesicles in
women prior to and during 48 months
following randomization to either placebo,
transdermal 17b-estradiol (E2) or oral con-
jugated equine estrogen (CEE). Each point
represents a value from an individual at the
respective time point.
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