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The widely shared enthusiasm about the cardioprotec-
tive potential of estrogenic compounds has come to
an abrupt halt since randomized trials failed to show a
cardiovascular risk reduction in postmenopausal women.
This was unexpected because observational studies
had strongly suggested that hormone replacement
therapy would reduce the incidence of cardiovascular
disease. Inflammatory activity is considered central in
atherogenesis and atherosclerosis progression. Thus,
parts of the striking discrepancy between observational
and randomized data have been attributed to an
estrogen-mediated adverse effect on inflammation. Here,
we review the current clinical evidence with respect to
the inflammation-modulating effects of different estro-
genic compounds as one potential explanatory factor
for these divergent findings. We conclude that it is still
unclear whether estrogen-modulated inflammation is
an important biological factor determining clinical out-
come or a mere epiphenomenon.

The universally higher coronary heart disease (CHD)
risk for men and the increased CHD risk for women
experiencing early menopause [1] led to the hypothesis
that endogenous estrogen and exogenous sex hormones
[opposed (HRT) and unopposed (ERT) hormone replace-
ment therapy] might be cardioprotective in women [2].
Indeed, observational data had suggested a 40-50%
cardiovascular risk reduction in postmenopausal women
using HRT [3-5]. To arrive at definitive conclusions,
controlled clinical trials on the effects of ERT/HRT in
primary [6—8] and secondary prevention settings [9—18]
were initiated. To date, 13 trials reported on clinical events
in coronary artery [8—10,15,16], cerebrovascular [8,13,14]
and peripheral artery disease [12], or surrogate markers of
atherosclerosis as endpoints [6,7,11,17,18]. All but one of
these trials [7] yielded neutral or negative results. In
addition, several trials reported an increased risk for
thromboembolic disease, such as deep venous thrombosis
and pulmonary embolism [8,19].

In primary prevention, the Women’s Health Initiative
studied 16 608 women randomized to combined HRT with
conjugated equine estrogens and medroxyprogesterone
acetate or placebo. After 5.2 years of follow up, the data
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caused the safety monitoring board to recommend termi-
nating the trial because the overall risks exceeded the
benefits: all cardiovascular outcomes and breast cancer
risk showed increased incidence rates opposed to a bene-
ficial effect in preventing bone fracture and a trend
towards a reduced colon cancer rate [8]. Thus, the HRT
regimens used in these trials did not offer cardioprotection
(or might even be detrimental) in women who had passed
menopause for ~10-15 years (the average age of women
studied in randomized trials was 60—65 years). Conse-
quently, the guidelines on counseling postmenopausal
women have been adjusted recently [20], and a conserva-
tive approach to initiation and long-term application of
HRT has been adopted.

This review summarizes the current clinical evidence
with respect to the inflammation-modulating effects of
different estrogenic compounds as one potential explana-
tory factor for the divergent findings outlined above. The
value of inflammatory markers as research tools is put
into perspective and an outline of future research activities
is proposed.

How can the divergent data be explained?

The striking discrepancy between observational and ran-
domized data is apparent only with regard to the cardio-
vascular benefit or harm, whereas findings are consistent
with regard to thromboembolic disease risk, stroke risk,
bone protection, breast and colorectal cancer risk [21]. To
explain this phenomenon, methodological issues [21] have
been considered, including problems in patient selection
(selection bias, healthy user bias), data collection (compli-
ance bias, information bias) and data analysis (inadequate
consideration of change in estrogen exposure over time,
incomplete capture of early clinical events). Biological
issues have also been explored, including differences
among various hormone regimens and study populations,
and adverse modulation of hemostasis, lipid subfractions,
genetic susceptibility and inflammation. In particular, a
proinflammatory effect of estrogenic compounds has been
proposed because C-reactive protein (CRP) was found to
increase following HRT. Furthermore, experimental studies
delineated mechanisms through which estrogen might have
proinflammatory effects by increasing tumor necrosis
factor o (TNF-a)-induced endothelial adhesion molecules
[22] and by promoting an angiogenic phenotype [23].
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Hence, the hypothesis of the ‘attrition of the susceptible’
was formulated: it assumes a cohort of women who are
uniquely susceptible to estrogen-triggered side effects
(possibly a combination of both prothrombotic and pro-
inflammatory effects), which lead to early clinical events in
randomized trials [24]. Currently, it is unclear to what
extent each of these methodological and biological issues
contributed to the selectively divergent findings from
clinical trials of HRT and observational studies with
respect to cardiovascular disease [24].

Inflammatory processes are intertwined with
atherosclerotic disease progression

Vascular inflammatory processes are considered central
in atherogenesis and are known to propagate each stage
of atherosclerosis progression [25,26]. The major cardio-
vascular risk factors (cigarette smoking, hypertension,
hyperglycemia and atherogenic lipoproteins) trigger noxi-
ous stimuli. These, in turn, elicit expression of cellular
adhesion molecules, facilitating the attachment of mono-
cytes to endothelial cells, and chemotactic factors, which
promote migration of monocytes into the subendothelial
space. Chemokines, such as monocyte chemoattractant
protein 1 (MCP-1), augment the accumulation of macro-
phages, mast cells and activated T cells within the athero-
sclerotic lesion. Activated macrophages and upregulation
of matrix metalloproteinases (MMPs) might be involved in
the weakening of the fibrous cap of the plaque, rendering it
prone to rupture. Every step in atherogenesis involves
cytokines or other bioactive molecules, which promote
inflammatory activity [25,26].

Recently, much attention in the assessment of vascular
inflammation has been given to CRP, which is one of the
principal products of the acute-phase response, and which
might also have a direct effect on its own amplification,
regardless of the reason for this elevation [26—32]. CRP is
largely, but not exclusively, regulated by interleukin-6
(IL-6)-mediated biosynthesis [33]. IL-6 probably induces
increased expression of the gene encoding CRP in the liver.
Cytokines such as TNF-a can, in turn, stimulate the
expression of IL-6 and leukocyte adhesion molecules [25,26].

However, the sources of circulating cytokines and
inflammatory mediators remain unclear. They might
arise from atheroma, reflecting the extent of inflammatory
activity within the lesion, or nonvascular sources, reflect-
ing inflammatory states, such as chronic infections [34].
Both vascular and nonvascular sources might prove
important to various degrees in different individuals.

Inflammatory markers as research tools in the
assessment of inflammatory activity

Serum/plasma markers of inflammation could be used to
assess the degree of inflammation and provide insights
into the pathophysiology of atherosclerosis [25,26,34,35].
Among the most widely accepted markers are proinflam-
matory risk indicators, such as oxidized low-density lipo-
proteins (LDLs); proinflammatory cytokines, such as IL-1
and TNF-q; cell adhesion molecules, such as intercellular
adhesion molecule 1 (ICAM-1), vascular cell adhesion
molecule 1 (VCAM-1) and selectins; inflammatory stimuli
with hepatic effects, such as IL-6; and products of hepatic
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stimulation, such as CRP and serum amyloid A (SAA)
[35]. However, these markers are not only nonspecific
for atherosclerosis-mediated inflammation, but are also
raised in conditions of systemic inflammation (e.g. connec-
tive tissue diseases) or local infections (e.g. gingivitis,
bronchitis or urinary tract infections). It is not known to
what degree systemic levels of any inflammation marker
directly reflect inflammation at the atherosclerotic lesion,
but systemic levels of cell adhesion molecules were found
to be closely related to levels measured in the coronary
circulation [36].

HRT modulates inflammatory activity

Estrogens regulate and modulate important biological
functions of different cellular components of the vascular
wall, including the endothelium, smooth muscle cells,
vascular stromal cells and different leukocyte species
[37—39]. The involved signaling cascades are also integral
parts of the inflammatory response to injury. Therefore,
estrogen probably also acts as a major modulator of the
inflammatory response [25,40].

Numerous clinically controlled studies (most of them of
short duration, i.e. weeks to a few months, and with
relatively small numbers, i.e. fewer than 50 participants
per group) have documented that estrogenic compounds
modulate the inflammatory response. The markers
studied comprise a large spectrum of specific and non-
specific inflammation markers, markers reflecting endo-
thelial function and markers linking inflammation and
coagulation. These studies are summarized in Table 1,
ordered by investigated parameter. More detailed infor-
mation with regard to study design, numbers per group
and hormone preparations used is given in Tables 2A
and 2B (see supplementary information Table 2A and 2B,
http://archive.bmn.com/supp/tem/Stork_Table2.pdf) for
inflammatory and vasoactive mediators separately.
Recently, it was shown that MCP-1, a particularly import-
ant mediator and amplifier of atherogenic signals, was
downregulated after introduction and upregulated after
discontinuation of 17B-estradiol; this observation was
reproduced by others with conjugated equine estrogens
[41,42]. Downregulation of inflammatory and vasoactive
markers by different types, dosages and routes of HRT
application has been demonstrated for cell adhesion
molecules — such as ICAM-1, VCAM-1 and E-selectin
[43—54] — TNF-a [55-57], vascular endothelial growth
factor [58] and endothelin-1 [59-67]. As an endothelium-
derived relaxing factor with anti-atherosclerotic and anti-
inflammatory properties, nitric oxide (NO) has received
particular attention. It has been shown that estrogen
participates in the transcriptional regulation of endo-
thelial NO synthase and induces NO release through
nongenomic mechanisms [68]. However, this upregulation
at the cellular level has not unequivocally been reproduced
in clinical studies [61,63,69]. Moreover, effects on other
vasoactive markers, such as prostacyclin and throm-
boxane As, yielded neutral results [63,65].

A disturbing feature in many reports is the divergent
regulation of markers that were originally thought to
reflect similar inflammatory pathways. This might result
mainly from the fact that the effects of estrogen on cell
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Table 1. Main findings of clinical studies on the effect of ERT/HRT on inflammatory and vasoactive mediators®®

Inflammatory mediator Increased (Refs)

ICAM-1

VCAM-1

E-selectin

CRP [28,45,54,55,72-75,77,79,80]
IL-6

TNF-a

MCP-1

Fibrinogen [72]

Vasoactive mediator
ET-1
NO [61,69]

Unchanged (Refs) Decreased (Refs)
[48] [43,46,48,49,51,52,56,71,75,98]
[56] [43,46,49,51,52,53,75,98]
[43,46,47,49,51,52,56,64,72,98]
[43,45,51,53,54,56,64,80] [78,79,83]
[49,51,54]
[56]
[42,44,56]
[66,74] [43,45,64,73]
[63,65,66] [59,60,63,64,67,69]
[63]

2Abbreviations: CRP, C-reactive protein; ERT/HRT, unopposed/opposed hormone replacement therapy; ET-1, endothelin-1; ICAM-1, intercellular adhesion molecule 1; IL-6,
interleukin-6; TNF-a, tumor necrosis factor a; MCP-1, monocyte chemoattractant protein 1; NO, nitric oxide; VCAM-1, vascular cell adhesion molecule 1.

bStudies with a randomized design are in bold. Appearance of a reference in different columns may be a consequence of various hormone regimens used or divergent results
in important subgroups. For details refer to Tables 2A and 2B (see supplementary information Tables 2A and 2B, http://archive.bomn.com/supp/tem/Stork_Table2.pdf).

biology are complex. Estrogen controls transcription of a
large variety of genes but also influences multiple signal
transduction pathways through nongenomic mechanisms,
which might lead to opposite biological effects depending
on the triggering stimulus (for a review see [70]). For
example, whereas cell adhesion molecules were lowered in
most reports, CRP and MMP [51] were upregulated.
Interestingly, this was only found consistently with conju-
gated equine estrogens [8,28,32,45,55,71-75]. The effect
appeared to be strongest with unopposed conjugated
equine estrogen [75] and was possibly ameliorated by
the addition of a gestagen [76]. Conversely, six randomized
trials with 17B-estradiol (three with oral [43,64,77], two
with transdermal administration [78,79], and one compar-
ing both [80]) and four non-randomized studies [53,81—83]
found reduced or unaffected CRP levels with either trans-
dermal or oral combined regimens. Apparently, unopposed
17B-estradiol also raised CRP in a dose-dependent manner
[77,80,82]. Thus, the importance of the first pass effect of
oral unopposed estrogen, the ameliorating effect of gesta-
gens on hepatic protein synthesis and the relevance of
the estrogen-induced rise in CRP remain to be clarified.
Estrogen-generated CRP could activate the complement
cascade, thereby aggravating the thromboembolic risk,
or could be unrelated to vascular inflammation, merely
reflecting hepatic estrogen metabolism. Interestingly, IL-6
levels were not substantially affected by conjugated equine
estrogens, as reported by three smaller randomized studies
[49,51,54]. This implies that HRT-associated elevation of
CRP is mediated by IL-6-independent pathways. These
findings were corroborated and expanded by data from a
nested case—control study of the Women’s Health Initi-
ative [32]. In this study, long-term HRT was associated
with increased CRP, but HRT users appeared to be at
similar risk compared with nonusers for any level of
baseline CRP. The authors concluded that the baseline
CRP level, rather than HRT use, was the primary
determinant of risk in this study.

Inflammatory markers predict morbidity and mortality in
postmenopausal women

Numerous prospective studies have shown a positive
association between CRP and future cardiovascular events
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in various populations in primary and secondary preven-
tion settings (reviewed in [84]). The available data imply a
gradual increase in cardiovascular risk with increasing
levels of CRP [27,32,85,86] and also IL-6 [32,85] in healthy,
middle-aged and elderly women (about two to threefold
increased risk for comparison between highest and lowest
tertile of levels of respective marker). In general, a similar
picture exists for SAA, ICAM-1 and P-selectin [30,87].

Lowering of inflammatory markers might decrease
cardiovascular risk

Data from the Cholesterol and Recurrent Events trial
indicated that long-term statin therapy lowered plasma
levels of CRP, and the efficacy in lowering the event rate
was greatest in those with increased levels of CRP [88].
This effect was also seen in other studies and might be
independent of LDL cholesterol [89,90]. Several other
preventive strategies to lower inflammation and possibly
modify cardiovascular risk have been described, such as
exercise, blood pressure lowering, weight reduction,
smoking cessation, moderate alcohol consumption and
improvement of insulin resistance. However, no study
specifically addressed whether any of these interventions
would also improve the clinical outcome via modulation
of inflammation.

...but ERT/HRT trials in postmenopausal women
showing such effects on clinical endpoints are lacking
Similarly, no endpoint studies reported on a hypothesized
cause-and-effect relationship between lowered levels of
inflammation markers following HRT and improved
clinical outcome, such as cardiovascular event rate, or
surrogate markers of atherosclerosis, such as intima-
media thickness. However, such trials were needed to
determine to what extent inflammatory processes affect
the cardiovascular risk associated with HRT use.
Alternatively, available databases of already published
trials could be used. For example, it would be interesting
to look at inflammatory markers in the only randomized
clinical trial that reported intima-media thickness regres-
sion in postmenopausal women treated with unopposed
17B-estradiol [7]. Apparently, this effect was limited
to women not on lipid-lowering therapy (i.e. estrogen
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treatment only). Measurement of CRP and IL-6 levels
would enable the testing of the post hoc hypothesis that
estrogen induced regression by modulating inflammatory
pathways. Similarly, the pro- and anti-inflammatory
activity could be related to progression and regression
using data from a randomized trial with tibolone, a
synthetic estrogenic compound that also exerts androgenic
and progestagenic actions, in which carotid intima-media
thickness was assessed by ultrasound in 850 women in
Europe and the USA over three years [91]. This study has
been unblinded and results will be available soon.

What is still missing in the HRT puzzle?

Admittedly, the randomized world has its imperfections
[92], but the evidence accumulated in the past 24 months
has made it very clear that no overall benefit in chronic
disease can be expected by long-term administration of
combined HRT in women who have passed menopause by
10-15 years. In these women, detrimental effects out-
weighed benefits that might be realized via reduced bone
fracture and colon cancer rate. The results of the trial
arm of the Women’s Health Initiative, which utilized
unopposed estrogen, will provide important insights in a
primary prevention strategy reserved for women after
hysterectomy. It will enable a direct quantification of
the impact of the addition of gestagen on inflammatory
markers. Regarding the association with breast cancer
risk, very recent results from the Million Women Study
also support the concept of unopposed estrogen as the least
detrimental option [93].

Because estrogenic compounds still have no rival with
regard to the alleviation of perimenopausal symptoms,
many women will continue to consider short-term hor-
mone use for symptom relief. Future research should
therefore be directed towards defining both mechanisms
and markers of risk and benefit, in addition to describing
subgroups of peri- and postmenopausal women who
will experience the greatest benefit (if any) or the
greatest harm.

A challenging question remains, as to whether younger
perimenopausal women experience a different net effect
compared with older women studied in randomized trials
so far. It is conceivable that time since menopause will
affect the inflammatory potential and the responsiveness
and density of estrogen receptors, thereby modulating the
therapeutic effect of HRT [94]. Support in favor of this
hypothesis comes from studies in nonhuman primates:
HRT inhibited coronary atherosclerosis progression by
70% if begun early after ovariectomy in cynomolgus
monkeys with little or no atherosclerosis. HRT was
ineffective, however, if started two years after ovariectomy
(corresponding to six human years; reviewed in [95]).
These observations still need to be reproduced in humans.
By contrast, data from the Women’s Health Initiative
suggest similar cardiovascular risk for the age group
50-59 years [8], but the respective analysis using
the variable years since menopause instead of age is
not yet available.

Finally, the choice of estrogen and gestagen and the
mode of application need further definition. Currently,
it remains speculative whether combined HRT utilizing
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17B-estradiol would offer better cardiovascular protection
in primary prevention than conjugated equine estrogens.
Until now, the large body of evidence in human studies was
collected in women using conjugated equine estrogens.
This contrasts with the bulk of in vitro and animal
experiments, which used 17B-estradiol preparations.
Some encouraging results from studies of 17B-estradiol
on inflammatory markers have been pointed out above.
However, the negative results from endpoint trials
utilizing combined and unopposed 173-estradiol regimens
in secondary prevention [14,15,17] have cast doubt on
whether this approach conveys a large benefit (i.e. 30—50%
risk reduction) in primary cardiovascular prevention.
Currently, no trial addresses this question. Analogously,
it is unclear whether selective estrogen receptor modu-
lators [96] will offer a better preventive strategy. This is
another expanding field of research, because no concomi-
tant rise in CRP has been reported for these compounds
[49,55,97]. Similarly, no clinical evidence yet supports
the hypothesis that other routes of estrogen application
(transdermal and transnasal), which bypass the liver
and avoid an increase in CRP, will result in better
clinical outcome.

Conclusions

Estrogenic compounds, with or without the addition of
a gestagen, modulate the inflammatory response in
postmenopausal women. Consistent anti-inflammatory
effects of HRT compounds are seen with regard to cellular
adhesion molecules, but divergent effects are seen on CRP:
conjugated equine estrogens consistently increase CRP,
whereas 17B-estradiol seems to elicit a weaker pro-
inflammatory response. Transdermal treatment with
17B-estradiol does not increase CRP. However, it is
unknown whether the rise in CRP induced by oral
estrogen, possibly as a consequence of hepatic metabolism,
translates into more aggressive inflammation and worse
clinical outcome. CRP is the marker for which the best
evidence has been collected in both observational and
randomized trials. However, this does not necessarily
imply that CRP is the most important risk marker/
mediator from a biological perspective compared with
upstream cytokines or cell adhesion molecules.

In contrast to observational evidence, data from ran-
domized trials do not support the use of HRT in primary or
secondary prevention of CVD and cerebrovascular disease
in women aged 60-65 years. Various plausible factors
have been identified that might have contributed to this
selectively discordant finding. Modulation of inflammation
might be one of these factors, or might be an epiphenom-
enon. It remains an ongoing challenge to identify sub-
groups of women who will experience the greatest harm
or greatest benefit. In this respect, endpoint studies in
younger, perimenopausal women are warranted. Infor-
mation on inflammatory biomarkers in this setting
will widen our understanding of atherosclerosis as a
modifiable condition.
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