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REVIEW
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Abstract

Longer duration of endocrine therapy decreases breast cancer recurrence and mortality, but these benefits need to be
weighed against potential risks to overall health. Notable side effects of endocrine therapy include cataracts, uterine cancer,
thromboembolic events, osteoporosis and fracture risk, chronic musculoskeletal complaints, as well as vaginal dryness and
discharge, and vasomotor symptoms. Estrogen deprivation in healthy women younger than 50 years undergoing bilateral
oophorectomy has been shown to accelerate the development of diseases related to aging, including coronary artery disease,
cardiac arrhythmias, stroke, dementia, and osteoporosis, raising concern that even less dramatic modulation of estrogen
homeostasis may adversely affect health outcomes. Diminished available estrogen at the cellular and molecular level may
facilitate mechanisms that underlie the aging process, often termed the hallmarks of aging. In this review, we describe
estrogen’s role in normal physiology across tissues, review the effects of estrogen deprivation on health outcomes in the
setting of both surgical and natural menopause, and examine the hallmarks of aging with attention to the effects of estrogen
and estrogen blockade on each molecular mechanism underlying the aging process.

Normal healthy aging is characterized by a progressive loss
of physiologic function and increased risk of disease and death
(1,2). Many of the long-term health consequences of normal ag-
ing, such as osteoporosis, heart disease, stroke, chronic muscu-
loskeletal complaints, and cognitive impairment, are seen with
reduced estrogen environments caused by surgical menopause,
the natural menopausal transition, and breast cancer-directed
endocrine therapy (ET) (3–10). Does this observation implicate
the possibility of accelerated aging in association with ET?

Estrogen is a key regulator in development and tissue ho-
meostasis across tissues throughout the life span (11). Estrogen
is involved in regulating mechanisms required for tissue main-
tenance and repair, such as stem cell division (12), mitochon-
drial function (13), intracellular communication (14), and
circadian rhythms (15). Alteration and dysregulation of these
and other mechanisms are considered hallmarks of the natural
aging process (2). ET perturbs hormonal homeostasis and

interferes with the beneficial effects of estrogen earlier and
more abruptly than the more gradual effects associated with
the natural onset of menopause and postmenopausal decline in
serum estradiol. Should this play a role in decisions regarding
the use of extended ET from five years to 10 years (16–23)?

In this review, we consider how the application of ET for
breast cancer may mimic aspects of normal aging and/or in-
crease the likelihood of accelerated aging. We review the nor-
mal physiology and effects of estrogen in various tissues across
the normal life span, with attention to the molecular, cellular,
and organ-based changes that occur with development and ag-
ing. We will describe the role of estrogen as a modulator of in-
flammation in healthy aging women. We will review the
molecular and physiologic changes of the normal aging process
and describe evidence suggesting estrogen may be involved in
each of these changes. We will review the effects of estrogen
deprivation on health outcomes and accelerated aging
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phenotypes, comparing surgical and natural menopause in
healthy women to the toxicities of ET in breast cancer survivors.
Finally, we will discuss the role for future research on host fac-
tors, identifying subgroups of women who may be susceptible
to accelerated aging as a result of ET.

Normal Physiology and Effects of Estrogen

Estrogen is synthesized in all vertebrates as well as some inver-
tebrates, such as insects, suggesting an ancient evolutionary
history (24). Estrogen is an important hormone throughout the
life span of both women and men across organ systems. Many
of the physiologic effects of estrogen are beneficial. Estrogen is
a master regulator, with its actions occurring on varying time
scales. Rapid events occur in seconds to minutes, intermediate
events occur on the order of minutes to hours, and long events
occur on the order of hours to days. In addition to its key roles
in the female reproductive system, where it regulates ovarian,
uterine, and mammary development and function, estrogen
has beneficial physiologic effects across several organ systems.
There are three major forms of estrogen: estrone (E1), estradiol
(E2), and estriol (E3). Many of the effects of estrogen are syner-
gistic with other hormones and pathways, such as insulin sig-
naling pathways. The actions of estrogen are mediated by
receptors on the cell membrane or in the nucleus. As a steroid
hormone, estrogen readily diffuses across the cell membrane.
Once inside the cell, estrogen binds to receptors that in turn
modulate the expression of key genes. The ligand-associated
nuclear factors ERa and ERb were first identified in rat uterus in
the 1960s (ERa) and in rat prostate in 1996 (ERb). These soluble
receptors shuttle between cytoplasm (5%) and the nucleus (95%)
and bind cis-acting estrogen response elements in gene pro-
moter and enhancer regions. ERb is a dominant negative regula-
tor of ERa and modulates transcription responses to estrogens
(25). These receptors promote glucose transport and suppress
inflammation. Estradiol is also active in mitochondria, regulat-
ing mitochondrial function and inducing mitochondrial genes.
In addition to these effects, there are nongenomic effects of es-
trogen, via rapid cellular signaling cascades, mediated by
membrane-associated forms of these receptors. The G-protein-
coupled estrogen receptor (GPER, or GPR30), originally cloned in
the late 1990s, is associated with most of the 17b estradiol-
mediated rapid signaling events (11).

GPER is predominantly intracellular, with seven transmem-
brane domains (11,26). Its stimulation activates metalloprotei-
nases, inducing the release of heparin-binding epidermal
growth factor, which stimulates cAMP production, intracellular
calcium mobilization, and activation of downstream molecules
such as ERK1/2 (11,27) and PI3K/Akt/MAPK (11). GPER is also in-
volved in expression of Bcl2, cyclin D2, and nerve growth factor,
and mediates expression of c-Fos. Ligands of GPER include 17b-
estradiol, estriol, estrone, phytoestrogens, xenoestrogens, and
bisphenols, as well as contraceptives such as 17a-ethynyl estra-
diol, selective estrogen receptor modulators (SERMs) including
tamoxifen and raloxifene, and selective estrogen receptor
downregulators such as fulvestrant.

Physiologic Effects of Estrogen by Organ
System

We briefly review the receptor distribution and function of es-
trogen in each human organ system in Table 1 to describe the
physiological effects of a low estrogen environment. In each

organ system, estrogen plays an important role in normal phys-
iology as well as prevention of certain disease states. For exam-
ple, given the key role of estrogen in hippocampal function and
neuronal connectivity, it is not surprising that Alzheimer’s de-
mentia is more common in postmenopausal women than in
men (15). It should be noted that men maintain higher levels of
estrogen than women throughout the postmenopausal years
due to the conversion of testosterone to estrogen, accounting
for these gender differences with aging. Likewise, estrogen
slows intestinal transit times, and premenopausal women have
a ninefold higher rate of irritable bowel syndrome than men
(25). As a third example, decreased levels of 17b-estradiol are as-
sociated with increased hip fracture risk after the menopausal
transition. Finally, as estrogen regulates insulin secretion, it fol-
lows that obesity and insulin resistance are more common after
the menopausal transition (75,76).

The role of estrogen on the immune system is complex, with
anti-inflammatory and pro-inflammatory effects arising in dif-
ferent cells and tissues at varying levels of estrogen, and depend-
ing on the immune stimulus (77). T cells are inhibited by
estrogen, including Th1 cell-mediated immunity active in auto-
immune disease and Th2 antibody-mediated responses in aller-
gic conditions (77). Estrogen activates B cells, stimulating B-cell
antibody production, inhibiting CD8-mediated suppression of B
cells, decreasing B-cell precursors, and enhancing mitogen stim-
ulation of B cells leading to accumulation of IgM-secreting cells.
The varying effects of estrogen on target organs and cell types
depend on the concentration of estrogen, intracellular metabo-
lism of estrogen, and variability of estrogen receptors in the mi-
croenvironment. For example, higher levels of ERb relative to ERa

are expressed in T cells in systemic lupus erythematosis and in
macrophages in synovial tissue in rheumatoid arthritis.
Oxidative stress has effects on estrogen expression, increasing
ERb expression in endothelial cells and in activated macro-
phages. By contrast, hypoxia decreases ERa expression (77).

In addition to its roles in cellular proliferation in normal
physiology, estrogen is a critical mediator of breast and lung
carcinogenesis and tumor development (11,78–80). In normal
breast tissue, 17b-estradiol stimulates proliferation during pu-
berty, menstrual cycling, and pregnancy. GPER is expressed in
50% of breast cancers, regardless of ER status, and its expression
is correlated with increased tumor size, rate of metastases, and
poor outcome (81). MCF7 cells have increased expression of
GPER (82). Treatment with tamoxifen in breast tumors with
high GPER expression leads to decreased survival (11).
Tamoxifen stimulates proliferation via transactivation of the
epidermal growth factor receptor (EGFR) (83). GPER is also
expressed in germ cell tumors, including intratubular semino-
mas, and embryonal carcinomas (11). Expression of GPER in
uterine and ovarian cancer predicts poor survival. Likewise, ERa

and ERb are present in both normal and cancerous lung epithe-
lium (84–86), and play important roles in lung development and
lung function (87), and in the pathogenesis and progression of
non-small cell lung cancer (80,88–90). The incidence of lung can-
cer is rising in nonsmokers, and a higher percentage of women
with lung cancer are nonsmokers (53% vs 15% of men with lung
cancer) (91). In a large study from 1973 evaluating men after
myocardial infarction treated with estrogen, there was an in-
creased incidence of, and mortality from, lung cancer among
the treated group compared with placebo (92). More recent
results from a post hoc analysis of data from the Women’s
Health Initiative trial (93) and a retrospective chart review of 498
women with lung cancer (94) confirm an increase in lung cancer
mortality among postmenopausal women who received
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hormone replacement therapy (HRT). By contrast, antiestrogens
function to suppress signaling pathways for growth and tumor
progression in lung cancer (80,95,96), and women treated with
anti-estrogen therapy have reduced incidence of lung cancer
and decreased mortality (89).

Hallmarks of Aging: Potential Molecular
Mechanisms of Accelerated Aging with
Premature Menopause and Endocrine Therapy
for Breast Cancer

We briefly describe the biological features of mammalian aging
(2) to facilitate a discussion of the potential effects of estrogen
on these features. These include genomic instability, telomere
attrition, epigenetic alterations, loss of proteostasis, deregulated
nutrient sensing, mitochondrial dysfunction, cellular senes-
cence, stem cell exhaustion, and altered intercellular

communication (2). Cancer survivors who have been treated
with chemotherapy and radiotherapy have been shown to have
manifestations of several hallmarks of aging, including altered
telomere length, senescent cells, epigenetic modifications, and
microRNAs (97). We explore here the potential mechanisms of
the effects of ET on the biologic aging process.

Stem Cell Exhaustion

Multiple animal studies have shown a role of estrogen in stimu-
lating stem cell division, in hematopoietic stem cells, embryo-
nal stem cells, and mesenchymal stem cells. Estrogen
stimulates hematopoietic stem cell (HSC) division in female
mice (12). Ovariectomy decreases HSC division and administra-
tion of estradiol increases HSC division in male and female
mice (12). Estradiol enhances mouse embryonal stem cell prolif-
eration, and this enhanced proliferation is associated with

Table 1. Physiologic effects of estradiol by organ system, with receptor distribution and effects at each site*

Organ system Receptors Receptor distribution and function Reference

Central nervous ERa, ERb, GPER hypothalamic preoptic nucleus – thermoregulation
suprachiasmatic nucleus – sleep, circadian rhythm
prefrontal cortex – executive function
thalamus – sensory integration
basal forebrain – learning and memory
amygdala – emotion and motivation
raphe nucleus – serotinergic system, affect, and mood
locus coeraleus – adrenergic system
hippocampus – information processing, short-term memory, working memory,

cholinergic activity
arterial vessels and pericytes – vascular tone, endothelial function, oxidative

stress and inflammatory response
general – regulates glucose metabolism, increases neuronal connectivity,

regulates synaptic plasticity

(11, 15, 28–30)

Peripheral nervous GPER spinal cord g modulates pain sensation (11, 15)dorsal root ganglia
visceral nerves

Cardiovascular ERa, ERb, GPER myocardium g (11, 31–42)
endothelial cells increases contractile function
smooth muscle improves perfusion
macrophages

Gastrointenstinal ERa, ERb enteric nerve cells g inhibits nitric oxide production (25, 43–50)
smooth muscle mediates smooth muscle contraction
macrophages slows intestinal transit times increases ileal

glucose uptake

Pancreas ERa, ERb, GPER pancreatic islets – stimulates insulin secretion anti-inflammatory effects (51–53)

Liver ERa, ERb, GPER hepatocytes – regulates lipid biosynthesis and lipid transport
anti-inflammatory effects

(11, 25, 32, 54–57)

Kidney GPER epithelial cells g regulates renin-angiotensin system (11, 58–62)
renal tubules regulates vascular function

Bone and articular
cartilage

ERa, ERb, GPER osteoblasts – stimulates osteoblastogenesis
osteoclasts – regulates bone resorption and remodeling
chrondrocytes – regulates differentiation

(11, 63–71)

Skin ERa, ERb keratinocytes g increases skin thickness (72)
basal cells enhances vascularization
melanocytes increases melanin production

Eye ERa, ERb Retina and retinal pigment epithelium – unclear role (73, 74)

*ER ¼ estrogen receptor; GPER ¼ G-protein-coupled estrogen receptor.
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store-operated calcium entry (SOCE) (98). Estradiol decelerates
telomere attrition in mesenchymal stem cells and chondro-
cytes, but does not prevent somatic cells from replicative ex-
haustion or senescence (99). Interestingly tamoxifen inhibits
estradiol-stimulated reduction in telomere shortening (99),
suggesting that it could impact capacity for self-renewal.

Genomic Instability

Rodent cancer models demonstrate that estrogen signaling
enhances genomic instability, promotes cell cycle entry, indu-
ces micronuclei, and increases DNA damage in cancer cells
(100–104). Studies of ERa-negative breast cells reveal that estro-
gen and estrogen metabolites cause DNA double-strand breaks
(DSB), and BRCA1 is required to repair these DSBs (105). BRCA1
also regulates estrogen metabolism and metabolite-mediated
DNA damage by repressing the transcription of estrogen-
metabolizing enzymes, such as CYP1A1 in breast cells (105).

Altered Intercellular Communication

Animal and cellular studies have demonstrated a role for estro-
gen signaling in promoting intracellular communication, sug-
gesting that reducing estrogen might lead to dysregulation of
this communication and contribute to accelerated aging.
Estrone increases intracellular cell-to-cell communication in
prostate epithelial cells, inducing a twofold increase in con-
nexin (14). Estrogen increases gap junctional intercellular com-
munication (GJIC) and reduces proliferation in malignant
human liver Huh7 cells (106). Furthermore, 17b-estradiol
attenuates the inhibitory effect of metabolic inhibition of GJIC
in rat cardiomyocytes via membrane-associated signaling (107).
By contrast, estrogens have been shown to inhibit GJIC in mouse
Leydig TM3 cells (108), suggesting that further study is needed
to understand its role in different tissues.

Mitochondrial Dysfunction

Estrogens exert direct and indirect effects on mitochondrial
function in a variety of tissues. Estrogens have cell-specific
effects on many physiologic endpoints, including regulation of
mitochondrial biogenesis and activity (13). ERa and ERb reside
within mitochondria and estrogen has both rapid and longer-
term effects on mitochondrial function. Nuclear effects of estro-
gen on gene expression directly control mitochondrial biogene-
sis, oxygen consumption, mitochondrial DNA transcription, and
apoptosis (13). ERa and ERb mediate distinct pathways of vascu-
lar gene expression, including genes involved in mitochondrial
electron transport and generation of reactive oxygen species
(109). NRF-1, a key transcription factor regulating mitochondrial
function, is regulated by ERa and ERb in mouse aorta (110).
Estrogen stimulates transcription of NRF-1 leading to increased
mitochondrial biogenesis (111). Based on these findings, we pos-
tulate that impaired mitochondrial function may represent a
mechanism of accelerated aging in premature menopause.
Letrozole therapy combined with Ab1–42 treatment in trans-
genic mice experiments leads to mitochondrial function impair-
ment in hippocampal cells, which may represent the
mechanism underlying the neurological deficits that arise in
this setting (112). Estrogen protects against mitochondrial dys-
function at the early phase of ischemic injury (112).

Telomerase Expression

In a study of hematopoietic cells, sex hormones acting on the
TERT gene increase telomerase activity (113). Administration of
tamoxifen was able to inhibit this effect, reducing telomerase
activity (113), and raising the question whether limiting estro-
gen accelerates aging via telomere shortening. Tamoxifen is a
mixed agonist and antagonist of ERa and ERb, and displays dif-
ferent outcomes in different tissues. In the uterus, tamoxifen
acts as an estrogen agonist and induces growth in endometrial
cells, causing proliferation and carcinogenesis. Likewise, in
bone, estrogen acts as an agonist, and provides protection
against menopausal bone loss. In breast cells, tamoxifen acts as
an antagonist, and it inhibits growth of breast cancer cell lines.
Tamoxifen inhibits hTERT mRNA expression differently in
these two tissues (114). In MCF-7 cells, tamoxifen inhibits
hTERT mRNA expression in the presence of estrogen. In con-
trast, in Ishikawa endometrial cells, tamoxifen activates the
MAPK pathway, and activation of hTERT mRNA expression is ef-
fectively blocked by MEK inhibitors. Tamoxifen-induced activa-
tion of hTERT may be a component of estrogen agonistic
function that is involved in endometrial carcinogenesis.

DNA Methylation

Estrogen may be an important regulator of DNA methylation in
development, homeostasis, and carcinogenesis. Estrogen sig-
naling regulates DNA methylation in spermatozoa in male adult
rats, and also regulates methylating enzymes during adult rat
spermatogenesis (115). Estrogen signaling is also associated
with alterations in DNA methylation in breast cancer, where it
mediates epigenetic repression of the metallothionein-1 gene
cluster (116). Methylation of estrogen-related enhancers defines
endocrine sensitivity in breast cancer (117). Estrogen is specu-
lated to have a role in regulating epigenetic enzymes in the hy-
pothalamus (118). DNA methyltransferase activity is
significantly reduced in the hypothalamus of female rat pups
treated with estradiol (119). Finally, estrogen enables inhibition
of vascular soluble epoxide hydrolase expression via methyla-
tion (120), leading to an increase in vascular level of epoxyeico-
satrienoic acids that possess cardioprotective properties,
including vasodilation, resulting in lower blood pressure and
improved blood supply to tissues (120).

The epigenetic clock, an estimate of biologic aging based on
methylation levels at 353 50-cytosine-phosphate-guanine-30

sites, strongly correlates with chronologic age, is accelerated in
disease states, and is predictive of frailty and mortality.
Recently, the epigenetic age of blood has been shown to be sig-
nificantly associated with earlier age at menopause, bilateral
oophorectomy, and a longer time since menopause (121). These
results suggest that the menopausal transition (MT) accelerates
biologic aging as measured by the epigenetic clock, but further
studies are needed to elucidate the mechanisms by which this
acceleration takes place.

Nutrient Sensing and the Circadian Clock

Estrogen receptors, including ERa, ERb, and GPER, are expressed
in the suprachiasmatic nucleus, which regulates circadian
rhythms (11,15). Recent evidence suggests that nuclear hormone
receptors and their ligands act as “nutrient sensors,” demon-
strating crosstalk between circadian and metabolic pathways
(122). Nuclear hormone receptors REV-ERBa and RAR-related
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orphan receptor alpha regulate transcription of BMAL1, which
activates transcription of the Period and Cytochrome genes.
BMAL1 also activates genes involved in the production and utili-
zation of nutrient metabolites, including the NADþ biosynthetic
enzyme NAMPT, and NADþ is an important cofactor for the
metabolic regulators SIRT1 and PARP1, which mediate rhythms
of oxidative metabolism. ERRa is an orphan nuclear receptor
that acts as a nutrient sensor and also plays a role in the circa-
dian rhythms of transcriptional activity. Although some SERMs
(such as 4-hydroxytamoxifen) affect ERRb and ERRc, they have
no effect on ERRa (122).

Protein Destabilization

When unfolded proteins accumulate within the endoplasmic re-
ticulum (ER) of eukaryotic cells, an unfolded protein response
occurs that either restores homeostasis or commits the cell to
apoptosis. Recently, estrogen has been shown to mediate this
stress response (123), suggesting that protein destabilization may
mediate the effects of estrogen blockade on accelerated aging.

Deleterious Effects of Estrogen Deprivation in
Healthy Women

There is compelling evidence suggesting that bilateral oophorec-
tomy for a noncancerous condition before age 50 years leads to
accelerated aging (3,4,124–132). A recent review (3) comparing
ovarian conservation with removal at the time of benign hyster-
ectomy lists deleterious effects of bilateral salpingo-oophorec-
tomy (BSO), including increased risk of all-cause mortality in the
Nurses’ Health Study (128,129), the Breast Cancer Demonstration
Project (130), the Rochester Epidemiologic Project in the Mayo
Clinic Study of Oophorectomy and Aging (125), and the English
Healthcare Registries (131), with an even higher risk in women
undergoing oophorectomy before age 50 years who never used
estrogen therapy (125,128,129). The Dutch breast cancer screen-
ing cohort further revealed a 2% decrease in mortality per year of
delayed menopause (132). In addition, the Mayo Clinic Study of
Oophorectomy and Aging revealed higher rates of stroke (126)
and multimorbidity in women undergoing oophorectomy for a
noncancer indication (4), with an increased risk of depression,
hyperlipidemia, cardiac arrhythmias, coronary artery disease,
arthritis, asthma, chronic obstructive pulmonary disease, and
osteoporosis in women undergoing oophorectomy prior to age
46 years (4). An important limitation of the Mayo Clinic Study is
the retrospective chart review design and potential bias in selec-
tion of control subjects. Their findings are contradicted by two
prospective studies that did not show an increase in all-cause
mortality (133), and a large prospective cohort study suggesting
that BSO might not have an adverse effect on cardiovascular
health, hip fracture risk, cancer risk, or overall mortality com-
pared with hysterectomy and ovarian conservation (134).

Surgical menopause also leads to harmful effects on cogni-
tion. The Mayo Clinic study demonstrated a doubled long-term
risk of cognitive impairment or dementia in women who under-
went oophorectomy before menopause (124). The risk of cogni-
tive impairment and dementia increased with younger age at
the time of oophorectomy. This risk was eliminated in women
who received HRT after surgery until 50 years of age, but those
who received HRT and stopped before age 50 years had an ele-
vated risk of cognitive impairment and dementia that increased
with younger age of stopping this therapy. An extension of the
Mayo Clinic study reported an association between surgical

menopause and cognitive decline with Alzheimer’s disease pa-
thology (135). In this cohort study, earlier age at surgical meno-
pause was associated with faster decline in global cognition,
episodic memory, and semantic memory, and increased plaque
burden. HRT begun within five years of surgery and continued
for 10 years was associated with diminished decline in global
cognition.

Although its effects are less dramatic, the natural MT has a
great impact on health outcomes. Table 2 shows the deleterious
effects of estrogen deprivation, comparing the dramatic accelera-
tion of age-related conditions reported after surgical menopause
with effects of the natural MT. Findings from the prospective
Study of Women’s Health Across the Nation (SWAN) showed
that longitudinal changes in reproductive hormones during the
MT are related to vasomotor symptoms (138), increased bone
turnover markers (139), decreased bone mineral density
(5,140,141), changes in weight and waist circumference and in-
creased body fat (6,142), and increased cardiovascular fat (136).
The gradual loss of oocytes and approach toward a threshold
number of oocytes with natural menopause depends on the ini-
tial number of oocytes and the rate of loss. Age at menopause is
associated with an increased risk of cardiovascular disease,
stroke, and mortality (7,143). The mechanistic role of estrogen on
cardiovascular health remains poorly understood (144). Emerging
data suggest that HRT may have positive effects if received near
the time of the MT (144–148). Natural menopause was not associ-
ated with cognitive decline in contrast to the observations with
surgical menopause (135). However, SWAN reported a cross-
sectional association between self-reported forgetfulness and be-
ing perimenopausal (149), and further demonstrated that objec-
tive changes in cognition during the MT were not accounted for
by self-reported hot flashes, anxiety, depression, and sleep dis-
turbance (8). Anxiety and depressive symptoms were associated
with slow psychomotor speed (8) consistent with findings that
ERb mediates these effects on serotonin and hypothalamic-
pituitary-adrenal axis function (8,149,150).

Toxicity and Benefits of Breast Cancer
Endocrine Therapies

Table 3 shows the side effects of ET in pre- and postmenopausal
women with breast cancer. Outcomes observed in randomized
controlled trials (RCTs) in women undergoing adjuvant ET are
helpful in weighing the risk of breast cancer recurrence with the
risk of toxicity of ET. The risk of breast cancer recurrence and
breast cancer death will decrease each year after early-stage
breast cancer diagnosis for a given patient, whereas the risk of
concurrent illness will increase, underlining the importance in
paying close attention to observations of adverse outcomes.
Concerning adverse events with long-term ET, including osteo-
porotic fractures and cardiovascular events with aromatase in-
hibitor (AI) therapy, as well as thromoembolic events, cataracts,
and second cancers with tamoxifen, recapitulate age-related
diseases, raising the question of common mechanisms and po-
tentially increased vulnerability to these toxicities with advanc-
ing age. Here we describe outcomes of RCTs in the setting of
adjuvant AI and tamoxifen therapy, and tamoxifen
chemoprevention.

Risks of AI Therapy

A recent meta-analysis examined 16 349 patients from seven
RCTs who received initial adjuvant endocrine monotherapy,
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and compared outcomes in those receiving extended ET to
those receiving placebo (9). Enrolled patients were randomly
assigned to receive five additional years of adjuvant ET vs pla-
cebo in four of these trials, three years of anastrozole versus no
treatment in one trial, and longer vs shorter duration of AI ther-
apy in the remaining two trials. Prolonged therapy with AIs is
associated with a marginally increased risk of cardiovascular
events (see Table 3), with 7% of patients receiving prolonged AI
therapy having cardiovascular events compared with 6% in the

group that did not receive extended AI therapy (9). There was
no association between relative odds and median age at ran-
dom assignment (9). Cardiovascular events included myocardial
infarction, stroke, transient ischemic attack, new or worsening
angina, angina leading to percutaneous coronary intervention
or coronary artery bypass graft, thromboembolic events, supra-
ventricular and ventricular arrhythmias, and left ventricular
failure (9). Hypertension was not associated with longer dura-
tion of AI therapy (9). In another meta-analysis of adjuvant ET,

Table 2. Deleterious effects of a low estrogen environment: comparing the pervasive consequences of surgical menopause to the subtle
outcomes of natural menopause*

Organ system

Oophorectomy before age 50 years Natural menopause

Effect Reference Effect Reference

Central nervous depression
HR ¼ 1.43, 95% CI ¼ 1.24 to 1.66

anxiety
HR ¼ 1.25, 95% CI ¼ 1.07 to 1.46

cognitive impairment or
dementia
HR ¼ 1.46, 95% CI ¼ 1.13 to 1.90

(4, 124)

Cardiovascular hyperlipidemia
HR ¼ 1.35, 95% CI ¼ 1.21 to 1.50

arrhythmia
HR ¼ 1.16, 95% CI ¼ 1.00 to 1.36

(4) " cardiovascular fat
11.69% difference, 95% CI ¼ 2.25 to 22

(136)

Pulmonary COPD
HR ¼ 1.39, 95% CI ¼ 1.15 to 1.68

Asthma
HR ¼ 1.39, 95% CI ¼ 1.11 to 1.74

(4)

Pancreas Diabetes mellitus
HR ¼ 1.19, 95% CI ¼ 1.04 to 1.38

(4)

Bone Arthritis
HR ¼ 1.36, 95% CI ¼ 1.21 to 1.52

(4) # BMD
LS: 1.8–2.3% per year, P<.001
hip: 1.0–1.4% per year hip, P¼.002

(137)

*HR ¼ hazard ratio; CI ¼ confidence interval; COPD ¼ chronic obstructive pulmonary disease; BMD ¼ bone mineral density; LS ¼ lumbar spine.

Table 3. Side effects of endocrine therapy for pre- and postmenopausal women*

Organ system

Endocrine therapy: SERMs Endocrine therapy: AIs

Effect Refs Effect Refs

Cardiovascular thromboembolic events
OR ¼ 1.73, 95% CI ¼ 1.47 to 2.05

stroke ( age �50 years)
RR ¼ 1.47, 95% CI ¼ 0.97 to 2.21

pulmonary embolism
RR ¼ 2.15, 95% CI ¼ 1.08 to 4.51

(10, 151) cardiovascular events: MI, stroke, TIA,
angina, thromboembolic events,
arrhythmias, LV failure
OR ¼ 1.18, 95% CI ¼ 1.0 to 1.4

dyslipidemia (AIs compared with Tam)
OR ¼ 2.36, 95% CI ¼ 2.15 to 2.60

(9, 152)

Bone # BMD (premenopausal)
LS: # 1.44% per year, P<.001

hip: # NS
" BMD (postmenopausal)

LS: " 1.17% per year, P<.005
Hip: "1.71% per year, P<.001

# fractures
HR ¼ 0.66, 95% CI ¼ 0.59 to 0.73
RR ¼ 0.68, 95% CI ¼ 0.51 to 0.92

(10, 151, 153) " fractures
OR ¼ 1.34, 95% CI ¼ 1.16 to 1.55

(9)

Eye cataracts
RR ¼ 1.21, 95% CI ¼ 1.10 to 1.34

(151)

Uterine endometrial cancer
HR ¼ 1.64, 95% CI ¼ 1.14 to 2.36

(10)

*OR ¼ odds ratio; CI ¼ confidence interval; RR ¼ risk ratio; HR ¼ hazard ratio; MI ¼myocardial infarction; TIA ¼ transient ischemic attack; LV ¼ left ventricular; BMD ¼
bone mineral density; LS ¼ lumbar spine; Tam ¼ tamoxifen.
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AI therapy was associated dyslipidemia and arterial hyperten-
sion (152). A recent pilot cross-sectional study of women with
curative-intent breast cancer on an AI compared with healthy
postmenopausal women revealed reductions in endothelial
function in women on AIs, suggesting that these women are at
increased risk of cardiovascular disease (154). However, the ap-
parent increased risk of AIs compared with tamoxifen is due to
a protective effect of tamoxifen for cardiovascular events, rather
than an adverse effect of AIs (155).

Extended AI therapy beyond five years is also associated
with increased odds of bone fractures (see Table 3) with frac-
tures occurring in 6.3% of patients receiving prolonged AI ther-
apy compared with 4.8% of patients in the control group (9).
Again, older age at random assignment was not associated with
increased relative odds of bone fracture. In four of the seven
RCTs, occurrence of second cancers was reported, and no differ-
ence was observed between patients treated with prolonged AI
therapy (2.2% patients with second cancers) and those not re-
ceiving extended therapy (2.4% patients). The percentage of
patients who discontinued therapy for adverse events was 17%
among patients receiving extended AI therapy compared with
13.4% in the control group (OR ¼ 1.45, 95% confidence interval ¼
1.23 to 1.68, P< .001). Death without recurrence occurred in 3.9%
of patients receiving prolonged AIs compared with 2.9% of those
receiving placebo or no treatment, and was not associated with
prolonged use of AIs (OR ¼ 1.11, 95% confidence interval ¼ 0.9 to
1.36, P¼ .34). Although disease-free survival was higher in
patients receiving prolonged AI therapy, an exploratory analysis
revealed no effect on overall survival (9).

Risks of Selective Estrogen Receptor Modulator Therapy

SERM therapies exhibit mixed proestrogen and antiestrogen
effects. The unopposed proestrogen effects of tamoxifen medi-
ate the most serious risks of SERM therapies, such as venous
thromboembolism (151) and uterine cancer (10). The risk of
uterine cancer increases with advancing age and duration of ta-
moxifen therapy (2.30 per 1000 women per year of tamoxifen
use) (156). Endometrial polyps are much more common, occur-
ring in 8–50% of women on tamoxifen (157). In premenopausal
patients, tamoxifen disrupts the menstrual cycle, causing func-
tional ovarian cysts (158).

A meta-analysis of four chemoprevention trials that
reported on the effects of tamoxifen, including the NSABP P-1
(151), IBIS-1 (159), Royal Marsden Hospital Tamoxifen
Prevention Trial (160), and the Italian Randomized Tamoxifen
Prevention Trial (161), revealed a 38% reduction in invasive
breast cancer, a significant reduction in vertebral fractures, and
a significantly increased risk of thromboembolic events with all
SERMs (10). None of these trials was individually powered to ex-
amine mortality outcomes, and the meta-analysis revealed no
effect of any SERM on all-cause mortality (10). Adverse out-
comes reported individually in these trials included increased
incidence of cataracts (151), increased risk of invasive endome-
trial carcinoma in women aged 50 years or older receiving
tamoxifen (151), increased vascular events and hypertriglyceri-
demia (161), and a nonstatistically significant increase in
incidence rates of stroke (151). Increased side effects with
tamoxifen include vasomotor symptoms (159,160), gynecologi-
cal problems (160), including vaginal discharge, abnormal bleed-
ing, endometrial polyps, and amenorrhea (159), thrush, ovarian
cysts or lumps, nail changes and breast complaints (159), and
bone loss in younger women (160).

Identifying Host Factors That Modulate Risks
of Accelerated Aging With Endocrine Therapy

Making a recommendation for a prolonged course of ET in a
breast cancer survivor requires a balanced discussion of risks,
toxicities, and benefits. Weighing the risks of accelerated aging
against the risks of breast cancer recurrence requires a careful
assessment of the individual at risk. Factors that need to be con-
sidered include performance status, coexisting illnesses, cardio-
vascular and bone health, and tumor characteristics. The
decision to direct or withhold ET may be clear in some patients
with overt impairments, and less clear in others with preclinical
frailty. For example, a postmenopausal patient with severe oste-
oporosis or debilitating arthritis may be directed toward tamoxi-
fen. A perimenopausal woman with an inherited thrombophilia
and history of life-threatening pulmonary embolism should not
be given tamoxifen, with recommendations for ovarian suppres-
sion therapy and AI therapy following the MT. More concerning
is a patient without known risk factors who develops ET toxicity
that adversely affects health and contributes to comorbidity or
competing causes of death. For example, a postmenopausal pa-
tient with stage 0 disease who has mild osteopenia, but is func-
tional and independent, may experience accelerated bone loss
on an AI, leading to hip fracture, causing the patient to become
dependent and institutionalized. A premenopausal woman with
hypertension and hypercholesterolemia exposed to 10 years of
ET may potentially carry the risk of developing earlier age-
related cardiovascular morbidity and mortality.

Further research is needed to identify host factors that may
predict a deleterious effect from prolonged ET. The ability to as-
sess hallmarks of aging pre- and post-ET in a group of individuals
of varying age and performance status could allow us to charac-
terize the extent of accelerated aging that occurs with ET. If bio-
logical evidence for accelerated aging were found to occur, it
would be important to investigate whether the degree of acceler-
ation translates into functional decline and adverse outcomes.
Given the large numbers of women who are receiving prolonged
adjuvant ET for breast cancer, it will be critical to advance our un-
derstanding of the molecular mechanisms involved in acceler-
ated aging with estrogen loss and the role of ET in the aging
process. Through such research we may be able to better esti-
mate the relative risks and benefits of prolonged ET in prevention
and treatment of breast cancer in an aging population.
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