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Abstract
Context Recent studies challenge the traditional view that estrone (E1) must be converted to estradiol (E2) to be biologically 
active. The prior view was based on several findings: E2 binds to ERα and ERβ, and their nuclear coactivators, with 4 to 25 
times greater affinity than E1. 17β-hydroxysteroid dehydrogenases can efficiently convert E1 to E2 in vivo. Observations 
from cell culture, animal models, and clinical studies have supported the idea that E1's biological effects depend on its 
conversion to E2.
Evidence acquisition A systematic search was conducted using PubMed, Ovid Medline, Embase, Web of Science, and 
bibliographies of manuscripts to obtain pertinent data.
Evidence synthesis In postmenopausal women, plasma levels of E1 are 4-fold higher than those of E2, and the E1 production 
through peripheral aromatization is 8-fold higher. Recent research has shown that E1 has distinct effects on brain function, 
gene expression, breast tissue inflammation, immune modulation, epithelial to mesenchymal cell transformation, stem 
cells, and vascular endothelial cells. The specific recruitment of coactivators to enhancer complexes during nuclear 
transcription may explain these unique actions of E1. Collectively, these findings provide evidence that E1 can act 
independently of conversion to E2. Extensive study is now required regarding clinical implications for the selection of 
type of estrogen therapy after menopause, especially regarding cognitive function, mood disorders, and effects on 
breast inflammation.
Conclusion Current evidence indicates that E1 is a biologically significant estrogen in its own right. Further preclinical and 
clinical studies are needed to clarify E1's unique effects.

Keywords estrone, estradiol, menopause, unique actions, breast cancer, inflammation
Abbreviations: ρ, rho value represents conversion ratio of one steroid to another under equilibrium conditions; 17β-HSD, 17β-hydroxysteroid 
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Estradiol (E2) is the predominant estrogen in premenopausal 
women, whereas estrone (E1) prevails after menopause (1). In 
postmenopausal women, plasma levels of E1 are 4-fold higher 
than those of E2 (median levels of 21 vs 5.4 pg/mL) and E1 produc
tion is 8-fold higher (39.8 vs 5.3 µg/day) (2). Despite these higher 
levels, E1’s biopotency is estimated at 4-28% that of E2, based on 

receptor-binding studies, gene reporter assays, cellular function 
assays, and animal and human administration studies (3). 
Current opinion holds that E1 must be converted to E2 via 
17β-hydroxysteroid dehydrogenase to exert biological effects 
(4-7). This view suggests that E1, once converted to E2, produces 
similar effects to E2 on multiple organs. However, recent 
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studies have challenged this perspective, showing that, in specific 
tissues, E1 can act independently of conversion to E2 and may 
have effects distinct from those of E2 (8-11).

This mini-review outlines current knowledge of E1 receptor 
binding, molecular mechanisms, metabolic clearance and pro
duction rates, and plasma levels. It also presents key examples 
of E1’s distinct actions across a variety of tissues. Together, these 
findings support the view and provide evidence that E1 is an im
portant hormone in its own right on selected tissues. Further pre
clinical and clinical studies are needed to clarify E1’s specific 
biologic actions in postmenopausal women, including cognitive 
function, breast and endometrial cancer, cardiovascular disease 
(CVD), bone health, and other outcomes.

Materials and Methods
The flow diagram in Fig. 1 details key search phrases, databases 
utilized, the number of articles initially reviewed, those selected 
for careful review, the number selected, and the number found in 
the bibliographies of key manuscripts. Specifically, 4 databases 
were searched: PubMed, Ovid medicine, Embase, and Web of 
Science. The terms used for the search included the key phrases 
listed in the flow diagram. From this search, 4132 articles were 
reviewed and 86 selected for careful review. Of these 19 were se
lected to be included in this mini-review. When reading each of 
these articles, 4 additional pertinent articles were obtained. 
This literature search was conducted by the first author (R.J.S.) 
and the results approved by the coauthors. The figures reprinted 
in this manuscript were selected from the references reviewed 
that provided the best evidence and best illustrated that the ef
fects of E1 on tissues can differ from those of E2. All authors 
agreed with the choices made among all figures reviewed and 
the interpretation of the data presented.

Three separate criteria were used to support the conclusion 
that E1 can exert actions distinct from those of E2. Criterion 1: 
the finding of differences in the geographic location within the 
same organ of the effects of E1 and E2. Criterion 2: the demon
stration of divergent effects of E1 and E2 with either (1) stimula
tion by E1 and suppression by E2 or (2) suppression by E1 and 

stimulation by E2. Criterion 3: demonstration of a stimulatory 
or inhibitory effect of E1 with no effect induced by E2. 
Experiments examining E1 alone without comparison with E2, 
or of E2 without comparison with E1, are only hypothesis gener
ating. Accordingly, this mini-review will not discuss such obser
vations in detail but will provide references to the relevant 
publications.

This mini-review is organized according to biologic effect cat
egories, namely the brain, gene expression, inflammatory proc
esses, immune modulatory pathways, cell proliferation, stem 
cell prevalence, EMT (epithelial–mesenchymal transition), and 
growth of human endothelial cells. The alternative, to categorize 
according to each of the 3 criteria (ie, 1-3), was initially consid
ered but ultimately not chosen, as that method emphasized stat
istical differences between E1 and E2 in some measurements, 
rather than biologic effects. However, to highlight the import
ance of the criteria, the specific category of each criterion is 
listed in the legend to each figure.

Results
Physiology of E1 and E2

Relative biopotency of E1 vs E2
Extensive studies have examined a variety of molecular and bio
logic parameters comparing E1 to E2 to determine their relative 
biopotencies. Katzenellenbogen et al found the relative 
receptor-binding affinities of E1 to ERα and ER β, respectively, 
to be 4.5 ± 0.7% and 4.0 ± 1.0% of those of E2 (3). The relative co
activator binding affinities of E1-liganded receptor were 3.0 ±  
0.15% for ER α and 28.1 ± 1.8% for ER β compared with E2 (3). 
Relative cellular potencies assessed by luciferase reporter assays 
in human osteosarcoma [U206] cells indicated that E1 had 22% 
of the activity of E2 (3). Nongenomic studies by Watson et al dem
onstrated that in pituitary tumor cells, E1 was 10% as active as E2 
in stimulating prolactin secretion and 1% as active in stimulating 
cell proliferation (12). Santner et al utilized proliferation assays 
using MCF-7 cells to demonstrate that E1 had a biopotency of 

Figure 1 Flow diagram for literature search to find publications that reported distinct biologic effects of estrone when compared with those of estradiol.
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10% relative to that of E2 (13). Taken together, these assess
ments suggest that E1 has approximately 4-28% of the biopo
tency of E2.

Sources of E1 and E2 in postmenopausal women
After the menopause, the ovaries produce very little estrogen, 
and extraglandular tissues become the source of estrogens (1). 
Androstenedione and testosterone from adrenal sources are 
converted to E1 and E2 respectively via the enzyme aromatase 
acting predominantly in adipose tissue (1, 14, 15). Aromatase in
creases linearly as a function of body weight, a mechanism that 
explains the correlation of E1 and E2 with BMI in postmeno
pausal women (14-16).

Plasma levels of E1 and E2 in postmenopausal women
Measurements were made in a large study of 4068 postmeno
pausal women enrolled in a breast cancer prevention trial (2). 
Age groups included: 37 women less than age 50, 888 ages 
from 50 to 59, 2482 ages from 60 to 74, and 661 from ages ≥75 
(2). As measured by highly sensitive and specific tandem mass 
spectrometry assays, median levels of E1 were reported to be 
21 pg/mL with an intraquartile range (IQR) of 7 to 29 (2). By com
parison, levels of E2 were reported to be lower with a median of 
5.4 pg/mL and an IQR of 1.1 to 19 pg/mL (2). E1 levels increased 
linearly with obesity as a result of the increase in aromatase ac
tivity. As a result, mean E1 levels in normal weight women with a 
BMI of <25 kg/m2 were 19.1 pg/mL with an IQR of 12 to 24 pg/mL 
compared with 30.6 pg/mL, IQR 19-39 in obese women with a 
BMI >29 (2). Race, age of menopause onset, duration of meno
pause, and overall age contributed minimally to E1 levels 
(ie, 1%, P = <.001), whereas obesity contributed 20% (P < .001) 
(2, 17). Genetic effects can either increase or decrease E1 levels 
as genome-wide association studies uncovered SNPs associated 
with E1 concentrations in postmenopausal women, but these ef
fects were minimal (18).

Metabolic clearance rates and production rates of E1 
and E2 in postmenopausal women
The metabolic clearance rates of these 2 estrogens differ with lev
els of 1897 ± 294 L/24 hour for E1 and 992 ± 238 L/25 hour for E2 
(19, 20). This difference results from the fact that E2 binds to SHBG 
with high affinity, whereas E1 does not (21). According to the for
mula [PR = MCR × plasma concentration], the median produc
tion rate of E1 is approximately 8-fold higher than that of E2. 
Specifically, the calculations utilized [PR = plasma concentration 
times metabolic clearance rate], estimated production rates for 
E1 of 39.8 mcg/24 hours (ie 21 pg/mL × 1897 L/24 hour) and 
5.3 mcg/24 hours for E2 (ie, 5.3 pg/mL × 992 L/24 hour) (2, 19, 20).

Estrogen interconversions
E1 and E2 are interconverted by several 17β-hydroxysteroid dehy
drogenases (17β-HSD), some of which work in the oxidative and 
others in the reductive direction Fig. 2. Both E1 and E2 can also 
undergo conjugations (13, 14). The conversion ratios (ρ–rho 
values) for the forward metabolism of E1 to E2 and E1S 
(E1-sulfate) and the reverse are shown in Fig. 2 (22). Further me
tabolism to catechol–estrogens, estriol, and epiestriols and their 
conjugation then occurs (22). The catechol–estrogens can act via 
nonreceptor actions and be involved in genotoxic mechanisms 

and activation of the redox cycle, resulting in reactive oxygen spe
cies (23).

Effect of the liver on E2 metabolism
When E2 is administered orally, the first pass through the liver 
substantially influences the metabolic conversion of E2 to E1. 
As a representative example, Mauras et al demonstrated this ef
fect by administering E2 either orally or transdermally in agona
dal girls with Turner syndrome (24). Over a 1-year period, the 
doses of both oral and transdermal E2 were dose escalated 
with a goal to achieve a plasma level of E2 of approximately 
100 pg/mL (Fig. 3A). As a result of liver conversion of orally ad
ministered E2, the levels of E1 increased substantially to approxi
mately 500 pg/mL (Fig. 3B). When administered transdermally, 
the levels of E1 remained 50 pg/mL.

Distinct effects of E1 as opposed to E2 in 
tissue

Effects of E1 and E2 on brain
Functional MRI studies
Schroeder et al used functional MRI in conjunction with 
encoding- and recognition-memory studies to assess the differ
ential effects of endogenous E1 and E2 on the brains of postme
nopausal women (25). The specific methodology, described in 
detail in the article, involved assessment of functional brain 
MRI during the performance of memory tests. Postmenopausal 
women on hormone therapy or receiving agents that could affect 
plasma estrogen levels were excluded. Increased baseline en
dogenous plasma E1 levels were associated with the activation 

Figure 2 Diagram illustrating the rates of interconversion of E1 to E2 and 
the further metabolism of these estrogens to catechol–estrogens, 
16-hydroxyestrogens, and conjugated estrogens (22). The values on the 
top of the bidirectional arrows show the forward direction rate 
conversions and, on the bottom, the back conversion rates under 
equilibrium conditions. These conversion rates are called ρ (rho) values. 
For E1 to E2 conversion, rho value is 0.15 and for E2 to E1 0.05. 
Reproduced with permission of the publisher.
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of several brain areas, including the bilateral STG-right superior 
temporal gyrus, left insula and left precentral gyrus and de
creased activation of the left postcentral gyrus; effects not 
seen with E2 (Fig. 4, panel B). In contrast, separate geographical 
areas in the brain exhibited activation which correlated with in
creased baseline endogenous levels of E2. These included the left 
inferior frontal gyrus, the left middle frontal gyrus, and the left 
superior temporal gyrus, areas involved in complex language 
production and comprehension, active word processing, and 
meaning extraction (Fig. 4 panel A) (25-27). According to the au
thors, higher levels of E1 were not only associated with activation 
of the left insula and precentral gyrus (parts of the brain involved 
in complex tasks involving speech, motor control, and emotion 

during encoding) but also with lower symptoms of depression 
and anxiety (25).

Effects on anxiety and depression
A retrospective cohort study of 7688 postmenopausal women 
ages 46 to 60 with no preexisting CVD risk factors, were identified 
in a TriNetX database. 3844 women on oral estrogen-only hor
mone therapy were compared with an equal number prescribed 
transdermal estrogen-only hormone therapy (28). Unfortunately, 
no data on dosing or type of oral (E2 or CEE) or transdermal E2 
preparations were reported. Propensity score matching was 
used to balance demographics, comorbidities, and medication 

Figure 3 E1 and E2 levels in hypogonadal girls with Turner syndrome, who, as a group, serve as a model for menopause (25). (Left panel) Levels of E2 
during administration of escalating doses of either oral or transdermal E2. (Right panel) Levels of E1 during dose escalation administration of either oral 
or transdermal E2. Reproduced with permission of the publisher.

Figure 4 Brain regions showing estrogen level associations with brain activation during verbal memory tasks. (A) E2 levels correlate with functional 
magnetic resonance imaging (fMRI) regions shown in the figure. (B) E1 levels correlate with the regions shown above. fMRI results are significantly associated 
at P < .05, cluster corrected. Figure reproduced from Schroeder et al (25) with permission of the authors and publisher. These data meet Criteria 1.
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use between cohorts. Transdermal E2 therapy was associated 
with a lower incidence of anxiety (7.2% vs 9.1%; P = .009) and de
pression (3.3% vs 5.1%; P < .001) than with oral estrogens. Over 
time, oral estrogens increased the hazard of depression (hazard 
ratio 1.30, 95% CI 1.01-1.66, P = .038) while no significant differ
ence was observed in the hazard of anxiety (HR 1.10, 95% CI 
0.91-1.33). To interpret these data, it is necessary to recognize 
that oral estrogen is associated with a marked increase in E1 lev
els due to the first passage liver effect whereas transdermal is 
not (see Fig. 3). For that reason, this study provides an indirect 
comparison of the effects of serum levels of E1 vs those of E2.

Seizure activity and fear conditioning
Studies in rats demonstrated differential effects of E1 vs E2 on 
seizure activity. Kainite-induced seizure toxicity in male mice 
was attenuated by E1 but not E2 (29). (Criterion 3) Low doses 
of E2 facilitated contextual fear conditioning in adult female 
rats whereas low dose E1 exerted no effect (30). These data 
meet Criterion 3.

Brain cell proliferation
McClure et al demonstrated divergent effects of E1 and E2 on the 
proliferation of cells in the granule cell region of the brain in ro
dents wherein E1 was suppressive and E2 stimulatory (31). No ef
fect was observed on the hilus cells (Fig. 5). The granule cell layer 
(GCL) is the principal layer of the dentate gyrus of the hypothal
amus and the hilus is the layer immediately adjacent to and be
low the GCL. The changes reported differentially impacted the 
survival of new neurons without affecting the behavior test 
used (ie, Morris water maze test) (31).

Gene expression
A highly sensitive technique to demonstrate divergent effects of 
various estrogens mechanistically is to examine gene regulation 
in response to hormone administration. As an example, in MCF-7 
breast cancer cells, E1 and E2 each upregulated or suppressed a 
specific set of genes (8) (Fig. 6).

Inflammation

NFκB pathway
the role of estrogen in the inflammatory process represents an 
important biologic area of E1 action distinct from that of E2. 
The diagram in Fig. 7 outlines the steps in the NFκB pathway. 
The liganded-ERs interact with TNFα, which then activates down
stream inflammatory pathways. In ER+ MDA-MB-361 breast can
cer cells, E1 stimulated TNFα/NFκB mediated inflammation but 
in marked contrast, E2 suppressed these effects (Fig. 8). CCL2, 
IL 6, and IL 8 are key mediators of NFκB related inflammation 
(8). In another breast cancer cell line, ER+ MCF-7 breast cancer 
cells, E1 increased CCL2 and IL6 mRNA in a dose dependent fash
ion whereas E2 suppressed these factors (8). TLR2, CD44, NFKB1, 
and RELA are also genes involved in the NF kappa B pathway in 
MCF-7 breast cancer cells. Changes in mRNA levels were specific
ally increased by E1 but not E2 (Fig. 9).

Coactivator binding
The mechanism for the divergent effects of E1 and E2 in CCL2 in
volves the binding of the coactivator CBP to a multiprotein com
plex which in turn binds to the NFκB response element (κBRE). E1 

Figure 5 Total Brd-U cells in granule cell layer of brain vs hilus (31). There are no changes in the hilus layer but E1 suppressed and E2 stimulated each 
function as shown in the 3 panels. The description of the granule cell layer and hilus layer is provided in the reference illustrating panels A, B, C, D and E 
(31). These data meet Criteria 2b. Reproduced with permission of the publisher.
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increased the binding of the coactivator CBP to the complex 
stimulating CCL2 and IL6 whereas E2 suppressed the binding 
of CPB (8) (Fig. 10).

The immune modulator pathway
Several factors acting as immune modulators respond opposite
ly to E1 and E2. In MCF-7 cells stimulatory effects on the immune 
modulators CD160, ZNF 626, and CSTL1 were induced by E2 
whereas E1 suppressed these factors (Fig. 11).

Stem cell activation

Effects of E1 and E2 on mammary adipocytes and 
mammary stem cells
E1 stimulated CCL2, IL6, and IL 8 in mammary adipocytes as well 
as ALDF16A, PAK4, RAB19, and PTPN1 as markers of putative 
stem cells (Fig. 12).

As further evidence of the proinflammatory effects of E1 in 
mammary adipocytes, the mRNAs for CCL1, IL6, and Il b in
creased in response to E1 whereas no effect was observed with 
E2 (8).

EMT pathway
E1 enhanced the process of EMT whereas E2 had no effect, as 
shown by markers illustrated in HeLa cells (10) (Fig. 13).

Metastasis and wound healing
E1 stimulates metastasis in bone, lung, and liver in MCF-7 cells 
and increases wound healing (data not shown) (32)

Vascular endothelial cells
Ivory et al (11) demonstrated divergent effects of E1 and E2 on 
human vascular endothelial cells as shown in Fig. 14. These 
data meet Criteria 2. Cultured hECFCs from peripheral blood 
mononuclear cell fractions were treated with increasing 

Figure 6 The number of genes expressed specifically by E1 or E2 in MCF-7 
cells are shown on the figure and table. The assessments were initially 
generated by unique method 1 and confirmed by unique method 2 as 
defined in detail in the manuscript (8). The 2 unique methods refer to 
different techniques to analyze the results. E1 uniquely stimulated 407 
genes (method 1) and 347 (method 2) and suppressed 634 and 315 genes, 
respectively. By comparison, E2 uniquely stimulated 529 and 383 genes 
and suppressed 398 and 231 (8). Several genes were activated (2190) or 
suppressed (4916) similarly by E1 and E2. The data are taken from the 
cited reference and designated there as Fig. 2C. These data meet Criteria 
2a and 2b. Reproduced with permission of the publisher.

Figure 7 The activation signal is TNFα and the inflammatory proteins are 
CCL2, IL 6, and IL 8. E1 and E2 bind to ERs and act on TNFα to mediate the 
effects of NFκB, resulting in the production of the inflammatory proteins 
CCL2, IL6, and IL 8. Reproduced with permission of the publisher.
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concentrations of E2 and E1 from 1 nM to1 μM, separately and 
in combination. Following treatment, proliferation, migration, 
ability to attract other hECFCs (autocrine secretion), and ability 
to enhance endothelial cell tube formation (tubulogenesis) 
were tested and responded differently to E1 vs E2. One repre
sentative experiment demonstrated unique, concentration- 
dependent physiological effects of E1 and E2 on cell prolifer
ation Fig. 12.

Role of conversion of E1 to E2 via the 
17β-HSD
As further evidence of the distinct role of E1, extensive studies 
have examined the effects of enzymes which result in increased 
tissue E1 levels as a result of the effects of various 17β-HSD acting 
in the oxidative direction (8). One example is shown in the figure 
below (Fig. 15), which compares the overall survival of breast 
cancer patients whose ER+ breast cancers have low and high lev
els of HSD17B14. Those with high levels convert an increasing 
amount of E2 to E1 and experience a reduced overall survival.

In contrast, the women with low HSD17B14 levels and reduced 
conversion of E2 to E1 experienced longer overall survival. From 
(8). From Fig. 5 panel A (8). These data meet Criteria 3.

E1 studies without comparison to E2
Such studies are considered hypothesis-generating as compari
sons with E2 are required to allow appropriate interpretation 
(33-35). Several of these studies demonstrated the effects of E1 
but could not be interpreted as distinct effects of E1 as the mech
anism might have reflected conversion to E2. These included ef
fects on no-reflow in women (36), increased cardiovascular 

Figure 8 Top panel stimulatory effects of E1 and suppression with E2 on CCL2 and IL6 mRNA in MDA-MB-361 breast cancer cells. Reproduced from 
appendix Fig. S2 panel B (8). Lower panel: dose response effects of E1 and E2 on CCL2 mRNA in MCF-7 breast cancer cells, Figures reprinted from (8). In 
this reference, the data are in Fig. 3 panels D and E (8). These data meet Criteria 2a. Reproduced with permission of the publisher.

Figure 9 MCF-7 cells with measurement of genes in the NFκB pathway 
from (8) the reference cited. The data are shown in the cited reference in 
Fig. 2 panel H. These data meet Criteria 3. Reproduced with permission of 
the publisher.
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mortality (37) nongenomic action on vascular tissue (38, 39), and 
murine colon cancer cells—mc38 (34).

Example of E1 acting through conversion 
to E2
While this mini-review focuses on the role of E1 acting without 
conversion to E2, the current concept is that E1 can also exert 
biologic actions via conversion to E2. A key example which dir
ectly demonstrates this is an in vitro study by Jozan et al (40) 
who examined the biologic effect of E1 in comparison with E2 
on stimulation of the progesterone receptor in MCF-7 cells (40). 
They demonstrated equal effects of E1 and E2 only when the 
radio-isotopic tracer used demonstrated conversion of E1 which 
reached the levels of E2 used in the experiment. This demon
strated direct evidence for the requirement of conversion of E1 
to E2 for progesterone receptor stimulation (40). Other studies 

have also demonstrated similar effects of E1 and E2, indirectly 
suggesting that conversion of E1 to E2 was necessary in the in
stances cited (13, 41-43).

Discussion
E2 predominates as the primary estrogen in premenopausal 
women, whereas at menopause, the ovaries stop producing sig
nificant amounts of E2, and extraglandular production of E1 then 
prevails (1, 2, 44). Following menopause, E1 is produced predom
inantly in adipose tissue from conversion of the adrenal precur
sor androstenedione by the enzyme aromatase (15, 16). The 
production rates of E1 in postmenopausal women are 8-fold 
higher than those of E2, resulting in plasma levels of E1 that ex
ceed those of E2 (2, 19, 20). Current opinion holds that E1 must 
be converted to E2 in order to exert biologic activity (4-7). 
However, as described in this mini-review, recent studies support 
the idea that E1 does not need to be converted to E2 and can act 
alone. This conclusion is supported by numerous studies demon
strating that E1 can exert effects opposite those of E2 across mul
tiple biological systems (8, 10, 11, 25, 29-31, 45-48).

Figure 10 Chip assay to assess coactivator and receptor binding to DNA. In MCF-7 cells, E1 stimulates CBP binding to the complex containing p65, p50, 
and ER α (left panel bottom) and E2 suppresses binding of this coactivator (left panel top). Right panel quantitation of % input in the chip assay. 
Reprinted from (8), the reference cited, and shown as Fig. S2 panel F and C and Fig. 3 Panel C (third panel to right).These data meet Criteria 3. 
Reproduced with permission of the publisher.

Figure 11 C, control; F, the SERD, fulvestrant; E1, estrone; E2, estradiol. 
E1 suppresses the mRNA of these factors and E2 stimulates them in 
MCF-7 breast cancer cells. Reprinted from (8), the reference cited and 
shown as Fig. S2 panel A (8). These data meet Criteria 2b. Reproduced 
with permission of the publisher.

Figure 12 E1 stimulated several markers of “stem cell” function in MCF-7 
breast cancer cells in response to E1 but not E2 (note that these markers 
are not definitive for establishing cells as stem cells) from (8) shown there 
as Fig. 2 panels B and F (8). These data meet Criteria 3. Reproduced with 
permission of the publisher.
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The direct evidence that E1 can act independently of E2 is 
based primarily on ex vivo studies on gene expression, breast tis
sue inflammation, immune modulation, EMT, stem cells, and 
vascular endothelial cells (8, 10, 11). However, evidence in post
menopausal women is primarily inferential based on functional 
MRI, correlative studies on anxiety and depression, and overall 
survival in breast cancer patients based on levels of a specific 
17 β-HSD working in the direction of E2 to E1. Accordingly, sub
stantial additional studies are now needed regarding the unique 
effects of E1 and E2 in postmenopausal women and the implica
tions for menopausal hormone treatment (MHT).

This mini-review presents several examples of divergent ac
tions of E1 and E2. Notably, the elegant findings by Schroeder 

et al in postmenopausal women indicate that E1 plasma levels 
correlate with activation of areas of the brain distinct from those 
correlating with E2 (Fig. 4). Studies in rodent model system also 
show divergent effects of E1 and E2 on brain physiology. For in
stance, McClure et al demonstrated that E1 and E2 have different 
effects on granule cell proliferation in the dentate gyrus of the 
hypothalamus (Fig. 5). Additionally, E1, but not E2 affects 
kainite-induced seizures in male mice (29).

Over the past decade, a series of studies has investigated how 
endogenous levels of various estrogens affect cognitive function 
in postmenopausal women (49-52). Interpretation of the data is 
challenging due to limitations of the insensitivity and lack of spe
cificity of the estrogen radio-immunoassays, variations in cogni
tive testing, the use of CEE as a comparator, and differences in 
the timing of observations. One study found that women in the 
highest quartile of baseline endogenous E1 had a 15% reduction 
in digit symbol scores (worse) compared with those in the lowest 
quartile (P = .004), with no effect observed for E2. No initial effect 
was seen on the Trails B test, but when repeated at the 4 to year 
follow-up, the highest E1 quartile group showed a greater reduc
tion in scores (P = .012) (49). Another study reported decreased 
executive function and verbal fluency (P = .04) at 3 years of 
follow-up in women with the highest E1 quartile, though E2 lev
els were undetectable in 66% of participants, resulting in a limi
tation of this analysis (52). A separate study measured urinary 
E1-glucuronide and found that a measure of attention increased, 
but there was no comparison with E2 (53). Ryan et al found in
creased semantic memory with E2, but no effects with E1 (51). 
Koyama et al found no effects of E1 and E2 on neuropsychologic
al testing (54). Overall, these data do not provide a clear under
standing of the cognitive effects of E1 compared with E2.

Beyond their effects on brain function, estrogens play a critical 
role in inflammation and immune modulation on breast biology 
(55-59). Studies in cultured breast cells show that E1 activates 
potentially harmful inflammatory effects, while E2 suppresses 
these effects. The differential gene activation by E1 and E2 
may explain these observations, but future studies are needed 

Figure 13 Effect of E1 and E2 on markers of EMT; role of C-myc, SOX2, 
KLF4, snail, and twist in the EMT process in HeLa cells in culture. The 
factors involved in this process were stimulated by E1 and not by E2 from 
(10), the reference cited and shown there as Fig. 4 panels A, B, and 
D. These data meet Criteria 3. Reproduced with permission of the 
publisher.

Figure 14 Differential effects of E1 and E2 on proliferation of human 
endothelial colony-forming cells (hECFC) as shown as Fig. 3A in (11), the 
reference cited. The solid line on the top represents the effect of E2 
administration and the bottom dotted line on the bottom represents E1. 
These data meet Criteria 2b. Reproduced with permission of the 
publisher.

Figure 15 Effects of high vs low levels of HSD17B on overall survival in 
women with ER+ breast cancers. High HSDB14 levels result in enhanced 
conversion of E2 to E1. Reproduced from the reference cited (8) with the 
permission of the publisher.
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to examine and clarify the role of each of the differentially regu
lated genes (Fig. 6) (8, 60).

Most studies on endogenous hormones have focused on serum 
or plasma E2 levels to explore the relationship between obesity 
and breast or endometrial cancer (41-43). Measuring estrogen 
levels in breast tissue may yield different results rather than as
sessing only circulating estrogen levels. Geisler’s review suggests 
that the E1 to E2 ratios in breast tissue differ from those in serum 
or plasma (61). These data highlight the need for future studies to 
clarify the roles of E1 in circulation and tissue, both acting inde
pendently of E2 and through conversion to E2. Current evidence 
suggests that both pathways are likely involved (8, 40, 42, 59).

Research in vascular tissues further shows that E1 can act in
dependently of conversion to E2 (8, 10, 29-31, 45-47). Notably, 
studies by Ivory et al on human epithelial colony-forming cells 
(Fig. 14) suggest that E1 may play a significant role in postmeno
pausal vascular function (11).

Figures 9, 11, and 12 present data showing that fulvestrant, a 
“pure” antiestrogen, blocks several biological effects, indicating 
that E1 acts on ERs, either ERα, ERβ, or both (8). A recent study 
found that ERα overexpression specifically reduces adipose tis
sue inflammation (62). Although both E1 and E2 interact with 
ERs, the reasons for the different effects are not clear and remain 
unexplained. One likely explanation is that E1 recruits CBP into 
the ERα-P65-P50 complex, leading to CCL2 transcription, where
as E2 does not (Fig. 10). This suggests that differences in coacti
vator recruitment may underlie their divergent effects (8). 
Further research is needed to explore the roles of corepressors 
and other mechanisms underlying the differential effects.

Direct evidence that E1 acts independently of conversion to 
E2, requires blocking this action with a potent and specific inhibi
tor (63, 64). Although specific inhibitors of 17β-HSDs in the reduc
tive direction are available, they have not been widely tested in 
patients or used to demonstrate the specific actions of E1 (65, 
66). Alternatively, the role of E1 can be examined indirectly by 
studying conditions where E2 is converted back to E1 via 17β− 
HSD. For example, Fig. 15 illustrate the impact of E2 to E1 conver
sion on breast cancer survival in women.

Interpreting the reviewed studies requires consideration of each 
of the 3 criteria for distinguishing the distinct properties of E1 and 
E2. The most robust method, albeit indirect, is to demonstrate di
vergent effects of E1 and E2, such as upregulation of one and the 
downregulation of the other (8, 10, 31). Another important criterion 
is the demonstration of geographic differences in organ systems as
sociated with E1 and E2, as illustrated by functional MRI studies of 
the brain in postmenopausal women (25). This mini-review referen
ces multiple studies that meet each criterion.

Several studies reviewed examined the effects of E1 without 
comparing them to E2. While these findings do not specifically 
address the issue of unique roles of E1, they are considered “hy
pothesis generating.” Although not discussed in detail here, these 
studies suggest an area of further research (33-35, 37, 52, 67-70).

This mini-review focuses on the effects of E1 that occur with
out conversion to E2. However, many actions of E1 do require 
conversion to E2 and therefore result in similar biologic effects 
of E1 and E2. Jozan et al (40) demonstrated this directly using 
isotopic kinetic technique. Future clinical studies should con
sider whether E1 acts directly or after conversion to E2. Further 
research is needed to clarify the clinical significance of high E1 
levels seen with oral estrogen hormone administration in 

comparison with the lower E1 levels seen with transdermal E2 
administration, particularly regarding cancer risk in estrogen- 
sensitive tissues, cardiovascular health, and brain effects.

Strengths of this mini-review
Diverse in vitro, animal, and human studies provide convincing 
evidence that specific E1 effects can occur independently of con
version to E2. The comprehensive literature search offers en
hanced insights into the important role of E1 in selected 
tissues and its potential role in postmenopausal women.

Limitations of this review

Selection of data
A limitation is the inclusion of a limited number of figures from 
studies comparing E1 and E2. The authors selected the most rele
vant figures through discussion and consensus.

Interpretation of functional brain MRI data
The validity of functional MRI, especially in brain studies, has 
been questioned in the literature (71-73). One major concern 
is that changes in oxidative function across brain regions 
may not correlate with cognitive or other biological outcomes 
(71). Reproducibility of data is a noted challenge. In this review, 
we highlight geographical or regional changes in brain activa
tion with E1 and E2, which appear to be robust, based on stat
istical analysis. However, the association between these 
changes and various processes such as memory recall remains 
indirect, and open to criticism. The levels of E1 and E2 in the 
women in the functional MRI study are only shown in Fig. 2
and therefore the baseline values are not available. Only the 
data correlating the E1 and E2 levels with the functional MRI 
are available

An important limitation is that androgen levels (androstene
dione and testosterone, precursors of E1 and E2, respectively) 
were not measured in the cited studies. Additionally, it is unclear 
whether endogenous circulating estrogens can cross the blood– 
brain barrier to act functionally. However, evidence shows that 
estrogens block hot flashes by inhibiting neurokinin 3 receptors, 
regulate LH and FSH through hypothalamic effects, and induce 
specific behavioral changes. Direct studies also confirm that es
trogens enter into brain cells and exert specific functions (74). 
Collectively, these findings support the concept that estrogens 
can enter the brain and exert specific functions.

This review did not address the effects of conjugated equine 
estrogens (CEE), which are commonly used as menopausal hor
mone therapy in women. The primary estrogenic component of 
CEE is E1-S (48% E1-S), a conjugate which is converted to E1 in 
postmenopausal women (13, 75-77). Animal studies show that 
CEEs do not promote growth in 3 animal models of breast tumor 
growth, whereas E2 clearly causes growth of all 3. Detailed stud
ies of these models (MCF-7 xenografts, NMU induced, and ACI rat 
mammary tumors) are available in published reports (78-80). The 
suggestion that these differential breast effects are due to E1 
must be considered with caution, as CEEs contains over 200 com
pounds, and other estrogenic or antiestrogen components might 
explain these observed outcomes in animal data.
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The referenced study on E1 levels in postmenopausal women 
(with a clearly defined diagnosis of menopause) included 4068 
participants whose E1 levels were measured using highly sensi
tive mass spectrometry assays (2). A limitation is that this breast 
cancer prevention study population was selected based on cri
teria such age 60 and older, a Gail risk score above 1.66, or a his
tory of benign breast disease. The analysis found no effect of 
increasing age on E1 levels; however, the effect of prior benign 
breast disease and Gail score is unknown.

In conclusion, this review demonstrates that E1 can exert 
unique and distinct effects in tissue culture, animal models, 
and in women. Since E1 is the primary estrogen produced in 
postmenopausal women, further research is needed to deter
mine the clinical significance of its specific effects, especially re
garding brain function, CVD, and estrogen-sensitive cancers 
(breast and endometrium). Given that MHT includes various 
forms of E1 and E1 levels differ between oral and transdermal 
E2 therapies, these divergent actions of E1 vs E2 may have im
portant clinical implications. We recommend further compre
hensive study, particularly in postmenopausal women.
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