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Abstract

Objective: Adaptive changes in DHEA and sulfated-DHEA (DHEAS) production from
adrenal zona reticularis (ZR) have been observed in normal and pathological conditions.

Here we used three different cohorts to assess timing differences in DHEAS blood level Key Words
changes and characterize the relationship between early blood DHEAS reduction and cell  » dehydroepiandrosterone
number changes in women ZR. > DHEAS
Materials and methods: DHEAS plasma samples (n = 463) were analyzed in 166 healthy > sulfated-
prepubertal girls before pubarche (<9 years) and 324 serum samples from 268 adult dehydroepiandrosterone
females (31.9-83.8 years) without conditions affecting steroidogenesis. Guided by DHEAS > DHEA-S
blood levels reduction rate, we selected the age range for ZR cell counting using DHEA/ > adrenarche
DHEAS and phosphatase and tensin homolog (PTEN), tumor suppressor and cell stress > adrenopause
marker, immunostaining, and hematoxylin stained nuclei of 14 post-mortem » phosphatase and tensin
adrenal glands. homolog
Results: We confirmed that overweight girls exhibited higher and earlier DHEAS levels > fPTENI
> female

and no difference was found compared with the average European and South American
girls with a similar body mass index (BMI). Adrenopause onset threshold (AOT) defined
as DHEAS blood levels <2040 nmol/L was identified in >35% of the females >40 years
old and associated with significantly reduced ZR cell number (based on PTEN and
hematoxylin signals). ZR cell loss may in part account for lower DHEA/DHEAS expression,
but most cells remain alive with lower DHEA/DHEAS biosynthesis.

Conclusion: The timely relation between significant reduction of blood DHEAS levels and
decreased ZR cell number at the beginning of the 40s suggests that adrenopause is an
additional burden for a significant number of middle-aged women, and may become

an emergent problem associated with further sex steroids reduction during the
menopausal transition.
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Introduction

Our current understanding of the three functionally
and morphologically distinct adrenocortical layers,
and especially the development and maturation of the
human androgenic layer comprising the fetal zone during
fetal life and the zona reticularis (ZR) after puberty, has
been enriched by the contributions from numerous
researchers through landmark studies (1, 2, 3). Many
transcription factors, growth factors, and hormones have
been implicated in adrenocortical cell development and
the control of steroidogenic function (4, 5). Specifically,
a major role has been described for the integrated
network of transcription factors that regulate adrenal
zonation and steroidogenesis, including Wilms’ tumor-1,
Steroidogenic Factor-1, Dosage-sensitive sex reversal,
adrenal hypoplasia congenita, X-linked-1 (DAX1), PBX1,
and CITED2 (3).

Cholesterol, derived from low-density lipoprotein
or de novo adrenal synthesis, constitutes the primary
source for production of two major steroid products
in the fetal zone, namely DHEA and DHEA sulfate
(DHEAS), which serve as estrogen precursors essential
for the maintenance of pregnancy (5, 6). Onset of zonal
differential steroidogenic activity and strong remodeling
of the adrenal gland occur after birth, leading to
programmed cell death of the fetal zone as reflected by a
rapid decrease in DHEA and DHEAS blood levels during
the first three postnatal months (6). Over the following
five years, corresponding to the pre-adrenarche phase,
the zona glomerulosa and zona fasciculata become well
differentiated, whereas cells of the islands of zona
reticularis remain quiescent with very low production of
DHEA and DHEAS (4, 6). We focused on blood DHEAS
levels because it is the most abundant adrenocortical
steroid in blood, measurement is widely available and is
more frequently reported than DHEA.

Adrenarche constitutes a period of adaptive response
to stress from prepuberty to early puberty, associated with
maturation of the hypothalamic-pituitary—adrenal axis
leading to secondary sexual signs (2, 4, 7). Accelerated
weight gain in infancy has been associated with premature
adrenarche, which is also associated with a greater risk of
developing metabolic syndrome later in life (8, 9, 10).

Most boys and girls from Leipzig, Germany, at 7
and 8 years of age presented with similar DHEAS levels
(<2980 nmol/L) (12). In a study on children with normal
BMIs in Kiel, Germany, many individuals aged 6-8 years
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presented with DHEAS levels <1360 nmol/L for girls.
Girls with normal BMI from Lyon, France presented
with DHEAS levels <1630 nmol/L at 7 years of age (12).
Normal children from Argentina (predominantly of Italian
descent) presented with levels <810 nmol/L prior to 8 years
of age (13) whereas those from Siena (Italy) at the same
ages exhibited approximately 540 nmol/L DHEAS (14).

Although changes regulating steroid biosynthesis
from early infancy to late puberty still represent an
intriguing mystery, modern endocrine physiology
has not yet characterized the mechanism underlying
adrenopause. Three important conclusions can be drawn
regarding blood DHEAS levels from the Leipzig study (15):
(1) a more significant decrease in DHEAS occurs after the
age of 30 years; (2) DHEAS levels are significantly higher
in males, and the women over 40 years old presented
DHEAS levels >2990 nmol/L; and (3) most individuals,
especially men, retained levels above 2071 nmol/L
until their seventh decade. In comparison, a study with
patients from a dermatologic clinic in New York reported
higher DHEAS levels for men and women over 40 years
old (16), that is, above 3090 nmol/L in women. Moreover,
significant DHEAS differences were found among 2886
women aged 42-52 years from different ethnic groups
living in various regions of the United States (Boston,
Chicago, Detroit area; Los Angeles; Newark; Pittsburgh;
and Oakland). Notably, African American and Hispanic
individuals exhibited the lowest levels, <2440 and <2990
nmol/L, respectively (16). DHEAS level differences were
also reported within the same ethnic group in Peru, where
women living at high altitude presented lower levels than
those living at sea level (17).

Brazilians are an extremely heterogenous population
with genetic admixture between Amerindians, Europeans
and Africans (18). The Parana state is one of the three
southernmost states, with a predominant European
ancestry.

Considering blood DHEAS levels <2040 nmol/L as
the adrenopause onset threshold (AOT), we investigated
at which ages when at least >35% of the females present
AOT, possible ZR cell number changes, and whether early
adrenarche timing is different in Brazilian compared
to European girls. AOT was selected based on similar
levels found in the beginning of adrenarche (<9 years),
and because it was associated with significant further
reduction in the following years, which was demonstrated
using the minimum, first quartile, median, third quartile,
and maximum values.
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Methods

Subjects selected for morning blood
DHEAS determination

Girls

DHEAS and BMI were evaluated in healthy girls between
3 and 8 years of age (N=166). Morning blood samples
were drawn as part of a longitudinal observational
study of baseline DHEAS data from children enrolled in
the Surveillance Cohort Study for Cancer Risk (SCSCR)
(Clinal trials: Brazilian registry (Rebec) U1111-1196-4533)
following parental or guardian consent (19). Girls were
eligible for the SCSCR study if they met the following
criteria: tested positive for a low penetrance germline TP53
p-R337H variant, underwent periodical medical, DHEAS,
and imaging exams. SCSCR was approved by the Ethics
Committee of Hospital de Clinicas at Federal University
(2005), Pequeno Principe Hospital (2005 and 2009), and
the Federal Ethics Committee (CONEP) in Brasilia (2005,
2009), under codes CAA 0023.0.208.000-05 from 2005,
and CAAE 0612.0.015.000-08, from 2009).

All girls were examined at different ages, resulting
in 463 morning plasma samples (07:00-08:30) at mean
intervals ranging from 4 to 6 months. Samples from
overweight (n = 146), underweight (n=14), and normal
weight (n=303) girls were included. Exclusion criteria
were as follows: girls small for gestational age (birth
weight <2.5 kg), born prematurely, diagnosed with any
type of cancer, congenital adrenocortical disease, or any
syndrome, pubertal onset in girls prior to 8 years, and
blood samples collected outside of the morning testing
time. BMI-for-age was calculated as indicated by the
CDC calculator for children (20). Normal, under-, and
overweight reference BMI were defined based on WHO
reference data (21).

Adult females

Fasting blood DHEAS samples (n = 324) from 268 adult
females aged 31.9-83.8 years were determined by the
Central Laboratory (Unidade de Apoio Diagnéstico)
of Hospital de Clinicas of Federal University of Parana
outpatient clinic. Use of these data was approved by
the Hospital de Clinicas Ethics Committee (CAAE
53403416.4.0000.0096 in 2016). Data from patients
presenting with adrenal pathology, any cancer, endocrine,
autoimmune or metabolic syndrome, infection, terminal
disease, treatment with steroids or inhibitors of steroid
biosynthesis were excluded.
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As standard procedure, only morning fasting blood
samples from girls and adult females were used and
assessed wusing a chemiluminescent microparticle
immunoassay (Architect Abbott), which has a wide range
of detection (80-40,710 nmol/L).

Measurement of DHEAS

Adrenal glands from autopsies

Use of adrenal glands embedded in paraffin from the
Department of Pathology repository (autopsies performed
from 2000 to 2012) at Hospital de Clinicas of Federal
University of Parand was approved by the Health Sciences
Sector Ethics Committee (CAAE78692617.4.0000.0102).
The histological profile of the adrenal cortex was
evaluated by immunohistochemistry. The glands (n=14)
were selected from 14 post-mortem females, comparing
the 16-20 year-group with the ages with early decrease
of blood DHEAS, excluding all cases with infectious
disease, adrenal pathology, any type of cancer, endocrine,
autoimmune or advanced terminal disease, or use of
steroids.

Immunohistochemistry for DHEA/DHEAS and PTEN

Adrenal glands from deceased patients unrelated to
adrenal diseases were evaluated by immunohistochemical
analysis following staining for DHEA/DHEAS and
phosphatase and tensin homolog (PTEN) protein
expression in the ZR. PTEN protein immunostaining
was used as a control for cellular preservation and as a
biomarker that becomes overexpressed in response to
stressful oxidative conditions before death (22, 23).
Cell counting and preservation of cellular structure
were estimated using sections stained with hematoxylin
(Newprov, Pinhais, Brazil).

Despite the limitation of our immunohistochemical
data associated with the use of post-mortem glands and
small number of adrenals, all samples were obtained under
the same conditions (time frame to perform autopsy after
death, tissue fixation and paraffin-embedded preparation)
and were used within the same time frame to perform
tissue fixation and microscopy analyses.

Full immunostaining protocol was performed as
described, with minor modifications (24, 25). Briefly,
adrenal gland tissue sections (4 pm thick) were mounted
on positively loaded glass slides and stained using the
immunoperoxidase technique. The primary antibodies,
anti-recombinant DHEA 3F5 (4) (pH 6.0, undiluted) and
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mouse monoclonal anti-PTEN 28H6 (Vision BioSystems
Novocastra®) (pH 6.0, 1:100 dilution), were incubated
overnight at 4°C. After washing, the tissue sections were
incubated with the secondary polymer (Reveal Polyvalent
HRP-DAB Detection System, Spring Bioscience, Pleasanton,
CA, USA) for 25 min at 21-23°C. Sections were developed
using complex 2,3,-diaminobenzidine (Reveal Polyvalent
HRP-DAB Detection System, Spring Bioscience)+DAB
chromogen concentrate (Reveal Polyvalent HRP-DAB
Detection System) for 3 min, followed by counterstaining
with Harris hematoxylin (Newprov, Pinhais, Brazil).
The immunoreactive DHEA/DHEAS cells
evaluated using the Axio Scan.Z1 slide scanner (Zeiss®,
Jena, Germany), at a 40x magnification. Ten photos
were taken from each adrenocortical layer. A standard
image of each layer containing appropriate levels of
each set of immunohistochemical signals was chosen for
use as a ‘mask’, determined by the Image Pro Plus® 4.5
morphometric analysis program (Media Cybernetics®,
Rockville, MD, USA). Tissue expression for each biomarker
was obtained by quantitative analysis (morphometry).
Immunopositive areas of each photomicrograph, in square
micrometers, were transformed into a percent by high
power field value (HPF). We also counted hematoxylin
and immune-positive cells (DHEA/DHEAS and PTEN)
per HPE, selecting cells with at least the lowest detectable
color above the background. This HPF percentage analysis
(obtained at ~400x) was determined by using Zen 3.0 blue
edition ZEN Lite software for Windows (ZEISS®). Changes
in ZR cell number were assessed using two approaches: (1)
counting hematoxylin-stained cells (negative for DHEA/
DHEAS or PTEN, (2) counting immunoreactive positive
and negative cells for DHEA/DHEAS and for PTEN per
10xHPE.

were

Statistical analysis for DHEAS levels

The DHEAS data were transferred to an Excel 2007
spreadsheet (Microsoft Corporation) and analyzed
using SPSS version 17.0 (IBM). Quantitative variables
were evaluated in relation to the central tendency and
dispersion measures. For qualitative data, the absolute
and relative frequencies were obtained. Variables were
tested for normality using the Komolgorov-Smirnov
test. Comparisons between nonparametric variables
were performed using the Mann-Whitney and Kruskal-
Wallis test. Blood DHEAS quantifications were evaluated
graphically as their dispersion in relation to age. The
dispersion of DHEAS levels was also assessed in relation
to BMI and age, and compared by trendlines using
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quadratic fit. Multivariate analysis using linear regression
investigated the decreased DHEAS in each age range.
Mean and s.p. values for ZR cell number was evaluated
using independent Student’s f-test. A P value < 0.05 was
considered statistically significant.

Results
DHEAS in girls according to BMI

Blood samples (1-3) were collected from the same girls (at
different ages) from one month to 8 years. Only fasting
morning plasma DHEAS levels were used in this study (Fig.
1). DHEAS mean values stratified according to three BMI
categories (underweight, normal weight) presented higher
mean values for overweight than normal or underweight
girls (P < 0.01), as shown in Table 1.

Serum DHEAS in adult females

Cautious selection of samples was necessary to exclude
endocrine pathologies, or patients using any steroid or
medications that affect DHEA and DHEAS synthesis in
any of the three cohorts. The age of women (n=268)
ranged from 31.9 to 83.8 years. It was observed significant
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Figure 1

Scatter plot of DHEAS values. DHEAS levels are shown in 166 girls from 3
up to 8 years of age (463 samples in total). Groups (underweight, normal
and overweight) were compared by trendlines using quadratic fit.
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Table 1 DHEAS mean values stratified by BMI values in girls.

DHEAS (nmol/L?)
BMI Status Mean sD P value®
Underweight 490 360
Normal 530 510
Overweight 700 590 <0.01

aTo convert from SI to conventional units, divide by the factor 2.714;
bKruskal-Wallis test, against the normal weight.

decrease in DHEAS in the age group of 41-45 year,
when > 35% of all women older than 40 years presented
blood DHEAS <2040 nmol/L. This was defined as the AOT
which further continues decreasing in older ages and
below the threshold (Fig. 2 and Table 2).

DHEA/DHEAS immunostaining and cell counts in
post-mortem adrenal cortex

The primary anti-DHEA antibody recognizes DHEA and
DHEAS (24), hereby described as DHEA/DHEAS immune-
positive cells, which were evaluated in the adrenal cortex
of 14 post-mortem adrenal glands from individuals
between the ages of 16-20 (n = 8) and 41-43 years (n=06).
Photomicrographs of the adrenal cortex are shown in Fig.
3. DHEA/DHEAS tissue expression in the ZR was measured
by the size of the positive area in square micrometers
(um?). The mean immunostaining expression level in the
ZR was higher than in zona fasciculata or zona glomerulosa
in all glands (data not shown). DHEA/DHEAS expression
decreased in ZR of older women (43 years) compared to
younger ages. However, due to the reduced number of
adrenal glands in each age group, and the variations in
the expression data, the difference was not significant
(P=0.07).

From the same group of adrenals (n=14), tissue
sections were also incubated with anti-PTEN for ages
from 19 to 43 years. Probably given the nature of the
conditions characterized by a high likelihood of oxidative
stress prior to and following death, most adrenocortical
cells exhibited PTEN immunoreactive cells (Fig. 3).

Table 3 presents data for cell counting performed in the
7R including negative- and positive-immunostained cells
for DHEA/DHEAS or PTEN in 14 adrenals (7 in the 16-20
years-oldgroupand7inthe40-43year-old group). Negative
cells were also counted according to the hematoxylin
staining signal. Using this approach, a significant mean
cell number reduction was observed only in the older
age group (total cell number counting considering
PTEN and hematoxylin signals). Considering only the
PTEN-positive cell counting was not different (P <0.8).
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Figure 2

(A) Scatter plot of serum DHEAS values in adult women. Groups were
compared by trendlines using quadratic fit. The horizontal dashed line
was placed on level 2040 nmol/L. (B) Box plot associating DHEAS levels
and age in women and summarizing the minimum, first quartile, median,
third quartile, and maximum values.

Given to the low number of adrenal glands, and
the low DHEA/DHEAS signal, the mean cell number
difference between both age groups was not significant
considering only DHEA/DHEAS-positive cells (P <0.19)
or the total (DHEA/DHEAS +negative cells detected with
hematoxylin) (P < 0.22).

Discussion

This study evaluated the increase in DHEAS until 8 years
of age in girls, excluding all girls with pubarche, thelarche,
or any sign of activated puberty. At the beginning of
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Table2 Serum DHEAS reduction rate and percentage of adult females presenting with serum DHEAS <2040 nmol/L.

Females, n? (%)

Age range (years) Beta (95% Cl) S.E. P value DHEAS <2040 nmol/L
Age 31-35 11.914 (8.540; —4.896) 8.540 0.164 28(10.7)
Age 36-40 —26.838 (11.073; —48.635) 11.073 0.016 69 (25.8)
Age 41-45 —38.752 (10.920; —60.247) 10.920 <0.0001 94 (35.3)
Age 46-50 —55.901 (11.757; =79.043) 11.757 <0.0001 152 (56.8)
Age 51-55 —58.336 (12.112; —82.178) 12.112 <0.0001 162 (60.5)
Age 56-60 —69.109 (15.241; —99.109) 15.241 <0.0001 167 (62.5)

A negative beta indicates a decline of DHEAS with increasing age.

2All adult females (n = 268). Percent (number of cases <2040 nmol/L divided by 268).

adrenarche children present signs of adult-type body odor,
oily skin and hair, and pubic hair growth (19). Differences
in timing of Tanner stages were not investigated in the
present study. Adrenarche and pubarche constitute a
causally related sequence (26). In our cohort, DHEAS levels
began to increase more rapidly from 410 to 680 nmol/L
at approximately 6 years of age in children with normal
BMI, whereas obese children exhibited significantly
increased blood DHEAS. Despite the small difference in
the rate of DHEAS increase in the first year (6-7 years of
age), we found small differences in blood DHEAS levels in
girls at 7-8 years compared to those published previously
for other ethnic groups (12, 13, 14, 27). Overall, the
observed DHEAS increases in girls were comparable to
prior reports in terms of timing and age-matched levels.
Given that adrenarche onset does not occur earlier in
Southern Brazil, earlier adrenopause onset is conceived
as an isolated population-specific physiological condition
likely related to genetic and geographical selective factors.

The adopted strategy to select adrenal age was based
upon two findings. The first was the highest detected decay
in blood DHEAS levels per year identified at the beginning
of the fifth decade with a significant percent of adults
(>35%) with levels <2040 nmol/L (Fig. 2 and Table 2). We
demonstrated that these indices may be useful to classify
adrenopause onset, which in Southern Brazil occurs
earlier. However, the metabolic impact of adrenopause
on the adrenal cortex and other organs in women, and
mainly during menopausal transition requires systematic
studies to define the clinical consequences. To the best
of our knowledge, no study has been published in the
same geographic region associating clinical data and
blood DHEAS levels <2040 nmol/L, probably because sex
steroids from ovaries are still abundant in pre-menopausal
women. Benetti-Pinto et al. (27) have reported similar
DHEAS levels data in Sdo Paulo (next to Parana state).
These authors presented control mean blood DHEAS
levels (+ SD) from healthy women at 35.5 + 5.5 years

(regularly menstruating women) and 55.1 + 3.9 years
(postmenopausal women) as 2909 + 1460 and 1499 + 720
nmol/L, respectively. This wide variation in DHEAS levels
suggests that a significant percent of women present
DHEAS levels <2040 nmol/L in the 40s. These events
together, adrenopause and menopause, may accelerate
the aging process and cause skin and vaginal atrophy,
bone and muscle loss.

The adrenal ZR is the main source of low potency
androgens and this loss may have

in females,

Figure 3

DHEA/DHEAS immunostaining-positive cells at age 16 years (A and E), and
at the age with a significant reduction in DHEAS blood level, at 43 years
(B and F). Scale bar 100 um (A and B) and 10 uym (E and F). ZR, zona
reticularis; ZF, zona fasciculata; ZG, zona glomerulosa. Nuclei are shown in
blue (hematoxylin counterstained), DHEA/DHEAS are stained brown.
PTEN immunostaining-positive nuclei (brown) at peak DHEAS blood level
at 19 years (C and G), and at the age with the most intense DHEAS blood
level reduction, at 43 years (D and H). Scale bar 100 ym (C and D) and10
pm (G and H). The cytoplasmic PTEN signal was either not detectable in
most cells or was a very weak signal in few cells (red arrow-heads). ZR,
zona reticularis; ZF, zona fasciculata; ZG, zona glomerulosa.
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Table 3 Total number of DHEA/DHEAS or PTEN positive and total cells per high power field in the ZR of women.

DHEA/DHEAS PTEN
16-20 years (n=4) 41-43 years (n=3) 16-20 years (n=4) 41-43 years (n=3)
Positive Total Positive Total Positive Total® Positive Total?
9 20 5 23 26 28 19 23
18 24 9 20 31 35 21 24
3 29 0 19 26 27 18 24
23 23 2 28
Mean 13.25 24 4.66 20.66 21.25 29.5 19.33 23.66
+s.D. 8.96 3.74 4.41 2.08 13.05 3.70 1.53 0.58

Total number (hematoxylin counterstained) subtracted by the number of positive cells for DHEA/DHEAS are negative cells for DHEA/DHEAS, and vice
versa for PTEN. The comparisons were between younger adults (with higher blood DHEAS levels) and the age group with significant percent of cases

<2040 nmol/L.
2P <0.05.

consequences in aging for skin, muscle and bone
metabolism. Similarly, changes in the ZR were reported
previously as a reduced mass in older American men
(54-90 years) in relation to that of younger men (20-29
years) (28). These studies provide novel mechanistic
insights regarding the adaptive changes in androgenesis
and timing of viability of ZR cells. Given the important
role of mitochondria in DHEA production, oxidative
metabolism in mitochondria upon aging may increase
reactive oxygen species, which may cause DNA damage
and mutagenesis (29). In the presence of high levels of
reactive oxygen species, mitochondria become damaged,
accumulate cytotoxic mediators, and induce cell death
(30). Moreover, degeneration and cell death in the ZR
may be associated with local inflammatory process and
oxidative stress, which had been previously reported in
Japan by Takayanagi et al. (31). It could be also associated
with higher susceptibility of all cortical layers to develop
adrenocortical carcinoma (ACC). This hypothesis may
explain why adrenopause onset and ACC incidence peaks
are close in some countries. In particular, the ACC peak
is earlier in the adjacent state of Sao Paulo at the end of
the fourth decade, in higher proportion in females, non-
carriers of the germline variant TP53 R337H, which rules
out influence of this variant (32). Additional information
about the TP53 R337H mutation in the South and
South-East Brazil and the discussion about PTEN is
provided in the Supplementary Materials (see section on
supplementary materials given at the end of this article).

The characterization of the exact age limits of
adrenopause onset must consider three important
features: genetic background, geographical environment
and sex. Ethnicity influence was highlighted by the work
of Crawford et al. (16), showing different DHEAS levels
in women of the same age albeit different ethnicities
and higher threshold: African American (<2440 nmol/L),

Hispanic (<2990 nmol/L), Japanese (<3530 nmol/L),
Caucasians (<3940 nmol/L) and Chinese women (<5160
nmol/L). In turn, altitude, an environmental factor, was
found to influence DHEAS levels in women (17). Finally,
sex-specific differences also exist, as females exhibit lower
DHEAS levels earlier in the aging process as reported
elsewhere (15, 17, 27, 33). AOT, described herein as blood
DHEAS levels <2040 nmol/L, in more than 35% of the
women in the 40s, was reported among older women in
Italy (33), Germany (34), France (35, 36), and the USA (15,
37).

Certain limitations are to be noted in this study.
Adrenals from other ages and sex matched with blood
DHEAS levels should be further evaluated a longitudinal
cohort. We note that caution must be observed when
drawing mechanistic insights, such as the potential
relationship between adrenopause and ACC risk.
Moreover, further research is necessary to define the
short survival period of the ZR in addition to the factors
specifically regulating DHEA production and cell death in
the ZR.

Conclusion

Whereas no substantial differences with previous studies
were observed with regard to early DHEAS increases
in girls, we found that a substantial proportion of
the females aged 41-45 years (>35%) exhibited early
adrenopause onset characterized by DHEAS <2040 nmol/L
and decreased ZR cell number. However, this was not a
longitudinal study since we used three different cohorts.
In conclusion, adrenopause is an additional burden for
a significant number of middle-aged women during
the menopausal transition. Significant reduction of sex
steroids may accelerate the aging process and cause skin
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and vaginal atrophy, bone and muscle loss. Further studies
should evaluate these systems and develop replacement
therapies.

Supplementary materials
This is linked to the online version of the paper at https://doi.org/10.1530/
EC-20-0416.
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