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Abstract
Introduction. Adrenocortical activity in various species is sensitive to androgens and estrogens. They may affect
adrenal cortex growth and functioning either via central pathways (CRH and ACTH) or directly, via specific
receptors expressed in the cortex and/or by interfering with adrenocortical enzymes, among them those involved
in steroidogenesis. Only limited data on expression of androgen and estrogen receptors in adrenal glands are
available. Therefore the present study aimed to characterize, at the level of mRNA, expression of these receptors
in specific components of adrenal cortex of intact adult male and female rats.
Material and methods. Studies were performed on adult male and female (estrus) Wistar rats. Total RNA was
isolated from adrenal zona glomerulosa (ZG) and fasciculate/reticularis (ZF/R). Expression of genes were
evaluated by means of Affymetrix® Rat Gene 1.1 ST Array Strip and QPCR.
Results. By means of Affymetrix® Rat Gene 1.1 ST Array we examined adrenocortical sex differences in the
expression of nearly 30,000 genes. All data were analyzed in relation to the adrenals of the male rats. 32 genes
were differentially expressed in ZG, and 233 genes in ZF/R. In the ZG expression levels of 24 genes were lower
and 8 higher in female rats. The more distinct sex differences were observed in the ZF/R, in which expression
levels of 146 genes were lower and 87 genes higher in female rats. Performed analyses did not reveal sex differences in the expression levels of both androgen (AR) and estrogen (ER) receptor genes in the adrenal cortex
of male and female rats. Therefore matrix data were validated by QPCR. QPCR revealed higher expression
levels of AR gene both in ZG and ZF/R of male than female rats. On the other hand, QPCR did not reveal
sex-related differences in the expression levels of ERa, ERb and non-genomic GPR30 (GPER-1) receptor. Of
those genes expression levels of ERa genes were the highest. In studied adrenal samples the relative expression
of ERa mRNA was higher than ERb mRNA. In adrenals of adult male and female rats expression levels of
estrogen-related receptors ERRa and ERRb were similar, and only in the ZF/R of female rats ERRg expression
levels were significantly higher than in males. We also analyzed expression profile of three isoforms of steroid
5a-reductase (Srd5a1, Srd5a2 and Srd5a3) and aromatase (Cyp19a1) and expression levels of all these genes
were similar in ZG and ZF/R of male and female rats.
Conclusions. In contrast to Affymetrix microarray data QPCR revealed higher expression levels of AR gene in
adrenal glands of the male rats. In adrenals of both sexes expression levels of ERa, ERb, non-genomic GPR30
(GPER-1), ERRa and ERRb receptors were comparable. The obtained results suggest that acute steroidogenic
effect of estrogens on corticosteroid secretion may be mediated by non-genomic GPR30. (Folia Histochemica
et Cytobiologica 2015, Vol. 53, No. 2, 133–144)
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Introduction
Sex related differences in the structure and function
of adrenal gland are well recognized. In this regard
both androgen and estrogen receptors (AR, ER; respectively) play an important role in the functioning
of the gland and the earliest quantitative data on this
subject were extensively reviewed [1]. These early
studies revealed that the number of estrogen-binding
sites was similar in both male and female adrenals,
while the number of androgen-binding sites was notably higher in adrenals of male rats [2–5]. By means
of immunohistochemistry androgen receptor-like
immunoreactivity was found in fasciculata (ZF) and
reticularis (ZR) zones of the rat adrenal cortex while
no such reaction was found in the zona glomerulosa
(ZG) and adrenal medulla [6, 7]. Furthermore, by
means of immunoblot assay relatively high levels
of androgen receptors were detected in the adrenal
glands of rats of both sexes [8].
Contrary to the androgen receptor, only scanty
data were available on topographical expression of
estrogen receptor in the rat adrenal gland. In the
earliest studies, after the injection of 6,7-3H-estradiol-17b Stumpf [9] did not found specific uptake
of radioactivity in adrenals of both male and female
rats. With advent of molecular biology era new estrogen and estrogen-related receptors (ERRs) were
identified. ERRa and ERRb were cloned in 1988
by Giguere et al. [10] while the third member of this
group — ERRg was identified in 1999 by Hong et
al. [11]. The ERRs belong to the NR3B orphan nuclear receptor subgroup. In the meantime Kuiper et
al. [12] identified a new estrogen receptor isoform,
named estrogen receptor beta (ERb). Both, ERRa
and ERRb possess high sequence homology to ERa
and ERb, respectively. Finally, in 2005 the G protein
coupled receptor (GPR30 or GPER-1) was identified
as a non-genomic ER mediating the rapid estrogen-dependent G protein signaling [13, 14]. Only limited
data on the expression of these receptors in adrenal
glands are available.
Recently, by means of microarray analysis we
characterized sex-related gene expression profiles in
the adrenal cortex of the mature rat [15]. This study
failed to demonstrate differences in expression levels
of androgen and estrogen receptor genes in male and
female glands. However, the quality of gene expression data obtained from microarrays can vary greatly
with the methods used [16]. Therefore microarray
data, especially those near expression fold 2 level
have to be validated by other methods. In this regard
QPCR is considered as the “gold-standard” method
of measuring gene expression [17]. Regarding this
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one report indicated that correlation coefficients (r)
for each gene for the agreement between RT-PCR
(QPCR) and microarray (Affymetrix platform) ranged from –0.48 to +0.93 [18].
Therefore, the aim of the present study was to
validate earlier obtained Affymetrix microarray data
by QPCR [15]. Using this method we characterized
at the level of mRNA the expression of ERs, ERRs,
GPR30 and AR in specific components of the adrenal
cortex of intact adult male and female rats. More
over, under the same experimental model we studied
expression of pivotal genes coding proteins involved in
the reactions of testosterone reduction and estrogen
aromatization.

Material and methods
Animals. Adult female and male Wistar rats (12 weeks old,
final body weight 120–150 g) were obtained from the Laboratory Animals Breeding Center, Department of Toxicology,
Poznan University of Medical Sciences. Animals were maintained under standardized conditions of light (14:10 h light–dark
cycle, illumination onset 06.00 a.m.) at 23°C with free access
to standard food pellets and tap water. Females were used
in estrus cycle phase, which was determined according to the
cell types observed in the vaginal smear. After decapitation
(between 09:00 and 10:00 h), adrenal glands were promptly
removed, freed of adherent adipose tissue and processed for
study. Briefly, under a stereomicroscope, male and female (in
both groups n = 6) rat adrenal glands were decapsulated to
separate ZG from the fasciculata/reticularis zones (ZF/R).
Medulla of adrenal gland was removed from the study. The
Local Ethics Committee for Animal Studies approved the
study protocol. If not otherwise stated, all reagents were
obtained from Sigma-Aldrich (St. Louis, MO, USA) or from
Avantor Performance Materials Poland SA (Gliwice, Poland).
RNA isolation. RNA isolation from adrenal samples was
described earlier [15, 19]. Briefly, we used TRI Reagent
(Sigma-Aldrich) and the isolated RNA was purified on
columns (Rneasy Mini Kit, Qiagen, Hilden, Germany).
The quantity of total RNA was determined spectrophotometrically (optical density at 260 nm) and its purity was
estimated by 260/280 nm absorption ratio (higher than
1.8) (NanoDrop spectrophotometer, Thermo Scientific,
Waltham, MA, USA). RNA integrity and quality were
checked on Bioanalyzer 2100 (Agilent Technologies, Inc.,
Santa Clara, CA, USA). Evaluated RINs (RNA Integrity
Numbers) were between 8.5 and 10 with the average of 9.2.
RNA concentration in each sample was diluted to 100 ng/µL
with OD260/OD280 ratio of 1.8/2.0.
Microarray expression analysis. Microarray expression
analysis was also described earlier [15, 20]. Previously iso-
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lated total RNA (100 ng) was mixed with 1.5 µL of Poly-A
RNA control solution. Such prepared samples were subjected to reverse transcription to synthase first and second
strands of cDNA. Obtained cDNA was used as template for
in vitro transcription to synthase labeled aRNA (antisense)
by incubation at 40°C for 16 hours. After purification aRNA
was applied for the second round sense cDNA synthesis
by WT Expression Kit (Ambion, Austin, TX, USA). The
obtained cDNA was used for biotin labeling and fragmentation by Affymetrix GeneChip® WT Terminal Labeling
and Hybridization (Affymetrix, Santa Clara, CA, USA).
Biotin-labeled fragments of cDNA (5.5 µg) were hybridized
to Affymetrix® Rat Gene 1.1 ST Array Strip (45°C/24 h).
Each array comprised of more than 720,000 unique 25-mer
oligonucleotide probes, which included over 27,000 genes.
Up to 25 unique probes’ sequences were hybridized to
a single transcript. After hybridization, every array strip was
washed and stained by Fluidics Station of the GeneAtlas System (Affymetrix). The array strips were scanned by Imaging
Station of the GeneAtlas System. Preliminary analysis of
the scanned chips was performed using Affymetrix GeneAtlasTM Operating Software. The quality of gene expression
data was checked according to the quality control criteria
provided by the software. The intensity of fluorescence was
transformed to numeric value by generating a CEL file. The
obtained CEL files were imported into downstream data
analysis software. If not otherwise stated, all of presented

analysis and graphs were performed by Bioconductor and
R programming language [21]. Each CEL file was merged with
a description file (downloaded from Affymetrix webpage).
In order to perform background correction, normalization
and summarization of the results, we used Robust Multiarray
Averaging (RMA) method. Statistical significance of the
expression levels of the analyzed genes was examined by
moderated t-statistics from the empirical Bayes method. The
obtained p values were corrected for multiple comparisons
using the Benjamini and Hochberg’s false discovery rate
(statistical method incorporated into Bioconductor calculations) [22]. The selection of significantly changed gene
expression was based on p value below 0.05 and expression
fold higher than ± 2. Fold-change calculations were done
either for appropriate adrenocortical zones of male and
female rats or for ZG and ZF/R of adrenals in both sexes
and presented on volcano plots.
QPCR studies. Methods applied were described in our
earlier publications [15, 23]. Reverse transcription was
performed using AMV reverse transcriptase (Promega,
Madison, WI, USA) with Oligo dT (PE Biosystems, Warrington, UK) as primers in the temperature of 42°C for
60 min (thermocycler UNO II, Biometra, Goettingen, Germany). The primers used were designed by Primer 3 software
(Whitehead Institute for Biomedical Research, Cambridge,
UK) (Table 1). The primers were purchased from the Labo-

Table 1. Primers used for the validation of studied genes. Gene symbol, Genebank accession numbers, oligonucleotide
sequences for sense and antisense primers, their position on mRNA and product size are shown. HPRT (hypoxanthine
phosphorybosyl transferase) was the reference gene
cDNA

Genbank accession number

Primer

Primer sequence (5’-3’)

Position

PCR product
size (bp)

AR

NM_012502.1

S

ATCATCTCTGTGCAAGTGCCC

3634–3654

162

A

CCCATGCCAGAGAAGTAGTG

3776–3795

ERa

NM_012689.1

S

ATGATGGGCTTATTGACCAAC

1248–1268

A

AGGATCTCCAACCAGGCACA

1365–1384

ERb
ERRa
ERRb

NM_012754.1
NM_001008511.2
NM_001008516.2

ERRg

NM_203336.2

GPR30

NM_133573.1

HPRT

NM_012583

S

TCTGTGTGAAGGCCATGATC

1474–1493

A

GCAGATGTTCCATGCCCTTG

1691–1710

S

CTCTCTACCCAAACGCCTCT

334–353

A

CGCACACCCTCCTTGAGCAT

548–567

S

CTGGAGCTTTACCGAGCCAT

952–971

A

GGCAGTGTCAACAGCAGCTT

1171–1190

S

TATCACTATGGGGTTGCCTC

700–719

A

CTTGTACTTCTGCCGACCT

903–921

S

CTTCTGCCATGCCACGCTCA

1095–1114

A

ACATCTGACTGCTCCGTGCT

1132–1151

S

ATTTTGGGGCTGTACTGCTTGA

391–412

A

CAGTCAACGGGGGACATAAAAG

515–536
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234
239
222
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Figure 1. Volcano plot graphs of gender specific differences of genes expression in ZG (zona glomerulosa) and ZF/R
(zona fasciculata/reticularis) of adrenals of adult female rats, in relations to adult male rats (Affymetrix® Rat Gene 1.1
ST Array). Orange vertical dotted lines marks fold change cutoff values (+2, –2 fold change of expression). Orange horizontal dotted lines point statistical significance cutoff value (p < 0.05). Names of genes have not been shown. Green dots
marks genes above cut off the thresholds considering as differentially expressed genes. Red dots refer to the genes below
cutoff thresholds and their expression does not differ

ratory of DNA Sequencing and Oligonucleotide Synthesis,
Institute of Biochemistry and Biophysics, Polish Academy
of Sciences, Warsaw, Poland. QPCR was performed in the
Light cycler 2.0 instrument (Roche Diagnostics Corporation, Indianapolis, IN, USA) with the 4.05 software version.
Using the above-mentioned primers, SYBR green detection
system was applied. 20 µL reaction mixtures contained 4 µL
template cDNA (standard or control), 0.5 µM of every
gene-specific primer and a previously determined optimum
MgCl2 concentration (3.5 µM for one reaction). Light Cycler
FastStart DNA Master SYBR Green I mix (Roche) was
used. The real-time PCR program included 10 min denaturation step to activate the Taq DNA Polymerase, followed
by a three-step amplification program: denaturation at 95°C
for 10 s, annealing at 56°C for 5 s, and extension at 72°C for
10 s. The specificity of the reaction products was checked
by the determination of melting points (0.1°C/s transition
rate). PCR efficiency was assessed by serial dilution method. Products from QPCR reactions were separated in 2%
agarose gel and specific bands were extracted by DNA gel
extraction kit (Millipore, Billerica, MA, USA). The amount
of the extracted DNA was estimated spectrophotometrically.
The extracted DNA was diluted (10-fold serial dilutions)
and applied for QPCR in order to obtain standard curve
for PCR reaction efficiency calculation. The applied version
of Light Cycler software (4.05) allows for the evaluation of
amplification efficiency plots.
Statistical methods. QPCR data were expressed as means
± SE, and the statistical significance of the differences
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between control and experimental groups was estimated
using Student’s t-test.

Results
Microarray analysis
By means of Affymetrix Rat Gene 1.1 ST Array
we examined adrenocortical sex differences in the
expression of nearly 30,000 genes. Due to the nature
of applied experiment, all data were analyzed in relation to the gene expression level in the adrenals of
the male rats. Microarray analyses were performed
separately on ZG and ZF/R zones of the adrenal
cortex. Firstly, genes which we consider as differentially expressed between sexes, were selected by
previously established cutoff criteria (fold change
> abs (2) and p < 0.05). The mean expression values
with relation to p value were presented in volcano
plot graphs (Figure 1). Green dots on the left side
of the graphs show genes that expression levels were
higher than in male adrenals. Contrary, in the right
part of the graphs green dots correspond to genes of
lower expression than in male adrenals. Summing
up, 32 genes were differentially expressed in ZG, and
233 genes in ZF/R. In the ZG expression levels of
24 genes were lower and 8 higher in the female rats. The
more distinct sex differences in the expression levels of
the analyzed genes were observed in the ZF/R of the
adrenal gland. In these zones the expression levels of
www.fhc.viamedica.pl
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Figure 2. Expression of androgen receptor (AR) in ZG and ZF/R of adult female and male adrenals. Bar plots present
means of expression ± SE, normalized to HPRT reference gene. In each group n = 4. Data in relation to male adrenals.
Fold changes and p values are shown

146 genes were lower and 87 genes higher in female
rats. Of note, the applied microarray method did not
reveal sex differences in the expression levels of the
studied genes [AR; ERa; ERb; GPR30 (GPER-1),
ERRa; ERRb; ERRg] in the adrenal cortex of male
and female rats.

QPCR analysis
The obtained matrix data were validated in relation
to the genes of interest by means of the QPCR technique. This method revealed significantly higher
expression levels of AR gene both in ZG and ZF/R of
male than female rats (fold 3.54 and 1.9 respectively)
(Figure 2). Of interest is that in both male and female
adrenal glands, the expression levels of the AR gene
were similar in the ZG and ZF/R.
In contrast, QPCR did not reveal sex-related
differences in the expression levels of ERa, ERb
and GPR30 (Figure 3). Of the studied genes the
expression levels of the ERa gene in rat adrenal cortex were the highest. The relative expression levels
of ERa/ERb were: in ZG of females 1.48 ± 0.10;
in males 1.69 ± 0.72 (p = 0.78); in ZF/R of females
9.33 ± 1.53; in males 2.96 ± 0.69 (p = 0.01) (n = 3;
means ± SE). In the adrenal cortex of adult male and
female rats the expression levels of ERRa and ERRb
genes were similar, however, in ZF/R of female rats
the expression level of ERRg was significantly higher
than in males (Figure 4).
Since all our QPCR studies were performed on
the same sample set in relation to the same reference
gene, and additionally with respect to the PCR effi©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2015
10.5603/FHC.a2015.0012

ciency, we were able to compare expression profiles
of all analyzed genes. It appeared that in rat adrenal
gland the relative expression levels (rel) of AR gene
are the highest (rel from 1 to approximately 5) and
followed by ERa (rel 0.4–0.9). Moderate expression
levels were found in case of ERRa, ERRb and ERRg
genes (rel 0.05–0.1) while the lowest expression was
found for ERb and GPR30 (rel 0.015–0.04).
Moreover, based on the data of the matrix study
we analyzed expression profiles of genes which encode three isoforms of steroid 5a-reductase (Srd5a1,
Srd5a2 and Srd5a3), an enzyme system catalyzing
conversion of steroids to 5a-dihydrosteroids, as well
as gene encoding aromatase (Cyp19a1), an enzyme
involved in the transformation of androgens into
estrogens. We found that the expression levels of all
these genes were similar in ZG and ZF/R of male and
female rats (Figure 5).

Discussion
It is well known that adrenocortical activity in the
rat, like in other mammals, is sensitive to androgens
and estrogens [1, 24, 25]. These hormones may affect
adrenal cortex growth and function either via central
pathways (hypothalamic CRH and adenohypophyseal
ACTH) or — with great probability — directly, via
specific receptors expressed in the cortex and/or by
interfering with adrenocortical enzymes, among them
those involved in steroidogenesis.
The expression of AR in the rat adrenal gland
is well known. The early studies revealed that the
number of androgen-binding sites was notably higher
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Figure 3. Expression of estrogen receptors (ERa, ERb and GPR30) in ZG and ZF/R of adult female and male adrenals.
Bar plots present means of expression ± SE, normalized to HPRT reference gene. In each group n = 3. Data in relation
to male adrenals. Fold changes and p values are shown
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Figure 4. Expression of estrogen-related receptors (ERRa, ERRb and ERRg) in ZG and ZF/R of adult female and male
adrenals. Bar plots present means of expression ± SE, normalized to HPRT reference gene. In each group n = 4. Data in
relation to male adrenals. Fold changes and p values are shown
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Figure 5. 5a-reductase isoforms (Srd5a1, Srd5a2, Srd5a3) and aromatase (Cyp19a1) genes expression in ZG and ZF/R
adrenals of adult female and male rats. Normalized data obtained from Affymetrix® Rat Gene 1.1 ST Array presented as
a dot-plot (plotting system for R language). From microarray data sets, expression values of Srd5a1, Srd5a2, Srd5a3 and
Cyp19a1 genes were extracted. Each dot on graph corresponds to single log2-transformed value of signal intensity from
individual sample (number of samples per group = 3). Mean fold expression change and p values in relation to control are
shown on graph. Statistical differences were determined by moderated t-statistics test with Benjamini and Hochberg’s [22]
false discovery rate FDR correction. Fold expression change was calculated in relation to male adrenals

in adrenals (studies on histologic slides and cytosol)
of male rats [2–5]. Also by means of immunoblot
assay relatively high levels of AR were detected in
adrenal glands of both male and female rats [8]. By
immunohistochemistry AR-like immunoreactivity was
demonstrated in rat ZF and ZR while no reactivity was
found in ZG and medulla of the gland [6, 7]. In this
regard in the sand rat AR-like immunoreactivity was
demonstrated in both, ZG and ZF [26]. Only the last
observation is in concord with our findings. Present
QPCR studies revealed higher expression levels of
AR gene both in ZG and ZF/R of male than female
rats, whereas within the same sex expression levels in
ZG and ZF/R were rather comparable.
Non considering GPR30, biological effects of
estrogens are mediated through numerous receptor
isoforms which regulate expression of target genes by
binding with ERE (estrogen-responsive element) of
specific genes. The first ER, now known as ERa, was
cloned in 1986/1987 while ERb in 1996 [12, 27, 28]. In
adrenal cortex of different species both receptors have
been identified, however, the relative expression of
both receptor types differs significantly. Contrary to
©Polish Society for Histochemistry and Cytochemistry
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human adrenal cortex, in the rat adrenal cortex ERa
mRNA is far more abundant than the ERb [29–32].
Likewise, in chicken adrenals the relative expression
of ERa mRNA was higher than ERb mRNA [33]. In
the present study we confirmed expression of ERa
and ERb genes in the rat adrenal cortex. We also
confirmed that in the rat adrenal cortex ERa mRNA
levels were notably higher than levels of ERb mRNA.
Moreover, we demonstrated that within the same sex
adrenal ZG and ZF/R levels of ERa mRNA were
similar. The same concerns the levels of the ERb
mRNA. Moreover, in the female ZF/R we revealed
that relative expression levels of ERa/ERb are notably
higher than in male adrenal cortex.
As mentioned earlier, non-genomic ER (GPR30),
a seven-transmembrane receptor (7TMR), is associated with rapid estrogen-dependent, G protein
signaling [13, 14]. This receptor is highly expressed in
the ZG and medulla of the human adrenal gland [34],
in cultured bovine adrenal medullary cells [35] and in
adrenal medulla of GPR30-LacZ reporter mice [36].
In the male and female rats adrenal medulla and
cells within the ZG of the adrenal cortex, high levels
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of GPR30 mRNA and GPR30-like immunoreactivity
were observed [37]. Present studies expands these
earlier observation. We were able to demonstrate
expression of GPR30 gene in both, the ZG and ZF/R
of rat adrenal cortex. Expression levels of this gene
in both compartments were similar and nearly equal
in adrenals of male and female rats. It is worth to
mention that the expression of the GPR30 has been
recently described in the ZG of human normal adrenal
cortex, aldosterone producing adenoma cells and in
the adrenocortical HAC15 cells [31].
At present three estrogen related receptors (ERRs),
ERRa, ERRb and ERRg, are known. Of those ERRa
and ERRb possess high sequence homology to ERa
and ERb, respectively [10, 11]. ERRa is ubiquitously
expressed and exhibits a broad range of target genes.
Expression of this gene was also observed in the mouse
adrenal gland [10]. Recently ERRa transcripts were
found in the adult and fetal human adrenal glands [38].
In normal adrenals of adult humans ERRa-like immunoreactivity was detected in all adrenocortical zones but
not in the medulla. These authors suggest that ERRa
plays an important role in the regulation of adrenal
steroid production. Our studies expanded earlier observations. We found the presence of ERRa transcripts
in the ZG and ZF/R of rat adrenal cortex. In both compartments expression levels of studied gene were similar
and no sex-related differences could be demonstrated.
Also the second member of ERRs — ERRb was
found in the mouse adrenal gland [10]. Like in case
of ERRa, our studies revealed the presence of ERRb
transcripts in the ZG and ZF/R of rat adrenal cortex.
And again, in both the ZG and ZF/R expression levels
of studied gene were similar and no sex-related differences could be demonstrated. From functional point
of view it has to be underlined that mice heterozygous
for ERRb deletion have increased corticosterone secretion after restraint stress, while those homozygous
for ERRb deletion have higher baseline levels of this
corticosteroid [39].
Expression of ERRg, a third member of ERR,
had also been demonstrated in adrenal cortex [40].
At the level of mRNA expression of this gene was
demonstrated in the ZG and notably lower in the
ZF of the mouse adrenal cortex and immunohistochemistry confirmed these findings. In our studies
expression levels of ERRg gene were similar in the
ZG of male and female rats, while in the ZF/R ERRg
mRNA levels were notably lower in adult males. In
this regard Luo et al. [40] suggest that ERRg deficiency decreases aldosterone production by reducing
Cyp11b1 and Cyp11b2 expression in the mouse adrenal cortex. Furthermore, it has been suggested that
ERRg activates the DAX-1 promoter, which in turn
©Polish Society for Histochemistry and Cytochemistry
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inhibits ERRg through coactivator competition (an
autoregulatory loop). Moreover, it was demonstrated
that ERRg stimulates ERRa gene expression whereas
its own gene product represses ERRg’s activity [41].
Our data obtained from matrix assay (not validated by QPCR) did not reveal sex related differences
expression profile of three isoforms of adrenal steroid
5a-reductase (Srd5a1, Srd5a2 and Srd5a3) in the
intact rats. Of these isoforms Srd5a1 and Srd5a2 are
involved in the reduction of steroids to 5a-dihydrosteroids while Srd5a3 is linked with protein glycosylation
[42, 43]. In the rat this enzyme system plays an important role in intraadrenal reduction of corticosterone
to dihydrocorticosterone. As reviewed earlier [1], in
the rat adrenal cortex this enzyme system is regulated
by sex hormones as well as by the pituitary ACTH. As
evidenced by immunohistochemistry, 5a-reductase
type 1 is expressed in the cells of the ZF and ZR but
not in ZG [44]. Thus, these data differ notably from
our findings showing expression of 5a-reductase genes
in both ZG and ZF/R of adult male and female rats.
From matrix data (not validated by QPCR) we also
analyzed expression profile of aromatase (Cyp19a1),
an enzyme that catalyzes the final stage of estrogen
biosynthesis pathway from androgens. In adrenals of
adult rats expression levels of this gene were similar in
ZG and ZF/R of male and female rats. Unexpectedly,
only scanty data are available on expression of this
gene in normal adrenals. Aromatase expression was
found in adrenal glands of fetal and newborn piglets
by Western and Northern blots [45]. Immunolocalization demonstrated the highest intensity of aromatase
reaction in adrenocortical cells concentrated at the
corticomedullary junction and in the medulla itself.
Authors suggest that these cells may represent zona
reticularis, which in studied period of ontogenesis
was poorly defined. In contrast to animals, numerous
data are available on aromatase expression in human
adrenals. Aromatase expression has been observed in
the human fetal and adult normal adrenal gland [29,
34, 46]. However, expression of aromatase gene is
very high in adrenocortical tumors, especially those
secreting estrogens [29, 47, 48]. Moreover, functional
aromatase was also identified in H295R cell line [49].
As it follows from our data and the above survey,
adrenal cortex is provided with different androgen, estrogen and estrogen-related receptors. Of them, only
GPR30 is non-genomic receptor while remaining receptors act on cellular DNA regulating transcription.
Moreover, ERa and ERb may form heterodimeric
complexes and this may results in receptor activity
distinct from that of ER homodimers [50]. Also analysis of the cross-talk within the ER/ERR subgroup
of nuclear receptors revealed common targets but
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also functional differences between the two ERs [40,
51]. Close interaction between DAX-1 and ERRg
and ERb and GPER-1 recently was also reported in
HAC15 adrenocortical cell line [31, 52].
It is well documented that function of adrenal
cortex in various species is modulated by androgens
and estrogens [1, 24, 25]. In vivo their action is mainly
indirect and involves modulation of the hypothalamo-pituitary-adrenocortical axis, affecting primarily
CRH and ACTH synthesis and/or secretion. However,
direct effects of sex hormones on adrenocortical cells,
as far as they mechanisms of actions are concerned,
required careful reevaluation. As documented in
numerous earlier reports, both androgens and estrogens do modify steroidogenic enzyme activity when
assessed in adrenal extracts (“powder”) or adrenal
subcellular fractions [1, 24, 53]. Also studies with
short-term exposure of adrenal slices and isolated or
cultured adrenocortical cells to androgens or estrogens
demonstrated their ability to modulate corticosteroid
output. Partially these effects depend on interference of
studied sex steroids with ACTH-sensitive intracellular
pathways [53–55]. However, these earlier observations
do not exclude a possibility of estrogen actions through
GPR30. For example, such a fast, GPR30-mediated
effect of 17b-estradiol was observed in primary cultures
of bovine adrenal medullary cells [35]. In this experimental model, within 20 min estradiol upregulated
catecholamine synthesis.
At present, however, the newest molecular biology
tools allow to study the involvement of estrogen, estrogen related and androgen receptors in sex steroid
action on adrenocortical cells. In this regard results of
group of Rossi [31] are fascinating. They demonstrated
that in HAC15 adrenocortical cell line silencing of
the ERb significantly raised aldosterone output while
silencing of the GPER-1 resulted in an opposite effect.
These data suggest that under physiological conditions
estrogens inhibit aldosterone synthesis by acting on
ERb. Moreover, silencing of this gene unmasks a potent
secretagogue effect on aldosterone secretion that occurs
through GPER-1, non-genomic estrogen receptor.
Thus, the progress in molecular biology opens new
fields in studies on mechanisms involved in estrogens
and androgens actions on adrenocortical cells. More
over, our studies confirm earlier reports that application of only one method of gene expression assessment
(like microarrays) can lead to false conclusions.
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