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Ludwik K. Malendowicz* and Marcin Rucinski

Department of Histology and Embryology, Poznan University of Medical Science, Poznan, Poland

Sex differences in adrenal cortex structure and function are well known in different spe-
cies. In the rat, they are manifested as larger adrenal cortex and higher corticosterone
secretion by females compared with males. These sex differences depend, among
others, on functioning of the hypothalamic-pituitary-adrenal axis (HPA). In this aspect,
it is widely accepted that testosterone exerts an inhibitory and estradiol stimulatory
effect on the said axis. The molecular bases of these sex-related differences are poorly
understood. Therefore, we performed studies aimed to demonstrate the effect of tes-
tosterone and estradiol on the expression of differentially regulated genes in rat adrenal
gland. The classical method applied in the study—gonadectomy and gonadal hormone
replacement—allows obtaining results suggesting a physiological role of the tested hor-
mone (testosterone or estradiol) in the regulation of the specific genes. Adult male and
female rats were either gonadectomized or sham operated. Half of orchiectomized rats
were replaced with testosterone while ovariectomized ones with estradiol. Transcriptome
was identified by means of Affymetrix® Rat Gene 2.1 ST Array. Differentially expressed
genes were analyzed by means of DAVID web-based bioinformatic tools and confirmed
by means of Gene Set Enrichment Analysis. For selected genes, validation of the results
was performed using QPCR. Performed experiments have provided unexpected results.
Contrary to expectations, in orchiectomized rats, testosterone replacement stimulates
expression of numerous genes, mainly those associated with lipids and cholesterol
metabolism. However, in ovariectomized animals, estradiol replacement inhibits the
expression of genes, mainly those involved in intracellular signaling pathways. The phys-
iological relevance of these findings awaits further research.

Keywords: rat, adrenal gland, transcriptome, global gene profiling, functional annotation clustering, gonadectomy,
testosterone, estradiol

INTRODUCTION

Sex-related differences in the structure and function of the adrenal cortex of mature rats are well
recognized. These differences are the result of the action of sex hormones on the various components
of the hypothalamic-pituitary-adrenal axis (HPA). The results of studies on the effects of gonadec-
tomy and sex hormone replacement on the rat adrenal cortex suggest that estrogens stimulate and
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androgens inhibit the HPA axis function. The results of these
studies are presented in many comprehensive monographs and
textbooks (1-7). It is important to note that in gonadectomized
animals sex hormones exert generalized response, not limited to
HPA axis only. For example, they regulate the levels of corticos-
teroid-binding globulins (CBG) (8-11) as well as corticosterone
biological half-time (12-14). CBG is involved in the mechanism
of steroid hormone action by keeping steroids in circulation, and
therefore controlling the availability of unbound hormones for
their targets. In the rat, CBG levels are notably higher in females.
Orchiectomy (ORX) resulted in 60-70% increase in CBG levels,
while ovariectomy (OVX) had no effect (8, 15). Of interest, in
the rat, estradiol effect on CBG is mediated via thyroid gland.
Furthermore, biological half-life of corticosterone in adult male
rats is ca. two times longer than in females (12, 16). Also, the
metabolic clearance rate of corticosterone is markedly higher in
female than male rats (17, 18).

The above-described sex differences in the structure and func-
tions of the rat adrenal cortex probably depend on differences in
the gene expression of this gland. However, to our knowledge,
no studies are available on the effects of estradiol or testosterone
on transcriptome profile of the rat adrenal gland. Regarding
this, recently we have shown that in adult rat adrenal cortex,
the differentially expressed genes that are significantly enriched
included genes involved in steroid hormone metabolism, and
their expression levels in females were significantly higher
compared with those in the male rat (19). Generally, if compared
with males, in the female rats higher expression levels of genes
involved directly in steroid hormone synthesis were accompanied
by lower expression levels of genes regulating basal cell functions.
To our knowledge, only one publication on global gene profiling
refers to the effect of testosterone on the expression of genes in
the adrenal gland and it relates to the mouse (20). In this research,
however, authors administered testosterone into intact female
mice. Comparison between females and females treated with
testosterone revealed 94 differentially regulated genes, with 23
being upregulated and 71 downregulated. The observed changes
in gene expression authors combine with the disappearance of the
X zone of the mouse adrenal cortex. It should be emphasize that
this experimental model is not a physiological one.

In the present study, to demonstrate the effect of estradiol and
testosterone on the expression of differentially regulated genes
in rat adrenal gland, we applied experimental model considered
in endocrinology as the “gold standard” Dual control, it means
removal of the gonads and replacement with the appropriate
hormone allows obtaining results suggesting a physiological role
of the tested hormone (estradiol or testosterone) in the regula-
tion of the specific genes. Performed experiments have provided
unexpected results. Contrary to expectations, in orchiectomized
rats, testosterone replacement stimulates expression of numer-
ous genes, mainly associated with lipids and lipid metabolism.
However, in ovariectomized animals, estradiol replacement
inhibits the expression of genes, mainly those involved in intra-
cellular signaling pathways.

In the present study, to demonstrate the effect of estradiol and
testosterone on the expression of differentially regulated genes in
rat adrenal gland, we applied the classical method used to study

endocrine glands, it means “remove and replace” (gonadectomy
and gonadal hormone replacement). Performed experiments
have provided unexpected results. Contrary to expectations,
in orchiectomized rats, testosterone replacement stimulates
expression of numerous genes, mainly associated with lipids and
lipid metabolism. However, in ovariectomized animals, estradiol
replacement inhibits the expression of genes, mainly those
involved in intracellular signaling pathways.

MATERIALS AND METHODS

Animals and Experiments

Adult female and male Wistar rats (12 weeks old; body weight:
120-150 g) were obtained from the Laboratory Animals Breeding
Center, Department of Toxicology, Poznan University of Medical
Sciences, Poznan, Poland. Animals were kept under standardized
conditions of light (14:10 h light-dark cycle, illumination onset
06.00) at constant temperature (23°C) with free access to standard
food pellets and water. All experiments were carried out between
10 and 11 am. All procedures described herein were approved
by the Local Ethics Committee for Animal Research (Poznan,
Poland), permission number: LKE—11/2015. All possible efforts
have been done to minimize the number of animals and their
suffering.

Rats were gonadectomized or sham operated under ketamine
(100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) anesthesia. ORX
was performed via scrotal access while OVX by two dorsolateral
incisions. Fourteen days after surgery, half of ORX rats was
replaced with testosterone (s.c. injection of Testoviron-Depot,
Schering AG, Berlin, 5 mg/100 g body weight), while half of
OVX animals with estradiol (s.c. injection of Estradiol-Depot,
Jenapharm, 0.5 mg/100 g body weight). Doses of administered
depo hormones were based on previous reports (21-24). It is
believed that from both compounds either testosterone or estra-
diol are liberated slowly, providing a physiological hormone levels
in gonadectomized rats. As emphasized by Schulte-Beerbiihl and
Nieschlag (24), increasing the dose of injected testosterone esters
appears not to influence the maximal concentrations of testoster-
one in the blood but rather the duration of the effect. Moreover,
administration of depo compounds allows to avoid the stress
evoked by daily administration of the tested substances. After
2 weeks (4 weeks post surgery), rats were decapitated. Adrenal
glands were collected to RNAlader and stored in —70°C for
further analyses. Seminal vesicles and uteri were also collected
and weighed.

Corticosterone, Cholesterol, and

Lipoproteins Detection
Serum corticosterone levels were determined by means of ELISA
kit (ELISA Demeditec kit). Serum total cholesterol, lipoproteins,
and triglycerides concentrations were evaluated by means of
Roche Cobas Integra 400+ system.

RNA Extraction

Total RNA was extracted from samples of entire adrenals using
TRI Reagent (Sigma, St. Louis, MO, USA) and RNeasy MinElute
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cleanup Kit (Qiagen, Hilden, Germany). The amount of total
mRNA was determined from the optical density at 260 nm, and
the RNA purity was estimated using the 260/280 nm absorption
ratio (higher than 1.8) (NanoDrop spectrophotometer, Thermo
Scientific, ALAB, Poland). The RNA integrity and quality were
checked in a Bioanalyzer 2100 (Agilent Technologies, Inc., Santa
Clara, CA, USA). The resulting RNA integrity numbers were
between 8.5 and 10 with an average of 9.2 (Agilent Technologies,
Inc., Santa Clara, CA, USA). Each sample was diluted to the RNA
concentration of 100 ng/pl, at the OD260/0OD280 ratio of 1.8/2.0.
From each RNA sample, 100 ng of RNA was taken for microarray
experiments. The remaining amount of isolated RNA was used
for RT-qPCR study.

Microarray Expression Analysis and
Statistics

The Affimetrix procedure and methods of analyzes were
described previously (19, 25-27). Total RNA (100 ng) from each
sample was subjected to two rounds of sense cDNA amplification
(Ambion® WT Expression Kit) (Ambion, TX, USA). The obtained
c¢DNA was used for biotin labeling and fragmentation using
AffymetrixGeneChip® WT Terminal Labeling and Hybridization
kit (Affymetrix, Santa Clara, CA, USA). Biotin-labeled frag-
ments of cDNA (5.5 pg) were hybridized to Affymetrix® Rat
Gene 2.1 ST Array Strip (48°C/20 h). Then, microarrays were
washed and stained according to the technical protocol, using
Affymetrix GeneAtlas Fuidics Station. The array strips were
scanned employing Imaging Station of GeneAtlas System. The
preliminary analysis of the scanned chips was performed using
AffymetrixGeneAtlasTM Operating Software. The quality of gene
expression data was checked according to quality control criteria
provided by the software. Obtained CEL files were imported into
downstream data analysis.

All analyzes were performed using BioConductor software,
based on the statistical R programming language. For background
correction, normalization, and summation of raw data, the
Robust Multiarray Averaging algorithm implemented in “affy”
package of BioConductor was applied (28). Biological annotation
was taken from BioConductor “oligo” package where annotated
data frame object was merged with normalized data set, leading
to a complete gene data table (29).

The selection criteria of a significantly changed gene expres-
sion were based on expression fold difference higher than abs.
2 and adjusted p value <0.05. The result of such a selection was
presented as volcano plots, where total number of up- and down-
regulated genes has been shown.

Data files were also deposited in the Gene Expression Omnibus
(GEO) repository at the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/geo/) under the GEO
accession number GEO: GSE93726.

Assignment of the Genes Regulated by
Sex Hormones to Relevant Gene Ontology

Terms
Sets of female and male genes regulated by sex hormones were also
subjected to functional annotation clusterization using DAVID

web-based bioinformatics tools (Database for Annotation,
Visualization, and Integrated Discovery) (30). Gene symbols for
up- or downregulated genes from each of the compared groups
were loaded to DAVID by “RDAVIDWebService” BioConductor
package (31). Functional annotation charts generated by DAVID
with overrepresented gene annotations in gene ontology bio-
logical process database (BO BP FAT) were shown as box plot.
Interested gene sets from DAVID functional annotation charts
were also subjected to hierarchical clusterization algorithm and
presented as a heatmaps. Such analyses were carried out sepa-
rately for male and female data sets. Arbitrary signal intensities
from selected genes were represented by colors (green—higher;
red—lower expression value). Log2 signal intensity values for
any single gene were resized to Row Z-score scale (from —1.5,
the lowest expression, to +1.5, the highest expression for single
gene). Additionally, gene names and calculated fold values were
also shown.

Gene Set Enrichment Analysis (GSEA)

Gene Set Enrichment Analysis is a computational method used
for testing a priori defined gene sets (GO terms, pathways) for
association with one of the two compared biological groups.
The method uses Kolmogorov-Smirnov (K-S) statistical test
for identification of significantly enriched or depleted groups
of genes (32). GSEA analysis has been conducted using GSEA
Java Desktop Application from Broad Institute (http://software.
broadinstitute.org/gsea/index.jsp). Normalized data from all of
genes were transformed to an appropriate format and imported
to application. Then, a predefined gene sets database named
Hallmark was selected from Molecular Signatures Database (33).
Genes belonging to the selected set were ranked according to the
difference in their expression level using signal-to-noise ratio
with 1,000 times permutation. By walking down the ranked list of
genes, the enrichment score (ES) was calculated for each selected
gene set. It was done by sum statistic when a gene was present
in the gene set and decreasing it when it was not (34). ESs were
normalized by their gene set size, and false positive finding were
corrected by FDR.

QPCR
QPCR was performed by means of the Lightcycler 2.0 instrument
(ROCHE) with the 4.05 software version. SYBR green detection
system was applied as described earlier (19, 25-27, 35-37). Every
20 pl reaction mixtures contains 2 pl template cDNA (standard or
control), 0.5 pM of specific primer, and a previously determined
optimum MgCl, concentration (3.5 pM for each reaction).
LightCyclerFastStart DNA Master SYBR Green I mix (ROCHE)
was used. The real-time PCR program included 10 min dena-
turation 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.
Specificity of reaction products was checked by determination
of melting points (0.1°C/s transition rate). Expression of studied
genes was related to B2m, only in case of Hertr2 to PBGD.

The primers used were designed by Primer 3 software
(Whitehead Institute for Biomedical Research, Cambridge,
MA, USA) (Table 1). They were purchased from the Laboratory
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TABLE 1 | Primers used for QPCR validation of selected genes.

cDNA Genbank accession number Primer Primer sequence (5'-3') Position PCR product size (bp)

Hertr2 NM_013074.1 S GGCTTATCTCCAAATATTCCG 782-802 68
A CTCTGAACCACAGAAGAAGT 831-849

AR NM_012502.1 S ATCATCTCTGTGCAAGTGCCC 3,634-3,654 162
A CCCATGCCAGAGAAGTAGTG 3,776-3,795

ERa NM_012689.1 S ATGATGGGCTTATTGACCAAC 1,248-1,268 137
A AGGATCTCCAACCAGGCACA 1,365-1,384

ERD NM_012754.1 S TCTGTGTGAAGGCCATGATC 1,474-1,493 237
A GCAGATGTTCCATGCCCTTG 1,691-1,710

ERRa NM_001008511.2 S CTCTCTACCCAAACGCCTCT 334-353 234
A CGCACACCCTCCTTGAGCAT 548-567

Mc2r NM_001100491.1 S GGACAAGGGGGGAGGCAGA 110-118 201
A TGGCACAACTACATCAGGAC 281-300

Hmgcr NM_013134.2 S GACGCAACCTCTACATCCG 1,966-1,984 142
A TAGTTACCACTGACCGCCAGA 2,087-2,107

B2m NM_012512.2 S CTTGCAGAGTTAAACACGTCA 316-336 70
A CTTGATTACATGTCTCGGTC 366-385

PBGD NM_013168.2 S GAAAGACCCTGGAAACCTT 522-540 148
A AGCTCATCCAGCTTCCGTA 651-669

Gene symbol, gene names, Genebank accession numbers, oligonucleotide sequences for sense and antisense primers, their position, and product size are shown.

of DNA Sequencing and Oligonucleotide Synthesis, Institute
of Biochemistry and Biophysics, Polish Academy of Sciences,
Warsaw.

Statistical Analysis

The applied statistical analyses of gene expression are parts of
the softwares used. The RT-QPCR data, on the other hand, are
expressed as the mean + SE, and the statistical significance of the
differences between the compared groups was estimated using
the Student’s t-test.

RESULTS

To study the modulatory effects of sex hormones on adrenal
gland transcriptome profile, adult female and male rats were
gonadectomized and replaced with estradiol or testosterone.
The efficacy of the treatments has been demonstrated by seminal
vesicles and uterine weights. As expected, weight of the examined
organs decreased significantly after removal of gonads, whereas
the weight of seminal vesicles and uteri were increased in the
groups replaced with sex hormone [uterine weight (g): sham
operated 0.42 + 0.03, OVX 0.06 + 0.01, OVX + estradiol replaced
0.37 + 0.02; seminal vesicle weights: sham operated 0.41 + 0.03,
ORX 0.09 + 0.01, ORX + testosterone replaced 0.85 + 0.03; in
each group n = 6; mean + SE].

In these experimental conditions, ORX increases serum
corticosterone concentrations, an effect reversed by testosterone
replacement (Figure S1 in Supplementary Material). In the
female, on the other hand, ovariectomy reduces serum corticos-
terone levels, while estradiol replacement restores corticosterone
levels to the control values. In ORX rats, serum levels of the total
cholesterol, LDL, and HDL were elevated, an effect reversed by
testosterone replacement (Figure S2 in Supplementary Material).
In OVX rats, serum levels of the total cholesterol, LDL, and HDL

were higher and of triglyceride lower than in sham-operated
animals. Estradiol supplementation restores these changes to the
normal values.

Adrenals obtained from five rats from each group were used
for whole transcriptome analysis using Afymetrix microarray
method, where expression of approximately 30,000 genes was
examined. General gene expression profiles resulting from
the comparison of male and female controls with appropriate
experimental groups are shown as volcano plots (Figure 1). The
selection criteria of a significantly changed gene expression level
was based on expression fold difference higher than abs. 2 and
adjusted p value <0.05. Considering these assumptions, ORX vs.
control male adrenal transcription profile comparisons revealed
that 36 genes were expressed differentially (28 down- and 8
upregulated genes). In the next compared groups: ORX + T vs.
control males, we revealed 93 differentially expressed genes (27
down- and 66 upregulated). The last comparison of ORX + T
vs. ORX groups revealed 205 differentially expressed genes (65
down- and 140 upregulated). Similar comparisons performed
between OVX vs. control females, OVX + E vs. control females
and OVX + E vs. OVX revealed that 18 (0 down- and 18 upregu-
lated), 30 (24 down- and 6 upregulated), and 193 (161 down- and
32 upregulated) genes are differentially expressed, respectively.

Correctness of presented study has been verified by detailed
analysis of steroid-5-alpha-reductase alpha polypeptide 1
(Srd5al) and hypocretin (orexin) receptor 2 (Hcrtr2) gene
expression. Both, studied enzyme and receptor genes were earlier
described as regulated by sex hormones. Profile of Srd5al gene
expression was extracted from normalized microarray data set
and presented on Figure 2A. Expression of Srd5al was signifi-
cantly increased after gonadectomy (fold = 5.46, p = 2.23E-05 for
male, and fold = 2.17, p = 0.049 for female, in relation to appro-
priate control groups) and reversed by sex hormone replacement
(fold = —1.6, p = 0.605 for male and fold = —2.28, p = 0.063 for
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FIGURE 1 | Volcano plots showing the total gene expression profiles of adrenals of adult male and female control, gonadectomized and gonadal
hormone replaced rats. Each dot represents mean expression (n = 5) of a single gene obtained from microarray normalized dataset. Orange dotted cutoff lines
were established using the following parameters: fold > |2| and adjusted p value <0.05. Genes above cutoff are considered as differentially expressed and shown as
blue dots. Total numbers of differentially expressed genes are written in the right bottom corner of the graph. Ten of the most regulated genes are described by their
gene symbols.

female, in relation to control groups). As revealed by QPCR, also
expression of Hertr2 is notably decreased in ORX and reversed by
testosterone. On the contrary, in OVX rats expression of Hertr2
was elevated and again this effect was reversed by estradiol
replacement (Figure 2B).

Differentially expressed gene sets were subsequently used for
screening of their overrepresentation in some particular gene
ontological groups. For this reason, gene symbols from all previ-
ously mentioned comparisons were loaded to DAVID searching
system. Due to the small number of differentially expressed genes
in ORX vs. control, OVX vs. control, and OVX + E vs. control,
we did not obtain statistically significant GO groups in the
abovementioned comparisons. Comparison between ORX + T
vs. control males revealed two GO terms formed by differentially
expressed genes: “small molecule biosynthetic process” and “lipid
metabolic process” (Figure 3A). Genes from these GO terms
were upregulated in ORX + T group in relation to male control.
In the next comparison, 35 GO terms were formed from genes
differentially expressed in ORX + T vs. ORX groups. Some of
obtained GO groups have a general meaning, e.g., “response to
organic substance,” “response to chemical stimulus” but other
seems to be more related to adrenal physiology, i.e., “response to
steroid hormone” or “lipid metabolic process” All of presented
GO terms were upregulated in ORX + T group in relation to ORX
(Figure 3B). The last presented GO term graph demonstrates
OVX + E vs. OVX groups comparisons, which delivered 24 GO

terms. It is worth to notice that genes formed presented GO terms
are downregulated in OVX + E vs. OVX group (Figure 3C). In
this comparison, “lipid metabolic process” term was also statisti-
cally significant, and for this reason, genes belonging to this
process in ORX + T vs. ORX as well as OVX + E vs. OVX were
selected for hierarchical clusterization and presented as heatmap
on Figure 4. To obtain the maps, 22 genes were selected from the
“lipid metabolic process” in both male and female comparisons.
All genes from male adrenals belonging to the “lipid metabolic
process” are characterized by the highest expression levels in
ORX + T group (green color) and the lowest in ORX group (red
color). Expression of female genes has opposite profile. The high-
est gene expression levels are in OVX (green color) group, while
the lowest in OVX + E (red color).

The above presented results were confirmed by another power-
ful bioinformatics tool that is the Gene Set Enrichment Analysis
(GSEA). These analyzes were performed for: OXR/OXR + T and
OVX/OVX + E experimental groups. After uploading of normal-
ized expression level data from microarray to the software, we
obtained a list of significantly represented terms from Hallmark
database software. Ten of the most enrichment terms from each
of the comparisons are presented on Figure 5. In accordance with
DAVID and heatmap results, presented terms were enriched,
it means that expressions of genes were higher in ORX + T
(ORX + T/ORX) and OVX (OVX + E/OVX). The strongest
enriched term in the comparison between ORX + T/ORX refers
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FIGURE 2 | Expression of Srd5a1 and Hcrtr2 genes in applied experimental model. (A) Expression values were extracted from microarray normalized data
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of Hertr2 genes in adrenals of adult male and female control, gonadectomized and gonadal hormone replaced rats. Bars represent means + SEM (n = 5). HPRT
gene was used as reference for data normalization. Statistically significant differences in relation to control group (Student’s t-test): ‘p < 0.05; “p < 0.02; “p < 0.01;
“p < 0.001.

to “androgen response” while “INFA signaling via NFKB” term
was the strongest enriched in GSEA between OVX + E/OVX.
Detailed results of those two terms are presented in Figures 6
and 7. List of the top 10 genes that strongly affect ES with their
rank position are also shown.

One of the top enrichment term concerns the process strictly
connected with adrenocortical steroidogenesis named “choles-
terol homeostasis.” Results of GSEA are presented in Figure 8.
Genes belonging to “cholesterol homeostasis” hallmark term are
highly enriched in ORX + T group in relation to ORX group.
Opposite results were obtained in OVX/OVX + E comparison,
where gene belonging to “cholesterol homeostasis” are enriched
in OVX group, it means that the expressions are higher in OVX
in relation to OVX + E. Obtained results from GSEA are in com-
mitment with previously presented DAVID GO analysis. List of
the top 10 genes with their rank position are also shown in these
figures.

Regardless of experimental group, AR mRNA (androgen
receptor) levels in rat adrenal are over 40 times higher than levels
of estrogen receptors (Figure 9). As demonstrated by means of
QPCR, expression levels of AR mRNA were not changed after
OVX and OVX + E in relation to adrenals of control female rats.
However, expression of AR was decreased after ORX and restored
to control value after testosterone replacement. In both sexes,
gonadectomy and sex hormone replacement did not change
Esrl and Esr2 gene expression. Expression of Esrra gene, on the

other hand, was significantly elevated after OVX and restored to
control level after estrogen replacement. Expression of Esrra in
male adrenals was not changed in any experimental conditions.
Expression of Mc2r was not significantly regulated in any experi-
mental conditions in female adrenals, whereas it was lowered
in gonadectomized males and elevated in testosterone-replaced
animals. It is interesting to note that Hmgcr gene expression
in the adrenal gland of male rats is significantly higher than in
females. We also revealed that expression levels of this gene were
affected neither by ORX nor testosterone replacement. On the
other hand, ovariectomy resulted in a notable increase in Hmgcr
gene expression levels, an effect reversed by estradiol replacement
(Figure 10).

DISCUSSION

For many years, it is known that the multidirectional actions
of androgen and estrogen lead to obvious sex differences in
the structure and function of the adrenal cortex. As a result,
in the adult female rat, adrenal cortex is larger and secretes
more corticosterone than that of males (references in Section
“Introduction”). It is commonly assumed that this effect depends
on the stimulatory effect of estrogen on the HPA axis, while
androgens have the opposite effect.

As revealed by global gene profiling method, distinct sex
differences in the rat adrenal gland are accompanied by notable
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FIGURE 3 | Bubble plot of overrepresented gene set in DAVID GEOTERM BP FAT annotations database obtained from comparisons of expression
profiles between: (A) male control/orchiectomy (ORX) + T, (B) ORX/ORX + T, (C) ovariectomy (OVX)/OVX + E. The graphs show only the GO groups
above the established cutoff criteria (p with correction <0.01, minimal number of genes per group >5). The size of each bubble reflects the number of differentially
expressed genes, assigned to the GO BP terms. Transparency of the bubbles displays p value (more transparent—closer to the border of p = 0.01).
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FIGURE 4 | Heat map graph of male and female adrenal gland genes regulated by sex hormones and belonging to “lipid metabolic process” GO BP
term. Arbitrary signal intensity acquired from the microarray analysis is represented by colors (green—higher; red—lower expression). Log2 signal intensity values for
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GSEA result: ORX+T/ORX, enriched in ORX+T
HALLMARK GO TERM SIZE ES NES NOM.p.val FDR.q.val FWER.p.val
ANDROGEN RESPONSE 98 -0.58 -2.14 0.000 0.000 0.000
FATTY ACID METABOLISM 146 -0.50 -1.97 0.000 0.001 0.002
ADIPOGENESIS 193 -0.45 -1.83 0.000 0.006 0.015
XENOBIOTIC METABOLISM 192 -0.45 -1.82 0.000 0.004 0.015
ANGIOGENESIS 36 -0.59 -1.81 0.002 0.004 0.017
ESTROGEN RESPONSE EARLY 195 -0.44 -1.78 0.000 0.004 0.020
BILE ACID METABOLISM 112 -0.47 -1.78 0.002 0.003 0.020
UV RESPONSE DN 142 -0.44 -1.74 0.000 0.005 0.030
PROTEIN SECRETION 95 -0.46 -1.68 0.000 0.008 0.053
CHOLESTEROL HOMEOSTASIS 72 -047 -1.68 0.008 0.007 0.054
GSEA result: OVX+E/OVX, enriched in OVX
HALLMARK GO TERM SIZE ES NES NOM.p.val FDR.q.val FWER.p.val
TNFA SIGNALING VIA NFKB 200 0.72 3.00 0 0 0
CHOLESTEROL HOMEOSTASIS 72 076 272 0 0 0
MTORC1 SIGNALING 196 0.63 2.64 0 0 0
HYPOXIA 194 0.62 2.62 0 0 0
ANDROGEN RESPONSE 98 0.62 2.36 0 0 0
P53 PATHWAY 194 055 2.31 0 0 0
REACTIVE OXIGEN SPECIES PATHWAY 45 0.67 2.23 0 0 0
EPITHELIAL MESENCHYMAL TRANSITION 194 0.53 2.22 0 0 0
ESTROGEN RESPONSE LATE 191 053 2.21 0 0 0
UNFOLDED PROTEIN RESPONSE 112 057 2.20 0 0 0
FIGURE 5 | Ten of the highest enriched HALLMARK GO TERMS obtained from gene set enrichment analysis (GSEA) between orchiectomy (ORX)/
ORX + T and ovariectomy (OVX)/OVX + E groups. Size of the category (number of genes in the “TERM”), enrichment score (ES), normalized enrichment score
(NES), p value (NOM.p.val), g value of FDR correction (FDR.q.val), and p corrected by FDR (FWER.p.val) are shown.

differences in expression levels of various groups of genes (19).
We demonstrated that expression levels of genes involved in
corticosteroid synthesis are higher and those regulating basal
cell functions lower in adrenals of adult female rats. However,
the control of adrenocortical gene expression by sex hormones
is totally unknown. Regarding this, only one study presents data
on global gene profiling in the adrenals of female intact and tes-
tosterone—administered mice (20). However, this experimental
model is not a physiological one. To get information about the
regulation by testosterone and estradiol of adrenal genes in male
and female rats, we used the classic “remove and replace” experi-
ments. As evidenced by changes in uterine and seminal vesicles
weights, expected, gonadectomy-induced drop in the weight of
these tissues was reversed by replacement with appropriate sex
hormone.

In light of the above presented discussion on sex differences in
adrenals of rats, one would expect the stimulatory effect of estra-
diol and the opposite effect of testosterone on the glands. To our
surprise, global gene profiling analyses performed on adrenals
of studied rats delivered rather unexpected results. It appeared
that testosterone replacement mainly upregulates expression of

adrenal genes while estradiol effect is opposite, large group of
genes was downregulated. Regarding these results, the correct-
ness of our experiments we tried to confirm by the more detailed
studies of genes whose expression in a rat adrenal gland is known
as dependent on testosterone or estradiol.

One of them is steroid-5-alpha-reductase alpha polypeptide 1
(Srd5al). Expression of this gene and activity of the coded enzyme
are notably elevated in ORX and OVX rats, changes prevented
by testosterone or estradiol replacement, respectively (5, 38-43).
Our microarray data are consistent with these findings. The sec-
ond studied gene is orexin receptor 2 (Hertr2). Higher expression
of Hertr2 in adrenals of the male rat in relation to female one as
well as stimulatory effects of testosterone and inhibitory action
of estradiol on this gene are well documented (19, 44-46). And
again, our QPCR data are consistent with the earlier reports. Thus,
obtained in the experiments performed, data on expression of
specific genes in adrenals of rats of both sexes are consistent with
earlier reports. In view of these, results still remains open while
the global profile of gene expression regulated by sex hormones
in the rat adrenal gland suggests prevalent inhibitory effect of
estradiol and stimulatory effect of testosterone.
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FIGURE 6 | Summary results of gene set enrichment (GSEA) in HALLMARK_ANDROGEN_RESPONSE term. Enrichment analysis was performed between
orchiectomy (ORX) and ORX + T groups of male adrenal glands. Normalized enrichment score (NES) as well as p values are shown. Middle plot presents rank of
each gene belonging to androgen response term with enrichment score (ES) peak values. Ten of the top relevant genes for enrichment calculation are shown in
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Gene symbol Gene name Rank in gene list

Gpd1l glycerol-3-phosphate dehydrogenase 1-like 21224
Appbp2 amyloid beta precursor protein (cytoplasmic tail) binding protein 2 21203
Lifr leukemia inhibitory factor receptor alpha 21195
Inpp4b inositol polyphosphate-4-phosphatase, type Il 21192
B4galt1 UDP-Gal:betaGIcNAc beta 1,4- galactosyltransferase, polypeptide 1 21180
Sepp1 selenoprotein P, plasma, 1 21129
Fkbp5 FK506 binding protein 5 21088
Dbi diazepam binding inhibitor 21056
Hmgcr 3-hydroxy-3-methylglutaryl-CoA reductase 21055
Ankh ANKH inorganic pyrophosphate transport regulator 21042

table with their symbol, names, and rank in gene list.

Frontiers in Endocrinology | www.frontiersin.org 9

February 2017 | Volume 8 | Article 26


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive

Jopek et al. Testosterone, Estradiol and Adrenal Transcriptome

Higher expression in class: ovX
Gene term: HALLMARK_TNFA_SIGNALING_VIA_NFKB
Enrichment Score (ES) 0.71887577
Normalized Enrichment Score (NES) 2.998372
Nominal p-value 0
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FWER p-Value 0
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Gene symbol Gene name Rank in gene list
Tiparp TCDD-inducible poly(ADP-ribose) polymerase 6
Spsb1 splA/ryanodine receptor domain and SOCS box containing 1 8
Kif4 Kruppel-like factor 4 (gut) 9
Nfil3 nuclear factor, interleukin 3 regulated 16
Nr4a2 nuclear receptor subfamily 4, group A, member 2 18
Sik1 salt-inducible kinase 1 27
Irs2 insulin receptor substrate 2 28
Nr4a3 nuclear receptor subfamily 4, group A, member 3 30
FosB FBJ osteosarcoma oncogene B 35
Phlda1 pleckstrin homology-like domain, family A, member 1 38

FIGURE 7 | Summary results of gene set enrichment (GSEA) in HALLMARK_TNFA_SIGNALING_VIA_NFKB term. Enrichment analysis was performed
between ovariectomy (OVX) and OVX + E groups of female adrenal glands. Normalized enrichment score (NES) as well as p values are shown. Middle plot presents

rank of each gene belonging to Tnfa signaling via NFKB term with enrichment score (ES) peak values. Ten of the top relevant genes for enrichment calculation are
shown in table with their symbol, names, and rank in gene list.
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Acss2 acyl-CoA synthetase short-chain family member 2 21082
Lgals3 lectin, galactoside-binding, soluble, 3 21080
Hmger 3-hydroxy-3-methylglutaryl-CoA reductase 21055
Tm7sf2 transmembrane 7 superfamily member 2 21051

Scd stearoyl-CoA desaturase (delta-9-desaturase) 21041
Ech1 enoyl CoA hydratase 1, peroxisomal 20979
Errfi1 ERBB receptor feedback inhibitor 1 20878
Stard4 StAR-related lipid fer (START) domai ining 4 20789
Fdft1 farnesyl diphosphate farnesyl transferase 1 20748
Hmges1 3-hydroxy-3 hylglutaryl-CoA synthase 1 (soluble) 20694
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Enrichment Score (ES) 0.7586827
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Gene symbol Gene name Rank in gene list
Nfil3 nuclear factor, interleukin 3 regulated 16
Ldir low density lipoprotein receptor 67

Hmgcr 3-hydroxy-3-methylglutaryl-CoA reductase 74
Idi1 isopentenyl-diphosphate delta isomerase 1 79
Errfi1 ERBB receptor feedback inhibitor 1 83
Hmgcs1 3-hydroxy-3-methylglutaryl-CoA synthase 1 (soluble) 127
S100a11 $100 calcium binding protein A11 142
Mal2 mal, T-cell differentiation protein 2 176
Atf5 activating transcription factor 5 255
Atf3 activating transcription factor 3 282

FIGURE 8 | Summary results of gene set enrichment (GSEA) in HALLMARK_CHOLESTEROL_HOMEOSTASIS term. Enrichment analyses were done
between gonadectomized and gonadectomized + sex hormone replaced groups, in both sexes. Normalized enrichment score (NES) as well as p values are shown.
Middle plots present ranks of each gene belonging to cholesterol homeostasis term with enrichment score (ES) peak values. Ten of the top relevant genes for
enrichment calculation from each sexes are shown in table with their symbol, names, and rank position.

To gain an insight into this problem, we performed numerous
additional analyses of data delivered by Affymetrix microar-
ray system. As demonstrated by Volcano plots, in adrenals of
experimental rats, only small number of differentially expressed
genes was found. Differentially expressed genes were further
analyzed in order to get their representation in GO. This was
accomplished by DAVID web-based bioinformatics tools. The
highest numbers of GO terms were obtained in comparisons
of ORX + T vs. ORX experimental groups (35 GO terms). In
females, on the other hand, analogical comparison (OVX + E
vs. OVX) delivered 24 GO terms. It is noteworthy to underline
that testosterone replaced rat genes in obtained groups were

upregulated, while those in estradiol-replaced ovariectomized
animals were downregulated. One of these GO terms—*“lipid
metabolic process”—seems to be related to adrenal physiology.
This term occurs in both, testosterone- or estradiol-replaced
groups; however, in androgen-replaced rats, expression levels
of genes included in this group are elevated, while in estrogen
supplemented animals their expression is lowered.

Our results obtained by the DAVID web-based bioinformatic
tools were confirmed by GSEA. GSEA revealed that in ORX +
T group (in relation to ORX) genes belonging to the Hallmark
GO terms “androgen response,” “fatty acid metabolism,” “adi-
pogenesis,” and “cholesterol homeostasis” are notably enriched.
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Moreover, in OVX group (in relation to OVX + E), enriched genes
are present, among others, within the following terms: “ITNFA
signaling via NFKB,” “cholesterol homeostasis,” and “androgen
response.” These data suggest that in adrenals of gonadectomized
rats both, testosterone or estradiol replacement, potently affects
genes involved in lipid and cholesterol metabolism, as well
as intracellular pathways responsible for androgen response.
Further GSEA analysis revealed that within the hallmark term
“cholesterol homeostasis,” in both, orchiectomized testosterone-
and ovariectomized estradiol-replaced rats, among 10 genes that
strongly affect ES Hmgcr is present.

There is some evidence that total lipid and cholesterol con-
centrations and contents in the rat adrenal gland are influenced
by gonadal hormones. Lowered concentration of total lipid in
adrenals of gonadectomized rats of both sexes was reported by
Coleman et al. (47). Higher total lipid content, but not total lipid
concentration in adrenals of female than male rats, has been
reported by other group (48, 49). These studies demonstrated
also higher concentrations and contents of total lipid in adrenals
of orchiectomized testosterone replaced rats, while an opposite
effects were observed in ovariectomized rats replaced with
estradiol.

Although cholesterol is not a classical lipid, its physiological
role in the adrenal cortex is often described in the aspects of the
role of lipids. In contrast to lipids, numerous data are available on
cholesterol and cholesterol esters in adrenals of intact male and
female rats and on impact on them of sex hormones.

HMG-CoA reductase is the rate-limiting enzyme in cho-
lesterol biosynthesis (50, 51). Administration of 17x-ethinyl-
estradiol into aging male rats resulted in a notable stimulation
of enzyme activity (52). Our results indicate that testosterone has
no effect on the expression of Hmgcr gene; however, ovariectomy
increases its expression, an effect reversed by estradiol replace-
ment. Regarding these changes, it should be emphasized that
HMG-CoA reductase is a highly regulated gene, among others
by serum lipoprotein levels and intracellular cholesterol content
(50, 53). Thus, it seems legitimate to suggest that observed in the
present study changes in Hmgcr expression may be mediated by
both, serum lipoprotein levels and adrenal cholesterol content.

This assumption is supported by parallel changes in adrenal
HMG-CoA reductase gene expression and serum HDL concen-
trations in studied female rats.

According to data reviewed in the earlier monographs, the
majority of publications indicate a higher concentration of cho-
lesterol (both, free or esterified) in the adrenal glands of adult
female rats (5, 49). ORX increased cholesterol concentration
in the gland, an effect reversed by testosterone replacement.
Ovariectomy, on the other hand, either did not change or lowered
the total cholesterol concentration in the rat adrenal gland. There
is general agreement, on the other hand, that estrogens lower
cholesterol content in adrenals of ovariectomized rats.

Free cholesterol, required for steroid hormone synthesis, is
liberated from cholesterol esters by the action of ACTH-sensitive
sterol ester hydrolase. The specific activity of this enzyme in adre-
nal homogenates is notably higher in male than female glands
(54). Both, ORX and testosterone replacement had any effect on
adrenal sterol ester hydrolase. Ovariectomy, on the other hand,
resulted in an increase in activity of the enzyme, an effect reversed
by estradiol replacement.

Thus, earlier data on the effects of testosterone and estradiol on
adrenal lipids and enzymes involved in cholesterol metabolism
in the rat are rather consistent with the transcriptome profile
obtained in the respective experimental groups.

Also genes forming the hallmark GO term “androgen
response” in rat adrenals are highly regulated by both, testos-
terone or estradiol replacement. In an aspect of this term in
the present study, we analyzed the expression of the androgen
receptor. Regardless of experimental group, AR mRNA levels
in rat adrenal are over 40 times higher than levels of estrogen
receptors, differences observed also by others (27, 55-59).
We observed that expression of AR was decreased after ORX
and restored to control value after testosterone replacement
while no changes were observed after OVX and OVX + E.
Our results are also consistent with the data on the sheep (60).
Thus, our data did not confirm earlier reports on the effects
of gonadectomy and sex hormone replacement on the levels of
androgen- or estrogen-binding sites in the rat adrenals (56-58).
Of estrogen receptor isoforms studied, only Esrra (estrogen
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FIGURE 10 | QPCR assay of AR, Esr1, Esr2, Esrra, MC2r, and Hmgcr genes in adrenals of adult male and female control, gonadectomized and
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normalization. Statistically significant differences in relation to control group: p < 0.05; “p < 0.01.
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related receptor alpha, also known as NR3B1) is overexpressed
in ovariectomized rats and restored to normal level by estradiol
replacement.

In adrenals of female rats, hallmark GO term “TNFA signal-
ing via NFKB” is the first term delivered by GSEA, with the size
200 (number of genes). Such a huge enrichment is observed in
OVX rats, in relation to OVX estradiol-replaced rats. TNFA is
a proinflammatory cytokine and TNF-induced NFKB activation
induces transcription and expression of genes involved in various
biological processes, including regulation of cell proliferation,
differentiation, apoptosis, and immune response. The final steps
of these signaling pathways are mediated through activation of
nuclear transcription factors (61-63). Also other intracellular
signaling pathways are affected by estradiol replacement, they
predominantly downregulate respective genes. These findings
may suggest inhibition of expression of numerous transcription
factor genes in OVX + E female rats. Mechanism of such actions
remains to be solved.

Itis well documented that androgen and estrogen receptors are
ubiquitously expressed in almost all tissues and organs. Therefore,
in vivo experiments do not allow for precise identification of their
action on the adrenal glands. Sex hormones exert a multidirec-
tional effect on the function of the HPA axis, affecting primarily
CRH and ACTH synthesis and/or secretion [for review, see Ref.
(3-6, 64)]. Most of the experimental data based on gonadectomy
and sex hormone replacement indicate that in the rat estrogens
stimulate and androgens inhibit the HPA axis. However, sex
hormones may also exert direct effects on the rat adrenal cortex.
These effects may be mediated either via specific receptors, both
nuclear and membrane (for example GPR30) or by interference
with ACTH-sensitive intracellular pathways, particularly those
associated with steroidogenesis (65-69). Important in the physi-
ological control of HPA axis is also liver. This organ is critical for
the regulation of CBG and lipoproteins and metabolizes circulat-
ing corticosteroids. As known, all these functions are regulated
by sex hormones.

As demonstrated by means of QPCR, expression of Mc2r was
not significantly regulated in any experimental conditions in
female adrenals, whereas it was lowered in gonadectomized males
and elevated in testosterone-replaced animals. In terms of gender
differences, very contradictory data relate to gender differences
in the content and secretion of ACTH by the rat pituitary gland
and corticotrophin levels in blood serum are available [for review,
see Malendowicz (5)]. The major part of these studies show a
higher level of ACTH in the blood serum of rats treated with
estrogen. Only scanty data, on the other hand, are available on
expression of ACTH receptors in adrenals of male and female rats.
Yoshimura et al. (70) have shown that expression levels of ACTH
receptor mRNA in adrenals increased with age in the female rat,
but not in the male. In these studies, ORX elevated the level of
ACTH receptor, an effect reversed by testosterone replacement.
In contrast, our experiments demonstrated that ORX resulted in
lowering of Mc2r gene expression and testosterone replacement
notable increased expression of this gene. It is difficult to explain
these discrepancies, most likely they are the result of different
experimental models and methods applied for determining the
expression of a discussed gene [male rats aged 14 days (period

of temporal decrease of adrenal ACTH responsiveness) vs. adult
animals; size and quality of applied primers]. Our results, how-
ever, are consistent with the data on the sheep. In this species,
estradiol did not change adrenal Mc2r expression, while higher
Mc2r expression was found in testosterone-treated rams (60).

In view of the above literature data for stimulating effects of
estradioland inhibitory of testosterone on the growth and function
of the adrenal cortex of rat, obtained results of the analysis of tran-
scriptome of sex hormone-replaced rats are surprising. Contrary
to what we expected to find, it appeared that testosterone replace-
ment resulted in a potent stimulation of expression of numerous
adrenal genes, especially those involved in lipids and cholesterol
metabolism. On the other hand, estradiol replacement resulted
in a strong downregulation of numerous genes, especially those
involved in regulation of TNFA signaling via NFKB pathways and
on transcription factors synthesis. Obtained results may suggest
that estradiol inhibits the expression of corepressor genes in the
rat adrenal gland. It seems possible that this mechanism of action
may lead to an increase in both the adrenal gland growth and
secretory function. The physiological relevance of these findings
await further research.
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FIGURE S1 | Serum corticosterone concentrations in adult male and
female control, gonadectomized and gonadal hormone replaced rats.
Bars represent mean + SEM. Each circle represents an individual value.
Statistically significant differences in relation to control or gonadectomized group:
*p < 0.05; **p < 0.02; **p < 0.01; ***p < 0.001.

FIGURE S2 | Serum total cholesterol, LDL, HDL, and triglyceride
concentrations in adult male and female control, gonadectomized and
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