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Abstract

A comprehensive atlas of sex steroid distribution in multiple tissues is currently lacking, and how circulating and tissue sex steroid levels cor
relate remains unknown. Here, we adapted and validated a gas chromatography tandem mass spectrometry method for simultaneous meas-
urement of testosterone (T), dihydrotestosterone (DHT), androstenedione, progesterone (Prog), estradiol, and estrone in mouse tissues. We
then mapped the sex steroid pattern in 10 different endocrine, reproductive, and major body compartment tissues and serum of gonadal intact
and orchiectomized (ORX) male mice. In gonadal intact males, high levels of DHT were observed in reproductive tissues, but also in white adi-
pose tissue (WAT). A major part of the total body reservoir of androgens (T and DHT) and Prog was found in WAT. Serum levels of androgens
and Prog were strongly correlated with corresponding levels in the brain while only modestly correlated with corresponding levels in WAT. After
orchiectomy, the levels of the active androgens T and DHT decreased markedly while Prog levels in male reproductive tissues increased slightly.
In ORX mice, Prog was by far the most abundant sex steroid, and, again, WAT constituted the major reservoir of Prog in the body. In conclusion,
we present a comprehensive atlas of tissue and serum concentrations of sex hormones in male mice, revealing novel insights in sex steroid
distribution. Brain sex steroid levels are well reflected by serum levels and WAT constitutes a large reservoir of sex steroids in male mice. In
addition, Prog is the most abundant sex hormone in ORX mice.
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Sex steroids (SSs) are vital in development and reproductive
function and have effects in a wide variety of tissues in males.
SSs are produced from a cholesterol backbone, and in males
the testes and adrenal glands produce both precursors and ac-
tive SSs, which can then be further metabolized in peripheral
tissues (1). The weak androgen androstenedione (A-dione) can
be produced either by 3p-hydroxysteroid dehydrogenase ac-
tivity from dehydroepiandrosterone or by 17a-dehydroxylase
(CYP17A1) in 2 steps from progesterone (Prog). A-dione
can then be activated by HSD17B enzymes into the major
circulating androgen testosterone (T), which can either be
converted by Sa-reductases (SRDSA1 or SRD5A2) into the
most potent androgen dihydrotestosterone (DHT) or aroma-
tized by aromatase (CYP19A1) into the most potent estrogen

estradiol (E2). E2 can also be produced via aromatization of
A-dione to estrone (E1), which is then further metabolized
to E2 by HSD17Bs (2, 3). DHT can also be produced via the
so-called backdoor pathway through several enzymatic steps
from Prog bypassing T as an intermediate (4) (Fig. 1).

In addition to the production of SSs in the testes and ad-
renals in males, controlled via the hypothalamic—pituitary—
gonadal axis and hypothalamic—pituitary—adrenal axis,
respectively, SSs can also be produced and metabolized in
several other tissues that express all required enzymes, for ex-
ample in the brain and the prostate (5, 6). As such, circulating
SS levels may not always reflect SS levels in target tissues.
In addition to the systemic supply via the blood circulation,
local synthesis and metabolism of SSs in target tissues plays a
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Figure 1. Schematic presentation of the sex steroids analyzed and their
metabolic relationships. Active androgens are indicated in blue, active
estrogens in red. DHEA, dehydroepiandrosterone; Prog, progesterone;
A-dione, androstenedione; T, testosterone; DHT, dihydrotestosterone; E1,
estrone; E2, estradiol; HSD, hydroxysteroid dehydrogenase.

key role in several SS responses, and is involved in the patho-
genesis of various diseases such as prostate and breast cancer,
metabolic diseases, and diseases of the central nervous system
(5, 7-9). For example, CYP17A1 inhibitors are used to pre-
vent local androgen production in the tumors of patients with
castration-resistant prostate cancer, and aromatase inhibitors
are used to prevent local E2 synthesis in postmenopausal
women with estrogen receptor—positive breast cancer (8, 9).

The mouse is a common model of human diseases due to
its versatility and relatively low cost. However, due to the
lack of sex hormone-binding globulin (SHBG) in mice (10),
resulting in very low levels of circulating SSs, sensitive and
specific methods are needed to accurately quantify SSs in
mouse serum and tissues (11-13). The gold standard method
for quantification of SSs is mass spectrometry (MS), with
the advantage of analyzing multiple analytes in a single run
(14-16). Previous studies have quantified various SS levels in
selected tissues of both humans and animal models (11, 17-
23). However, to the best of our knowledge, a comprehensive
atlas of SS distribution in multiple tissues analyzed simultan-
eously by a validated MS-based method is currently lacking.
Also, it remains largely unknown to what extent circulating
levels of SSs correlate with tissue levels of SSs in male mice.

We here adapted and validated a gas chromatography—
tandem MS (GC-MS/MS) method for the simultaneous meas-
urement of a broad panel of SSs in several different types of
tissues in mice. This method was used to map the SS pattern
in the circulation and 10 different endocrine, reproductive,
and major body compartment tissues, revealing novel in-
sights in SS distribution in gonadal intact and orchiectomized
(ORX) male mice.

Materials and Methods

Animals and Procedures

Male C57BL/6] mice (Taconic, Ry, Denmark) were kept in in-
dividually ventilated cages in a standard animal facility with
controlled temperature (23°C) and 12-hour light/dark cycle
and ad libitum access to standard chow pellets and tap water.
At 8-10 weeks of age they were subjected to orchiectomy or
sham surgery (Sham). The number of mice in each group was
10. Surgery was performed under anesthesia with isoflurane
(Baxter Medical AB, Kista, Sweden). Postoperative analgesia
was Rimadyl (Orion Pharma AB, Animal Health, Sollentuna,
Sweden). Four weeks later the mice were anesthetized with
Ketanest and Dormitor (Pfizer/Orion Pharma), bled, and eu-
thanized by cervical dislocation. Blood was allowed to coagu-
late at room temperature for 30 minutes and then centrifuged
to collect the serum. Liver, gonadal fat, brain cortex, adrenals,

Endocrinology, 2022, Vol. 163, No. 3

m. quadriceps, m. levator ani, humerus diaphyseal cortical
bone, testicles, seminal vesicles, and prostate were collected
and snap frozen. In ORX males, for technical reasons pros-
tate samples were only available from 3 out of 10 animals.
The experiment was conducted in accordance with all rele-
vant legislation and was approved by the ethics committee of
the University of Gothenburg.

Sample Preparation

Frozen tissues were thawed on ice. For small organs, the
whole organ was used for sample preparation while for larger
organs/tissues we aimed to use 125 mg for sample prepar-
ation. The tissue was weighed and placed in a 2-mL screw-top
Eppendorf tube with 450 pL of phosphate-buffered saline.
The samples were homogenized by shaking with a 5-mm
steel bead in a Tissuelyzer II for 5 minutes. Serum samples
were measured volumetrically by pipetting and adjusted to a
volume of 450 pL with deionized water.

Sample Extraction and GC-MS/MS Analysis

SSs were extracted, derivatized, and measured as described
previously (12, 22). Briefly, after addition of isotope-labeled
standards, SSs were first extracted by liquid-liquid extrac-
tion with 1-chlorobutane, followed by solid phase extrac-
tion (SPE) using Silica SPE columns (SupraClean, Perkin
Elmer, Waltham, MA, USA) that were washed 2 times with
ethylacetate-pentane-heptane (10:45:45 [vol:vol]). For liver
and adipose tissue samples, 3 washing steps instead of the
regular 2 were used to reach an optimal performance in the
GC-MS/MS assay. Then, derivatization was performed in
2 steps: oximation with pentafluorobenzylhydroxylamine
hydrochloride and esterification with pentafluorobenzoyl
chloride. Finally, E2, E1, Prog, DHT, T, and A-dione were
separated using gas chromatography and detected simultan-
eously with electron capture negative chemical ionization by
an Agilent 7000 triple quadrupole mass spectrometer (Agilent,
Santa Clara, CA, USA) operating in multiple reaction moni-
toring mode with ammonia as reagent gas. All peaks were
integrated using the MassHunter quantitative analysis work-
station software from Agilent. Representative examples of ex-
tracted ion chromatograms of the analytes in bone and mass
transitions used are shown elsewhere (Figure 1 (24)).

Validation

Detailed assay validation was performed in 4 mouse tissues
with very different matrix compositions: white adipose tissue
(WAT; gonadal fat, high fat content), muscle (m. quadriceps,
low fat content), bone (cortical bone, calcified matrix), and
liver (metabolite-rich matrix). Tissue samples with low SS
content (from gonadectomized mice) were spiked with nat-
ural or stable isotope-labeled SSs (depending on the baseline
concentration of the analyte in question in the assayed tissue).
The lower limit of quantification (LLOQ) was defined as the
lowest peak having a signal at >3 times the noise level, that
was reproducible with a coefficient of variation of less than
20% and an accuracy of 80% to 120%. Seven different levels
in the lower concentration range of each SS were evaluated
to determine the LLOQ in each tissue. Precision was calcu-
lated as the intra-assay coefficient of variation between the
samples on the same concentration level. Accuracy was calcu-
lated as (measured level — baseline level)/spiked level x 100%.
Precision and accuracy were determined using the mean of 3
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to 4 samples on each concentration level. Extraction recovery
was evaluated in muscle and WAT with isotope-labeled ster-
oids and calculated as the ratio between samples spiked before
the liquid-liquid extraction and after SPE column extraction.
Linearity was determined using a spiked sample at the same
concentration as the highest point on the standard curve that
was serially diluted before extraction and R? was calculated.
The high sensitivity GC-MS/MS method used for the quanti-
fication of SSs in mouse serum has been described previously
(12) with the only modification that the LLOQ for DHT was
1.4 pg/mL in the present study.

Calculations/Statistics

SS levels below the LLOQ were set to the LLOQ. SS levels
are only reported for groups in which at least half of the
measurements were >LLOQ, otherwise they are denoted not
detected. One milliliter of serum was considered equivalent
to 1 gram of tissue. We used a simplified model to estimate
the amounts of all determined SS levels in different com-
partments of the mouse body. The total pool of each SS was
calculated as the sum of the SS amounts of every tissue, cal-
culated as tissue weight x measured concentration. The model
was based on individually measured tissue weights (prostate,
m. levator ani, seminal vesicles), fixed approximated tissue
weights (adrenals, testicles), and body weights (BWs) at sacri-
fice. The following assumptions were made: the concentration
in m. quadriceps was used to approximate the concentration
in lean mass (65% of BW), the concentration in the large
gonadal fat depot to approximate the concentration in adi-
pose tissue (20% of BW), the concentration in brain cortex to

approximate the concentration in brain tissue (2.5% of BW),
and the concentration in cortical bone to approximate the
concentration in the skeleton (2% of BW). Liver weight was
calculated as 4.5% of BW.

SS concentrations are presented as median and interquar-
tile range (IQR) unless stated otherwise. SS levels in the Sham
and ORX groups were compared using the Mann—-Whitney
U-test. Tissue levels of SSs were compared with serum levels
using paired Wilcoxon rank tests, corrected for 10 multiple
comparisons using the Holm-Sidak method. Spearman rank-
order correlations were used to test the correlations between
SS levels in serum and different tissues. GraphPad Prism 9
(GraphPad, San Diego, CA, USA) and SPSS 27 (IBM, Armonk,
NY, USA) were used for statistical analyses. P < .05 was con-
sidered statistically significant.

Results

Evaluation of Assay Performance

We evaluated the performance of the assay using 4 tissues
with very different matrix compositions: WAT with high fat
content, muscle with low fat content, bone that is a calcified
tissue, and /iver that is rich in metabolites and thus a complex
matrix to analyze. The method showed high sensitivity for
all SSs in all evaluated tissues with LLOQs of 2 to 2.8 pg/g
for E2, 2 to 4 pg/g for E1, 20 to 40 pg/g for T, 4 to 8 pg/g for
DHT, 75 pgl/g for Prog, and 7.5 pg/g for A-dione (Table 1).
The precision was good, with interassay coefficients of vari-
ation below 20% for all analytes in all tissues both at high and
low concentration (Table 2). The accuracy for the different

Table 1. Sensitivity of assay as lower limit of quantification (LLOQ) in different tissues

Estradiol Estrone Testosterone DHT Progesterone Androstenedione
Muscle (pg/g) 2.0 2.0 20 8.0 75 7.5
Liver (pg/g) 2.8 4.0 40 4.0 75 7.5
WAT (pg/g) 2.0 2.0 40 4.0 75 7.5
Bone (pg/g) 2.0 2.0 20 8.0 75 7.5
Abbreviations: WAT, white adipose tissue; DHT, dihydrotestosterone.
Table 2. Precision of assay as interassay coefficient of variation in different tissues
Estradiol Estrone Testosterone DHT Progesterone Androstenedione

Muscle

QC-low 10.5% (8.7) 11.5% (10.0) 7.5% (139) 18.9% (28.1) 0.5% (250) 4.2% (104)

QC-high 4.0% (83.2) 2.4% (79.2) 1.6% (1050) 6.0% (215) 0.3% (1980) 1.0% (479)
Liver

QC-low 5.1% (58.1) 5.3% (68.4) 2.0% (97.0) 5.0% (16.6) 1.3% (195) 4.5% (48.6)

QC-high 2.6% (453) 2.1% (485) 0.2% (5570) 3.5% (1150) 0.4% (11000) 0.5% (2780)
WAT

QC-low 8.0% (7.8) 2.8% (7.9) 6.1% (96.4) 4.2% (20.8) 1.5% (169) 1.0% (47.7)

QC-high 3.1% (60.8) 2.1% (59.2) 2.0% (739) 4.0% (152) 0.7% (1430) 1.0% (367)
Bone

QC-low 7.0% (2.0) 1.0% (2.0) 8.9% (20) 8.7% (8.0) 1.2% (75) 6.2% (75)

QC-high 2.1% (100) 2.3% (100) 3.6% (1000) 5.8% (200) 2.4% (3750) 0.2% (375)

Values within brackets are the concentration for the QC in pg/g.

Abbreviations: WAT, white adipose tissue; DHT, dihydrotestosterone; QC-low, quality control sample with low concentration; QC-high, quality control
sample with high concentration.
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Table 4. Accuracy in mouse liver

Baseline  Spiked  Measured  Accuracy Baseline  Spiked  Measured  Accuracy
(pg/g) (pg/s)  (pg/g) (%) pg/g pg/s pg/g (%)

Estradiol Estradiol

Low 3.4 10.2 12.1 85 Low 0.0 4.0 4.3 107

High 3.4 81.5 86.6 102 High 0.0 10.0 9.9 99
Estrone Estrone

Low 0.0 10.2 10.1 99 Low 0.0 4.00 3.97 99

High 0.0 81.5 79.2 97 High 0.0 10.0 9.4 94
Testosterone Testosterone

Low 26.6 127 166 109 Low 54.1 90.0 151 108

High 26.6 1019 1076 103 High 54.1 5400 5625 103
Dihydrotestosterone Dihydrotestosterone

Low 0.0 25.5 28.1 110 Low 28.6 18.0 45.4 93

High 0.0 204 215 106 High 28.6 1080 1174 106
Progesterone Progesterone

Low 317 255 567 98 Low 139.0 180 334 109

High 317 2038 2298 97 High 139.0 10800 11140 102
Androstenedione Androstenedione

Low 0.0 127 104 82 Low 7.5 45.0 55.9 108

High 0.0 509 479 94 High 7.5 2700 2789 103

Accuracy was calculated as (measured level — baseline level)/spiked
level x 100%. Sample size: 125 mg.

analytes was 82% to 110% in muscle, 93% to 109% in liver,
94% to 115% in WAT, and 83% to 119% in cortical bone
(Tables 3-6). The extraction recoveries during the preparation
of samples were found to be above 80% for all steroids in
muscle and WAT, except for E1 and E2 in muscle (66% and
69%, respectively) and T in WAT (62%). A slightly reduced
extraction recovery does not influence the absolute quantifi-
cation of the analytes since *C-labeled internal standards for
all analyzed steroids are added to every sample before the ini-
tiation of the extraction. Linearity was excellent (R? > 0.99)
for all analytes in all matrices (Figures 2-5 (24)).

SS Distribution in Serum and Tissues

Our validated GC-MS/MS method for tissue SS measurements
was then used to simultaneously map the SS pattern in serum
and 10 different tissues from gonadal intact and ORX male
mice: endocrine (testis, adrenals), reproductive (seminal vesicles,
prostate, m. levator ani), tissues representative of the major
body compartments (WAT, muscle, bone, brain), and liver.

Testosterone

In gonadal intact males, the highest concentration of T was
found in the testis and high T levels were also found in WAT
(Fig. 2A). A substantial part (60%) of the total body T pool
was found in adipose tissue. The estimated total body pool of
T decreased by as much as 99.7% after orchiectomy. T levels
were reduced in all tissues except in the adrenals and liver,
resulting in undetectable levels in most tissues. The remaining
pool of T in ORX mice was mainly found in serum and the
brain (Fig. 2B).

Dihydrotestosterone

In gonadal intact males, high DHT levels were, as ex-
pected, found in the endocrine and reproductive tissues, but

Accuracy was calculated as (measured level — baseline level)/spiked
level x 100%. Sample size 125 mg.

Table 5. Accuracy in mouse gonadal fat

Baseline  Spiked  Measured  Accuracy
(pg/g) (pg/s)  (pg/g) (%)

Estradiol

Low 0.0 7.2 7.8 108

High 0.0 57.6 60.8 106
Estrone

Low 0.0 7.2 7.9 109

High 0.0 57.6 59.2 103
Testosterone

Low 17.2 90.0 113 107

High 17.2 720 756 103
Dihydrotestosterone

Low 13.1 18.0 33.9 115

High 13.1 144 165 106
Progesterone

Low 3799 180 3968 94

High 3799 1440 5226 99
Androstenedione

Low 59.9 45.0 108 106

High 59.9 360 427 102

Accuracy was calculated as (measured level — baseline level)/spiked
level x 100%. Sample size 125 mg.

remarkably, high DHT levels, similar to the levels in the testis,
adrenals and prostate, were also found in WAT (Fig. 3A). The
majority (88%) of the total body DHT pool was found in
adipose tissue (Fig. 3B). The ratio of DHT to T, an indicator
of local conversion of T to DHT or 5a-reductase activity, was
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substantially higher than in serum in the seminal vesicles,
prostate and adrenals, while it was moderately higher than in
serum in m. levator ani and adipose tissue, suggesting there is
local production of DHT from T in those tissues in gonadal

Table 6. Accuracy in mouse cortical bone

Baseline  Spiked  Measured  Accuracy
pg/g pg/g pg/g (%)

Estradiol

Low 0.0 2.0 2.4 119

High 0.0 10.0 9.4 94
Estrone

Low 0.0 2.0 1.7 83

High 0.0 10.0 9.4 94
Testosterone

Low 0.0 20.0 21.8 109

High 0.0 100 103 102
Dihydrotestosterone

Low 0.0 8.0 9.5 119

High 0.0 20.0 22.4 112
Progesterone

Low 0.0 75.0 76.5 102

High 0.0 375 370 99
Androstenedione

Low 0.0 7.5 7.4 99

High 0.0 37.5 37.8 101

Accuracy was calculated as (measured level—baseline level)/ spiked
level x 100%. Sample size 125 mg.

intact male mice (Fig. 4). The total body pool of DHT de-
creased by 99.7% after orchiectomy. DHT levels were re-
duced in all tissues except the liver, resulting in undetectable
levels in some but not all tissues. The remaining pool of DHT
in ORX mice was mainly found in adipose tissue, liver, and
the brain (Fig. 3B).

Androstenedione

In gonadal intact males, the highest concentration of the an-
drogen precursor A-dione was found in the testis, with high
A-dione levels also found in the adrenals and WAT (Fig. 5A).
The adipose tissue (54%) and the testis (41%) were the major
contributors to the total body pool of A-dione in gonadal in-
tact mice. The total body pool of A-dione decreased by 96.5%
after orchiectomy (Fig. 5B). The A-dione levels decreased in
WAT, prostate and m. levator ani and increased in the seminal
vesicles after orchiectomy (Fig. SA).

Progesterone

In gonadal intact males, the highest concentration of Prog
was found in the adrenals, with high Prog levels also observed
in WAT (Fig. 6A). A substantial part (67%) of the total body
Prog pool was found in adipose tissue (Fig. 6B). In contrast to
the total body androgen pools, the total body pool of Prog in-
creased after orchiectomy. Prog levels were increased in many
tissues including all evaluated male reproductive tissues, as
well as in adrenals, liver, and WAT. The total body pool of
Prog in ORX mice was still mainly found in adipose tissue
(75%) and the adrenals (11%; Fig. 6B).

Estradiol and estrone

E2 and E1 levels were only detectable in the testis (45 [43-
49] pgl/g and 2.3 [2.0-2.5] pglg, respectively, median [IQR]).
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Figure 2. Testosterone (T) distribution in gonadal intact (Sham) and orchiectomized (ORX) young adult C57BL/6 male mice. (A) T concentrations in
tissues and serum of Sham and ORX mice. Bars and error bars represent median + IQR. N = 9-10/group. ND, not detected; WAT, white adipose tissue;
Sem ves, seminal vesicles; Lev ani, m. levator ani. #Significant difference between tissue and serumT values in intact males (P < .05, Wilcoxon signed
rank test, corrected for 10 multiple comparisons using the Holm-Sidak method). Differences between T concentrations in ORX and Sham mice were
analyzed with Mann-Whitney U-test (* P < .05; **P < .001). (B) The relative calculated amounts of T in different tissues of Sham and ORX mice using a

simplified whole-body model. Values are presented as mean + SEM.
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Figure 3. Dihydrotestosterone (DHT) distribution in gonadal intact (Sham) and orchiectomized (ORX) young adult C57BL/6 male mice. (A) DHT
concentrations in tissues and serum of Sham and ORX mice. Bars and error bars represent median + IQR. N = 9-10/group. ND = not detected, WAT,
white adipose tissue; Sem ves, seminal vesicles; Lev ani, m. levator ani. #Significant difference between tissue and serum DHT values in intact males
(P < .05, Wilcoxon signed rank test, corrected for 10 multiple comparisons using the Holm-Sidak method). Differences between DHT concentrations in
ORX and Sham mice were analyzed with Mann-Whitney U-test (* P < .05; ** P < .001). (B) The relative calculated amounts of DHT in different tissues of
Sham and ORX mice using a simplified whole-body model. Values are presented as mean + SEM.
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Figure 4. DHT/T ratio in different tissues of young adult gonadal intact
C57BL/6 male mice. Bars and error bars represent median + IQR.
*Significant difference between tissue and serum DHT/T ratios (P < .05,
Wilcoxon signed rank test, corrected for 10 multiple comparisons using
the Holm-Sidak method). DHT, dihydrotestosterone; T, testosterone;
WAT, white adipose tissue; Ves sem, seminal vesicles; Lev ani, m. levator
ani.

Total Pool of SSs in Gonadal Intact and ORX
Male Mice

In gonadal intact mice, the estimated total body pools of T,
DHT, A-dione, and Prog were in the same range but with
slightly larger pools of T and Prog compared with DHT and
A-dione. After orchiectomy, the amounts of T, DHT, and
A-dione decreased markedly whereas the Prog pool was ap-
proximately 1000-fold larger than the T and DHT pools and
100-fold larger than the A-dione pool (Fig. 7). Thus, Prog was
by far the most abundant SSs in ORX mice.

SS Profiles of the Different Tissues

Next, we evaluated the SS profiles in each tissue, displaying
varying patterns of SS levels in gonadal intact and ORX mice.
In the testes of intact males, the highest SS concentrations
were observed for T and A-dione (Fig. 8A). In the adrenals,
Prog was the by far most abundant SSs both in gonadal intact

and ORX mice (Fig. 8B). In the reproductive tissues, DHT
was the most abundant SS in gonadal intact mice while Prog
was the most abundant SS in ORX mice (Fig. 8C-8E). In WAT,
the levels of T, DHT, A-dione, and Prog were within the same
range in gonadal intact mice. However, after orchiectomy, the
levels of T, DHT, and A-dione decreased markedly, whereas
the Prog levels were more than 1000-fold higher than the T
and DHT levels (Fig. 8F). In muscle, T and Prog were the
most abundant SSs in gonadal intact mice. After orchiectomy,
no detectable levels of T and DHT were observed, whereas
the levels of Prog did not change (Fig. 8G). In cortical bone, T
and Prog were the most abundant SSs in gonadal intact mice.
Although DHT and T levels were reduced by orchiectomy, no
substantial reductions of Prog levels were observed (Fig. 8H).
In the brain cortex, T, DHT, and Prog were the most abun-
dant SSs in gonadal intact mice, and after orchiectomy, T and
DHT levels, but not Prog levels, were reduced (Fig. 81). In the
liver, the main SS-metabolizing organ, SS levels were overall
low in intact mice. After orchiectomy, increased Prog levels
and decreased A-dione levels were observed (Fig. 8]).

Correlations Between Circulating and Tissue Levels
of SS

Using the fact that we have measured concentrations of SSs in
serum and 10 different tissues of the same animals, we next
explored the correlations between circulating and tissue levels
of SSs in gonadal intact (Table 7) and ORX mice (Table 8).
In gonadal intact mice, circulating levels of DHT, T, and Prog
were strongly correlated with corresponding levels in the brain
while only modest correlations with corresponding levels in
WAT and in the SS-producing testis and adrenals were ob-
served. Serum levels of T and Prog showed strong correlations
with their respective muscle levels (Table 7). In ORX mice,
serum Prog levels were strongly correlated with Prog levels
in multiple tissues, including m. levator ani, WAT, muscle,
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Figure 5. Androstenedione (A-dione) distribution in gonadal intact (Sham) and orchiectomized (ORX) young adult C57BL/6 male mice. (A) A-dione
concentrations in tissues and serum of Sham and ORX mice. Bars and error bars represent median + IQR. N = 9-10/group. ND, not detected; WAT,
white adipose tissue; Sem ves, seminal vesicles; Lev ani, m. levator ani. #Significant difference between tissue and serum A-dione values in intact
males (P < .05, Wilcoxon signed rank test, corrected for 10 multiple comparisons using the Holm-Sidak method). Differences between A-dione
concentrations in ORX and Sham mice were analyzed with Mann-Whitney U-test (* P < .05; **P < .001). (B) The relative calculated amounts of A-dione
in different tissues of Sham and ORX mice using a simplified whole-body model. Values are presented as mean + SEM.
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Figure 6. Progesterone (Prog) distribution in gonadal intact (Sham) and orchiectomized (ORX) young adult C57BL/6 male mice. (A) Prog concentrations
in tissues and serum of Sham and ORX mice. Bars and error bars represent median + IQR. N = 9-10/group. ND, not detected; WAT, white adipose
tissue; Sem ves, seminal vesicles; Lev ani, m. levator ani. #Significant difference between tissue and serum Prog values in intact males (P < .05,
Wilcoxon signed rank test, corrected for 10 multiple comparisons using the Holm-Sidak method). Differences between Prog concentrations in ORX and
Sham mice were analyzed with Mann-Whitney U-test (* P < .05; **P < .001). (B) The relative calculated amounts of Prog in different tissues of Sham
and ORX mice using a simplified whole-body model. Values are presented as mean + SEM.

bone, and brain cortex (Table 8). Further explorative correl-
ation analyses for Prog, the most abundant SS in serum of
ORX mice, revealed that serum Prog levels were significantly
correlated with serum DHT levels in ORX mice (r =0.71,
P =.02) but not in gonadal intact mice (r =0.39, P =.26).
Serum Prog levels were also associated with DHT levels in
the brain (r_ = 0.68, P =.03) in ORX mice. In addition, serum
DHT levels were strongly correlated with levels of brain DHT
in ORX mice (Table 8). Evaluation of correlations within the

brain cortex revealed that DHT and T concentrations were
significantly correlated in gonadal intact (r, = 0.71, P =.022)
but not in ORX mice (r,=0.49, P =.16). In contrast, DHT
levels in the brain cortex correlated significantly with brain
Prog in ORX mice (r, = 0.68, P =.031). Thus, in gonadal in-
tact mice, there is a strong correlation between brain concen-
trations of T and DHT. In contrast, in ORX mice, serum and
brain Prog levels but not brain T levels are correlated with
brain DHT levels.
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Figure 7. Total pool of sex steroids in gonadal intact (Sham) and
orchiectomized (ORX) young adult C57BL/6 male mice using a simplified
whole-body model. Bars and error bars represent median + IQR.

N = 9-10/group. T, testosterone; DHT, dihydrotestosterone; A-dione,
androstenedione; Prog, progesterone.

Discussion

Local metabolism of SSs is generally believed to be crucial
for SS action, but a comprehensive atlas of SS distribution in
multiple tissues is still lacking. In addition, it remains largely
unknown to what extent circulating levels of SSs correlate
with tissue levels of SSs. We here developed and validated a
highly sensitive GC-MS/MS method with excellent sensitivity,
precision, and accuracy for measurement of a broad panel
of SSs in several different types of mouse tissues. Using this
assay, we present a comprehensive atlas of tissue and serum
concentrations of SSs in gonadal intact and ORX male mice.
Our findings in gonadal intact mice indicate that the brain
androgen and Prog levels are well reflected by the circulating
levels of the corresponding SSs and that WAT constitutes a
large reservoir of SSs. In addition, Prog is by far the most
abundant SS after orchiectomy and correlates with circulating
and brain DHT levels.

SSs receptors and enzymes involved in SS metabolism are
present in brain tissue, and local SS synthesis has been thor-
oughly described (5). Several previous studies described meas-
urable levels of Prog, T, and DHT in different brain regions
of rodents (20, 25-28). However, to the best of our know-
ledge, no previous study evaluated the correlations between
SS levels, measured using validated and specific MS-based
methods, in the circulation and in the brain of male rodents.
We found strong correlations between serum and cortical
brain concentrations of T, DHT, and Prog in gonadal intact
male mice. This finding confirms that lipophilic SSs easily pass
the blood-brain barrier (29). This may suggest that in mice,
which lack SHBG in the circulation (10), the levels of T, DHT,
and Prog in the central nervous system are well reflected
by their corresponding levels in the circulation. However,
it should be emphasized that in humans, a substantial part
of SS circulates tightly bound to SHBG and, therefore, the
correlation between circulating SS levels and SS levels in the
brain might be weaker in men than the associations observed
in the male mice in this study. A recent study failed to iden-
tify any significant association between T levels in serum
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and the cerebrospinal fluid in healthy men (30) but it is pos-
sible that the study results were affected by the fact that an
immunoassay-based technique was used for the SS analyses
and not a gold standard MS-based technique.

Adipose tissue is a known site of androgen action (31) and
has been described as an endocrine organ with the ability
to locally produce and metabolize several SSs (32, 33). We
observed high DHT levels in WAT and the majority of the
total body reservoir of androgens (T and DHT) and Prog was
found in WAT in gonadal intact male mice. The ratio of DHT
to T was clearly higher in WAT than in serum, suggesting
that some local production of DHT from T occurs in adipose
tissue, which is in agreement with the reported expression of
Srd5al in male mouse gonadal fat tissue (34, 35). In add-
ition, the correlations between SS levels in serum and WAT
were modest, indicating that the high SS concentrations in
adipose tissue are partly independently regulated compared
with the substantially lower concentrations observed in the
circulation. In humans, SHBG has an important role as a
buffer of circulating SS concentrations. It is unknown how
mice, lacking the buffer action of SHBG (10), are protected
from extreme SS fluctuations. As SSs are lipophilic and the
largest reservoir of androgens in the mouse body is found in
WAT, we propose that WAT may act as a functional buffer for
circulating SS levels in male mice. In situations with very high
circulating androgen levels, androgens may leave the circula-
tion and be stored in WAT while in situations with very low
circulating androgens, WAT-derived androgens may be re-
leased to the circulation. However, further functional studies
are warranted to verify this hypothesis.

In the present study, orchiectomy predictably decreased T
and DHT levels in the circulation and multiple tissues while
Prog levels in male reproductive tissues, adrenals, and WAT in-
creased. Our findings suggest that Prog levels may be slightly
upregulated in some tissues as a response to the removal of tes-
ticular androgens. The role of Prog in male physiology is still not
fully characterized (36, 37). Administration of Prog to male rats
stimulated prostate growth, partly by androgenic products and
partly through the Prog receptor (38). Also, 17-hydroxyProg
can be metabolized into the potent androgen DHT both via
the classic pathway and the alternative “backdoor” pathway
(4). Although androgen levels in the present study in general
decreased substantially after orchiectomy, some organs still
contained measurable levels, supporting previous studies that
other sources of androgens than the testis are available in male
mice (18). Even though mouse adrenals do not produce large
amounts of dehydroepiandrosterone, they may contribute
to the androgen pool in ORX mice by producing other an-
drogen precursors (18, 23). Indeed, Huhtaniemi et al. showed
upregulation of Cyp17al expression in the mouse adrenal after
orchiectomy, enabling measurable androgen production from
Prog (23). After orchiectomy, Prog was the most abundant SS
in serum and multiple tissues and WAT constituted the major
reservoir of Prog in the mouse body. The high levels of Prog in
ORX mice demonstrate that Prog is not testis derived while the
very high Prog levels in the adrenals support the notion that
the adrenals contribute to the large Prog pool in ORX mice.
A possible follow-up experiment to decipher the source of the
remaining SSs present after orchiectomy would be to perform
orchiectomy and adrenalectomy simultaneously. The estimated
total body Prog pool was more than 1000-fold higher than the
total body T and DHT pools in ORX male mice. We observed
that Prog levels in WAT and serum correlated significantly in
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Figure 8. Sex steroid profiles in tissues and serum of gonadal intact (Sham) and orchiectomized (ORX) young adult male C57BL/6 mice. Bars and error
bars represent median + IQR. N = 9-10/group (except for prostate ORX, n = 3).T, testosterone; DHT, dihydrotestosterone; A-dione, androstenedione;
Prog, progesterone. Stars represent statistically significant difference compared to the corresponding hormone in Sham. Mann-Whitney U-test (* P <

.05, **P < .001).

Table 7. Correlations between serum and tissue sex steroid levels in gonadal intact male mice

Tissue

Endocrine Reproductive Major body compartments
Serum Testis Adrenals SV Prostate LA WAT Muscle Bone Brain Liver
Testosterone 0.30 0.36 0.83 0.54 0.77 0.61 0.82 0.54 0.93 NA
DHT 0.03 -0.36 0.55 0.77 0.22 0.31 0.09 0.41 0.86 0.76
A-dione -0.21 -0.16 0.10 0.61 0.41 0.87 0.22 0.38 NA 0.56
Progesterone 0.26 0.65 NA 0.30 0.66 0.25 0.84 0.79 0.94 NA

Spearman correlations are given. Bold indicates P < .05, N = 9-10.
Abbreviations: A-dione, androstenedione; DHT, dihydrotestosterone; LA, m. levator ani; NA, not available; SV, seminal vesicles, WAT, white adipose tissue.

€202 1990}00 G0 U0 Jasn AjsiaAlun dljoyieD ueliensny Aq 29886+9/1002ebg/g/c9 1 /a1o1LE/0pUS/Woo"dno-olwapese//:Sdny Woly papeojumoq



10

Endocrinology, 2022, Vol. 163, No. 3

Table 8. Correlations between serum and tissue sex steroid levels in orchiectomized male mice

Tissue

Endocrine Reproductive Major body compartments
Serum Testis Adrenals SV Prostate LA WAT Muscle Bone Brain Liver
Testosterone NA 0.19 NA NA 0.20 NA NA 0.07 0.23 NA
DHT NA -0.03 0.08 NA NA 0.67 NA NA 0.93 0.34
A-dione NA 0.36 -0.21 NA NA -0.19 -0.37 0.37 NA NA
Progesterone NA 0.49 0.58 NA 0.88 0.84 0.87 0.90 0.95 0.44

Spearman correlations are given. Bold indicates P < .05, N = 9-10.

Abbreviations: A-dione, androstenedione; DHT, dihydrotestosterone; LA, m. levator ani; NA, not available; SV, seminal vesicles, WAT, white adipose tissue.

ORX mice. Serum Prog levels, in turn, correlated with serum
DHT levels and brain DHT levels in ORX mice. These observa-
tional associations may suggest that the large pool of Prog con-
tributes to DHT in the circulation and the brain in ORX mice.
While Prog is an abundant hormone in male mice and humans,
its physiological role and origin are surprisingly understudied.
Thus, functional studies are warranted to determine the pos-
sible roles of Prog, acting either directly via the Prog receptor
or indirectly via downstream tissue-specific metabolism to ac-
tive androgens (Fig. 1), in ORX mice.

Even though tissue weights of androgen-responsive organs
have been used as indicators of androgen exposure, their
local steroid milieus are still largely unknown. Interestingly,
in m. levator ani, A-dione was absent after orchiectomy while
T was present, suggesting a short half-life of A-dione locally
by rapid metabolism to T or other downstream metabol-
ites. Furthermore, there was an increased concentration of
A-dione in the seminal vesicles after orchiectomy, suggesting
the possibility for local Cyp17al induction by orchiectomy,
to be addressed in future experiments.

A major strength of the present study is the development
and use of a validated gold standard MS-based method for
SS measurements as the commonly used immunoassay-based
techniques have a questionable specificity, especially in the
lower concentration range (12, 14, 39-42). Another strength is
that this study is the first to simultaneously determine a broad
panel of SSs both in the circulation and in multiple tissues,
allowing the evaluation of correlations between circulating
SS levels and corresponding intra-tissue levels. Our findings
demonstrate that the strengths of the correlations between
circulating SS levels and corresponding tissue SS levels differ
substantially between tissues and evaluated SSs and depend on
the presence of testis-derived SSs. This information is valuable
for researchers to determine if easily accessible circulating SS
levels can be used as relevant proxies for tissue levels of SSs in
male mice. The present study is the first to estimate the whole-
body pool of SSs in gonadal intact and ORX mice. However,
it should be emphasized that we used a simplified model that
could be further refined by measurement of SSs in additional
tissues. Mouse prostates express several steroid-metabolizing
enzymes (43). A technical limitation of this study is that pros-
tate samples were only available from 3 ORX mice, and sample
sizes were small due to the expected decrease in prostate size
after orchiectomy. As the whole prostate is used for the SS ana-
lyses, the reduced prostate weight in ORX mice resulted in
substantially reduced sensitivity of our assay to detect possible
remaining androgens. Finally, although it is well known that
estrogen actions mediated via estrogen receptors in multiple
tissues are crucial for male mouse physiology (44), we did not

detect E2 or E1 levels in serum or tissues of male mice except in
the testes using our gold standard method with LLOQ around
2 pglg in tissues. Further developments of MS-based methods
with a magnitude of improvement in sensitivity for E2 and E1
are most likely required for reliable analyses of estrogen levels
in male mice.

In this study, we have validated a novel, highly sensitive
analysis method and explored local levels of SSs in several
tissue types in mice, creating a tissue atlas of the steroid pool
in male mice with and without orchiectomy. Further studies
are needed to examine the correlations between local steroid
levels and SS-metabolizing enzymes in tissues. Such future
studies will deepen our understanding of local steroid produc-
tion and metabolism in peripheral tissues in mice and provide
further insight into the translatability of the endocrinology of
rodents to humans.

In conclusion, we here present a comprehensive atlas of
tissue and serum concentrations of SSs in male mice revealing
novel insights in SS distribution. We demonstrate that the
brain SS levels are well reflected by serum levels of SSs in male
mice. In addition, WAT constitutes a large reservoir of SSs,
and we propose that it may act as a buffer for circulating SS
levels in male mice. Finally, Prog is by far the most abundant
SS in ORX mice and further studies should determine the role
of Prog in male mice lacking testicular androgens.
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