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Abstract
Androgen biosynthesis in males occurs to a large extent in testicular Leydig cells.
This study focused on the evaluation of three murine Leydig cell lines as potential
screening tool to test xenobiotics interfering with gonadal androgen synthesis. The
final step of testosterone (T) production in Leydig cells is catalyzed by the enzyme
17β-hydroxysteroid dehydrogenase 3 (17β-hsd3). The endogenous 17β-hsd3
mRNA expression and Δ4-androstene-3,17-dione (AD) to T conversion were
determined in the murine cell lines MA-10, BLTK1 and TM3. Additionally, effects
of 8-Br-cAMP and forskolin stimulation on steroidogenesis and T production were
analyzed. Steroids were quantified in supernatants of cells using liquid
chromatography–tandem mass spectrometry. Unstimulated cells incubated with
AD produced only very low T but substantial amounts of the inactive androsterone.
Stimulated cells produced low amounts of T, moderate amounts of AD, but high
amounts of progesterone. Gene expression analyses revealed barely detectable 17βhsd3 levels, absence of 17β-hsd5 (Akr1c6), but substantial 17β-hsd1 expression in
all three cell lines. Thus, MA-10, BLTK1 and TM3 cells are not suitable to study
the expression and activity of the gonadal T synthesizing enzyme 17β-hsd3. The
low T production reported in stimulated MA-10 cells are likely a result of the
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expression of 17β-hsd1. This study substantiates that the investigated Leydig cell
lines MA-10, BLTK1, and TM3 are not suitable to study gonadal androgen
biosynthesis due to altered steroidogenic pathways. Furthermore, this study
emphasizes the necessity of mass spectrometry-based steroid quantification in
experiments using steroidogenic cells such as Leydig cells.
Keywords: Endocrinology, Pharmaceutical science

1. Introduction
Steroid hormones are involved in the regulation of essential physiological
processes. Systemic steroid levels are mainly produced by the adrenal glands
synthesizing mineralocorticoids, glucocorticoids and precursors of active androgens, and the gonads synthesizing active sex steroids [1]. Disruption of
steroidogenesis by genetic defects or environmental influences, including the
exposure to synthetic chemicals, has been associated with developmental
disturbances [2], impaired reproduction [3, 4], cancer [5, 6, 7], metabolic
disorders [8, 9, 10], immune and neurologic diseases [11, 12].
For the identification of substances interfering with steroidogenesis and for
mechanistic investigations, cell lines derived from the adrenals or from testicular
Leydig cells represent alternatives to primary cells and animal experimentation that
are ethically accepted, low-cost and rapid testing systems. Nevertheless, cell-based
models must be well characterized and they should be used only for well-defined
applications, including appropriate positive and negative controls. In contrast to the
adrenals, where a human adrenal adenoma cell line (H295R) has been validated
according to the Organization for Economic Cooperation and Development
(OECD) guideline to detect substances disrupting steroid production [13], currently
no human Leydig cell line to study testicular steroidogenesis is available. Human
H295R cells are an appropriate model to test disruption of adrenal steroidogenesis.
Unfortunately, this cell line is not suitable to study testosterone synthesis disruption
due to low amount of total produced T and the lack of endogenous 17βhydroxysteroid dehydrogenase type 3 (17β-HSD3) [14]. Moreover, the supplementation by Nu-serum for cultivation of H295R contributes considerable amounts of T
and the low amounts produced by the cells are a result of the expression of
AKR1C3 (17β-HSD5) rather than 17β-HSD3 [14]. Primary human and murine
Leydig cells represent an ideal model to study disruption of T synthesis. However,
primary cells are difficult to obtain due to low yield, and there are considerable
inter-individual differences; similarly, the preparation of primary rodent Leydig
cells is laborious and the yield rather low, thus limiting their use for medium to
high throughput testing. There are, however, several commercially available rodent
Leydig cell lines to study testicular steroidogenesis (reviewed in [15, 16]). Most of
these cell lines have been developed decades ago and morphological and genetic
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transformations may have occurred in these lines over the years. MA-10 cells were
derived from a spontaneous testicular murine tumor, which were subjected to in
vitro immortalization [17]. TM-3 cells were derived from primary testicular murine
cell cultures subjected to spontaneous immortalization in vitro [18]. Immortalized
BLTK1 [3_TD$IF]cells were established from a testicular tumor induced by the Simian virus
T-antigen (SV40 TAG) oncogene of a transgenic mice expressing the inhibin-α
promoter [19]. Forgacs et al. reported that BLTK1 cells display consistent induction
of steroidogenesis for up to 30 passages [20].
Human and rodent de novo androgen production from cholesterol differs regarding
Δ4-androstene-3,17-dione (AD) synthesis. In humans, AD is produced via the Δ5
metabolic steroid intermediates pregnenolone (Preg) and 17α-hydroxypregnenolone (17OH-Preg). The human enzyme CYP17A1 efficiently converts 17OH-Preg
to dehydroepiandrosterone (DHEA) but has low affinity for 17α-hydroxyprogesterone (17OH-P). In rodents, CYP17 is able to convert Δ4 and Δ5 steroids, but in
contrast to humans it prefers the Δ4 intermediates progesterone (P) and 17OH-P
[21]. Importantly, in both human and rodents AD is converted in the last step to T
by 17β-HSD3 [22].
Several reports describe the use of mouse Leydig cell lines to investigate the
interference of xenobiotics with steroidogenesis, especially focusing on the
disruption of T production (reviewed in [16]). Many studies have chosen a single
steroid as a read-out, mostly T, and using antibody-based quantification methods.
Such methods often suffer from limited specificity [23, 24, 25, 26], and it cannot
be excluded that other steroid metabolites might interfere with the read-out due to
the inability of antibodies to distinguish between structurally very similar steroid
metabolites.
An initial aim of the present project was to identify a mouse Leydig cell model
expressing substantial 17β-hsd3 levels in order to investigate the impact of
substances on the last step of testicular T formation. Three mouse Leydig cell lines,
MA-10, BLTK1 and TM3, were investigated by assessing the conversion of
exogenous AD to T, the basal production of T, as well as the production of T and
additional steroids following stimulation by 8-Br-cAMP and forskolin. The mRNA
expression levels of key genes involved in androgen production was measured by
quantitative RT-PCR, providing an explanation for the observed steroid production
by these cells.

2. Materials and methods
2.1. Cultivation of MA-10, BLTK1 and TM3 cell lines
The mouse Leydig cell line MA-10 (ATCC, Manassas, VA, USA) was cultivated
as described previously [27]. Cell culture materials and chemicals were obtained
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from Gibco, Carlsbad, CA, USA, and Sigma-Aldrich, St. Louis, MO, USA, unless
otherwise stated. Briefly, cells were grown on 0.1% gelatin-coated cell culture
dishes in DMEM/F12 medium containing 20 mM HEPES, pH 7.4, 15% horse
serum, and 50 μg/mL gentamicin. MA-10 cells were exclusively used from
passages 12 to 19. The BLTK1 mouse Leydig cell line (kindly provided by Prof.
Ilpo Huhtaniemi and Dr. Nafis Rahman, University of Turku, Turku, Finland [20])
was maintained in DMEM/F12 medium with 10% fetal bovine serum (FBS), 100
U/mL penicillin and 100 μg/mL streptomycin. BLTK1 cells were exclusively used
from passages 20 to 25. The mouse Leydig cell line TM3 was cultivated in
DMEM/F12 medium, containing 15 mM HEPES, pH 7.4, 100 U/mL penicillin and
100 μg/mL streptomycin, 2.5 mM L-glutamine, 5% horse serum and 2.5% FBS.
TM-3 cells were used from passages 11 up to 17. All cell lines were incubated
under standard conditions (5% CO 2, 37 °C). For ultra-pressure liquid
chromatography–tandem mass spectrometry (UPLC–MS/MS) measurements
phenol red-free medium containing overnight charcoal/dextran-treated FBS or
horse serum was used.

2.2. Determination of mRNA expression
Total RNA from mouse Leydig cells (300,000 cells seeded in 6-well plates) was
extracted using Trizol reagent, followed by reverse transcription using the
Superscript III reverse transcriptase. The mRNA levels from different genes were
analyzed using a Rotor-Gene 6000 light cycler (Corbett, Sydney, Australia).
Reactions were performed in a total volume of 10 μL reaction buffer containing
KAPA SYBR master mix (Kapasystems, Boston, MA, USA), 10 ng cDNA and
specific oligonucleotide primers (Table 1). Relative gene expression was compared
to the internal control cyclophilin A (Ppia).

2.3. Determination of androstenedione metabolism
The conversion of radiolabeled AD by BLTK1 cells (10,000 grown in 24-well
plates) was measured using a modified protocol from Legeza et al. [27]. Briefly,
cells were incubated in serum-free DMEM/F12 medium containing 200 nM
radiolabeled 50 nCi [1,2,6,7−3H]-AD (GE Healthcare, Little Chalfont, UK). The
enzymatic reactions were terminated by adding 2 mM unlabeled AD and T
dissolved in methanol. The steroids were separated on UV-sensitive silica TLC
plates (Macherey-Nagel, Oensingen, Switzerland) using a chloroform-methanol
solvent system at a ratio of 9:1. Bands migrating with an Rf of AD and T, as well
as two fractions in between AD and T, were scraped off the TLC plate and
transferred to tubes containing scintillation cocktail. Radioactive decay of AD and
corresponding metabolites were analyzed using a scintillation counter (PerkinElmer, Waltham, MA, USA). For UPLC–MS/MS analysis cells were incubated with
unlabeled AD and steroids formed were analyzed after extraction from bands of
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Table 1. Oligonucleotide primers used for quantitative RT-PCR.
Gene

Oligonucleotide Forward Primers

Oligonucleotide Reverse Primers

Hsd3b1

5′-GTCACAGGTGTCATTCCCAG-3′

5′-TTCTTGTACGAGTTGGGCC-3′

Cyp17a1 5′-AGAGTTTGCCATCCCGAAG-3′

5′-AACTGGGTGTGGGTGTAATG-3′

Hsd17b3 5′-ACAATGGGCAGTGATTAC-3′

5′-GTGGTCCTCTCAATCTCTTC-3′

Akr1C6

5′-TCCGAAGCAAGATAGCAGATG-3′

5′-GTTGGACTATGTGGACCTGTAC-3′

Srd5a1

5′-TCACCTTTGTCTTGGCCTTC-3′

5′-TTATCACCATGCCCACTAACC-3′

Akr1c14

5′-GTACAAGCAAACACCAGCAC-3′

5′-ATGTCCTCTGAAGCCAACTG-3′

Hsd17b1 5′-GCTGTGTTGGATGTGAATGTG-3′
Ppia

5′-ACTTCGTGGAATGGCAGTC-3′

5′-CAAATGCTGGACCAAACACAAACG-3′ 5′-GTTCATGCCTTCTTTCACCTTCC-3′

TLC plates by UPLC–MS/MS. Alternatively, for experiments where steroids were
directly analyzed by UPLC–MS/MS, MA-10 (100,000), BLTK1 (200,000) and
TM3 (75,000) cells were seeded in 12-well plates and cultivated for 24 h. Cells
were washed with phosphate buffered saline (PBS) and incubated with charcoal/
dextran-treated FBS/horse serum containing phenol red-free complete DMEM/F12
medium supplemented with AD, cAMP analogue or forskolin. Cells were
incubated for 24 h, followed by collection of culture supernatants. Samples were
stored at −20 °C prior to UPLC–MS/MS analysis.

2.4. Assessment of cross-reactivity of the enzyme immunoassay
(EIA) kit for testosterone
The EIA kit for T (Cayman Chemical Company, MI, USA) was applied according
to the manufacturer’s instructions. 5α-dihydrotestosterone (DHT) and 5βdihydrotestosterone, androstenediol, 5α-androstanedione, androsterone (ADT),
eticholanolone and DHEA were purchased from Steraloids (Newport, RI, USA).
All tested metabolites were dissolved in ethanol, diluted in the buffer provided with
the kit and measured at three different concentrations (150 pg/mL, 75 pg/mL and
37.5 pg/mL) in duplicates. Cross-reactivity was calculated in percentage of the
recovery rate of the corresponding metabolite.

2.5. Ultra-pressure liquid chromatography–tandem mass spectrometry
Stock solutions for analyte standards (Steraloids) and their corresponding
deuterium labeled internal standards (IS) (CDN-Isotopes, Pointe-Claire, Canada)
were prepared in methanol at a concentration of 10 mM. Thereafter, standards and
deuterium labeled IS working solutions were prepared by mixing each individual
stock solution to obtain a working concentration of 100 μM. Calibration curves
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were prepared by serial dilution of the working solutions of standards in DMEM/
F12 phenol red-free medium in the range of 0.975 nM–1000 nM. Cell supernatant
was taken at the appropriate time point and IS at a final concentration of 0.1 μM in
protein precipitation solution (zinc sulfate 0.8 M in water/methanol 50/50 v/v)
were added. After shaking vigorously for 10 min at 4 °C, the samples were
centrifuged for 10 min at 10,000 × g. Supernatants were transferred onto Oasis
HBL SPE columns (Waters, Milford, MA, USA) that were preconditioned with
methanol and water. Samples were washed twice with water, eluted with methanol
and evaporated to dryness at a vacuum evaporator. Samples were reconstituted in
100 μL methanol by vigorously shaking for 30 min at 4 °C.
Analytes were measured simultaneously by UPLC–MS/MS using an Agilent 1290
UPLC instrument equipped with a binary solvent delivery system, an auto sampler
(at 4 °C), and a column oven, coupled to an Agilent 6490 triple quadrupole mass
spectrometer equipped with a jet stream electrospray ionization interface (AJSESI) (Agilent Technologies, California, USA). Fragmentation for multiple reaction
monitoring (MRM) and source conditions within the positive ion mode were
automated defined by use of the integrated compound- and source- optimizer
software modules (Agilent Technologies, B.07.01). The general source parameters
were set as following: Gas temperature 290 °C, gas flow 14 L/min, sheath gas
temperature 350 °C, sheath gas flow 11 L/min, nozzle voltage 1500 V, cell
accelerator voltage 5 V and fragmentation voltage 380 V. Specific optimized
analyte conditions are shown in Table 2. Analyte separation was achieved using a
reversed-phase column (ACQUITY UPLC BEH C18, 1.7 μm, 2.1 × 150 mm,
Waters, Wexford, Ireland), heated to 65 ± 0.8 °C. The mobile phase consisted of
water-acetonitrile-formic acid (A) (95/5/0.1; v/v/v) and (B) (5/95/0.1; v/v/v). The
eluent gradient was set from 25 to 41.4% of B within 0–20 min using a ramping
flow-rate from 0.65 mL/min to 0.36 mL/min, followed by a washout (100% of B,
20–22 min) and column re-equilibration (25% B1, 22–26 min) at a constant flowrate of 0.65 mL/min. The injection volume was 5 μL per sample. Methanol in water
(75/50 v/v) was used as needle and needle-seat flushing solvent for 10 s after
sample aspiration. Samples were stored until analysis in the auto sampler
(maintained at 4 °C). Data acquisition and analysis was performed using Mass
Hunter Workstation Acquisition Software Version 07.01 SP1 and MassHunter
Workstation Software Quantitative Analysis Version B.07.00/Build 7.0457.0,
respectively (Agilent Technologies).

3. Results
3.1. Rapid metabolism of AD to androsterone by BLTK1 cells
The initial aim of this study was to identify a mouse Leydig cell line suitable for
assessing 17β-hsd3 expression and enzyme activity in order to investigate
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Table 2. Parameters for the androgens measured and mass spectrometer properties.
Steroid RT
[min]
ADT

T

AD

DHT

Precursor Ion (m/
z)

18.1

8.1

9.5

12.5

ADTd2

18.1

T-d2

8.1

AD-d7

DHTd3

9.4

12.3

273.2

289.2

287.2

291.2

275.2

291.5

294.2

294.2

Product ion (m/
z)

Collision energy
(V)

Nebulizer
(psi)

255.2

12

147.1

24

97.1

32

109

28

97.1

20

109

24

159.1

24

255

12

257.1

8

118.1

52

111.1

13

125

24

113

28

100

24

258.2

12

162

24

Ion Funnel RF high
(V)

Ion Funnel RF low
(V)

Dwell time
(ms)

Capillary (positive,
KV)

15

120

90

250

3

25

170

90

200

2.5

15

170

90

100

2

15

120

90

100

3

15

120

90

100

3

25

170

90

100

2.5

15

170

90

100

2

15

120

90

100

3
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xenobiotics interfering with the last step of T synthesis. Based on a previous study
reporting the expression of 17β-hsd3 and detecting T production using an antibodybased quantification method [20], the mouse Leydig cell line BLTK1 was first
chosen as a cell model. Because mRNA levels often do not provide sufficient
information on protein expression and a suitable, specific anti-17β-hsd3 antibody
was not available, we attempted to measure 17β-hsd3 enzyme activity by
incubating BLTK1 cells in serum-free medium supplemented with 200 nM of
radiolabeled AD and determining its metabolism by subjecting the culture
supernatants to steroid separation by TLC and analyzing the excised bands by
scintillation counting. Four distinct fractions were collected: fraction 1 migrating
with the Rf of AD, fraction 2 migrating with the Rf of T, and fractions 3 and 4 with
Rf between AD and T. The results suggested a time-dependent metabolism of AD
and the formation of one major metabolite migrating with the Rf of T, as well as
two minor metabolites (Fig. 1A). T was expected to be the main product because of
the rapid conversion of AD to T by 17β-hsd3 in adult Leydig cells. However, the
formation of the main metabolite could not be blocked by the potent 17β-hsd3
inhibitor BP1 at concentrations of 1 μM and 10 μM (Fig. 1B), shown previously to
efficiently inhibit 17β-hsd3-mediated T production in testis homogenates [28],
indicating that another metabolite was formed. Therefore, the fraction migrating
with the Rf of T was extracted from the TLC plate and subjected to UPLC–MS/MS
analysis, revealing the absence of T.
Next, supernatants of BLTK1 cells incubated with 250 nM AD for different time
periods were analyzed by UPLC–MS/MS. The main metabolite produced by
BLTK1 cells was identified as ADT. The time-dependent loss of AD over time was
proportional to the increase of ADT in the culture supernatants (Fig. 2). DHT was
below the detection limit and only very low amounts of T could be measured.

3.2. Discrepancy to earlier work due to lack of specificity of
antibody-based steroid quantification?
In an earlier study reporting T production by BLTK1 cells an EIA kit was applied
for T quantification [20]. Radioimmuno assays (RIA) and enzymes-linked
immunosorbent assays (ELISA) are methods that have been used to detect very
low amounts of steroids for decades. However, all steroids share a common
backbone and, therefore, it is important to assess the cross-reactivity rates between
the key steroids produced by the system that is used in a corresponding experiment
[24, 25, 29]. Thus, in the present study, the recovery rates of eight relevant
androgenic steroids were tested by applying the T detection EIA kit (Cayman
Chemical, Ann Arbor, MI, USA) that has been used in the earlier study reporting T
production by BLTK1 cells [20]. The highest mean recovery rate was detected for
DHT (59%) (Table 3). Other androgens showed recovery rates between 5–36%.
Most importantly, cross-contamination was found for 5α-androstandione (21%),
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[(Fig._1)TD$IG]

Fig. 1. Metabolism of radiolabeled androstenedione in BLTK1 cells analyzed by TLC and scintillation
counting. A, BLTK1 cells were incubated in serum-free medium supplemented with 200 nM AD
containing 50 nCi [1,2,6,7-3H]-AD for up to 240 min, followed by separation of steroids by TLC and
analysis of the excised fractions by scintillation counting. The main product formed was found in the
fraction 2 migrating on TLC like T. Minor amounts of unknown products were detected in TLC
fractions 3 and 4. Data represent mean ± SD from two independent experiments, each performed in
duplicate, n = 4. B, Formation of the product migrating with an Rf like that for T by BLTK1 cells after
30 min exposure to 200 nM radiolabeled AD in the presence of vehicle control (0.1% DMSO) or the
17β-hsd3 inhibitor benzophenone 1 (BP1, 1 μM and 10 μM). Data represent mean ± SD from three
independent measurements, each performed in duplicate, n = 6. In all experiments, the cell culture
supernatants were collected and analyzed. Analytes were separated using TLC and samples were
quantified using scintillation counting.

AD (25%) and ADT (16%). Thus, the high amounts of ADT formed by BLTK1
cells from AD, as shown in the present study, suggest that ADT might have been
detected instead of T in the earlier study using this EIA kit for T quantification.
These results emphasize the use of mass spectrometry-based steroid quantification
methods when analyzing complex biological systems.

3.3. Comparison of the conversion of androstenedione to
testosterone and androsterone in MA-10 and BLTK1 cells
Next, in an attempt to compare their capacity to catalyze the last step of T
synthesis, BLTK1 and the more widely used MA-10 cells were incubated in
charcoal/dextran treated medium supplemented with 200 and 100 nM AD,
respectively, for 4.5 h (Fig. 3). AD concentrations dropped to about 50% after 4.5 h
of incubation with both MA-10 and BLTK1 cells (medium control, +cells;
Fig. 3A, D). BLTK1 cells did not produce AD de novo (Fig. 3A), compared to
MA-10 cells, where low amounts of AD could be detected (Fig. 3D). AD was
absent from the medium control in the absence of cells (Fig. 3A, D), indicating that
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[(Fig._2)TD$IG]

Fig. 2. Time-dependent metabolism of androstenedione and formation of androsterone quantified by
UPLC–MS/MS. BLTK1 cells were incubated in serum-free medium supplemented with 250 nM AD for
different time (0, 30, 90, and 270 min), and the formation of ADT, T and DHT was quantified by
UPLC–MS/MS in the cell culture supernatants. Data are shown as mean ± SD of technical triplicates.

Table 3. Cross-reactivity of a commercially available testosterone ELISA kit
(Cayman Chemical) toward several androgens. Experiments were performed
according to the manufacturer’s protocol. Data show mean recovery rate of three
tested steroid concentrations (150 pg/μL, 75 pg/μL, 37.5 pg/μL) from a
representative experiment. Results were confirmed by a second independent
experiment. Mean recovery rates for several tested androgens interacting with the
anti-testosterone antibody varied from 5% up to 59%.
Steroid

Mean recovery rate (cross-reactivity)

Testosterone
5α-Androstanedione

21 ± 8

5α-Dihydrotestosterone

59 ± 9

5β-Dihydrotestosterone

28 ± 5

Androstendione

25 ± 6

Androstenediol

36 ± 3

Androsterone
Dihydroepiandrosterone
Etiocholanolone

10

100 ± 10
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[(Fig._3)TD$IG]

Fig. 3. Formation of testosterone and androsterone in BLTK1 and MA-10 Leydig cells after incubation
with androstenedione. Steroids were quantified by UPLC–MS/MS in supernatants of BLTK1 cells
incubated with 200 nM AD (A–C) and of MA-10 cells incubated with 100 nM AD (D–F) in charcoal/
dextran treated medium for 4.5 h. Results represent steroid concentrations (in nM) in supernatants of
medium control (− cells), treatment control (200 or 100 nM AD, − cells), cells exposed to AD (200 or
100 nM AD, + cells), and cells incubated in medium in the absence of AD (medium only, + cells).
Statistical significance was assessed using one-way ANOVA analysis followed by a post Tukey test.
Data of BLTK1 cells represent mean ± S.D. from two independent experiments, each performed in
duplicate, n = 4. MA-10 data represent mean ± S.D. from three independent experiments, each
performed in duplicate, n = 6. *p < 0.05, ***p < 0.001.

it was completely removed by charcoal/dextran treatment. In contrast, T could not
be completely removed from the BLTK1 culture medium, which contains charcoal/
dextran treated FBS (Fig. 3B), whereas it was completely removed from horse
serum containing MA-10 culture medium (Fig. 3E). Thus, higher amounts of T
were measured in BLTK1 cell supernatants due to T contamination contributed by
the serum. However, T concentrations in supernatants of both cell lines were
increased after incubation with AD compared to the medium control (Fig. 3B, E),
revealing a low conversion of AD to T in both cell lines. In contrast, ADT was a
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major metabolite formed upon incubation of both cell lines with AD (Fig. 3C, F).
Both cell lines produced similar amounts of ADT from AD. Importantly, both
BLTK1 and MA-10 cells incubated with AD produced approximately 50–100
times more ADT than T (Fig. 3C, F). Furthermore, MA-10 and BLTK1 cells both
produced low amounts of ADT de novo. No ADT was detected in the medium
controls in the absence of cells. However, regarding the mass balance, in both cell
lines AD was not exclusively converted into ADT, indicating that either ADT is
further metabolized (for example by conjugation) or that other metabolites were
formed from AD. Interestingly, an additional experiment using BLTK1 and MA-10
cells incubated with serum-free medium showed a similar decrease in AD
concentrations and the formation of very low amounts of T but high amounts of
ADT (Fig. 4). Compared to cells incubated with charcoal/dextran treated serum,
approximately 3–4 fold higher amounts of ADT were formed under serum-free
conditions, emphasizing the importance of medium composition for steroidogenesis.
The absence of substantial production of T was further supported by the fact that
17β-hsd3 mRNA in BLTK1 and MA-10 cells is expressed at very low levels, 1000
times lower than in mouse testis (Table 4). This finding confirms that the
endogenous expression of 17β-hsd3 in BLTK1 cells is too low to sufficiently
convert AD into T. Therefore, the BLTK1 cell line is not a suitable model to study
effects on T synthesis. Moreover, despite the high levels of Srd5a mRNA within
both cell lines (data not shown) DHT is not produced, likely a result of the lack of
functional 17β-hsd3.

3.4. Effects on steroidogenesis in MA-10 cells by the inducers 8Br-cAMP and forskolin
Forskolin and 8-Br-cAMP are well-known inducers of steroidogenesis via the
cAMP-PKA pathway. Two different concentrations of each compound (10 and 50
μM) were used to stimulate steroid synthesis in MA-10 cells. Cells were treated
with 10 and 50 μM of 8-Br-cAMP or forskolin for 24 h. Steroid concentrations in
the cell supernatants were analyzed by UPLC–MS/MS.
As shown in Fig. 5A, 8-Br-cAMP concentration-dependently induced AD
production in MA-10 cells. The results shown were obtained from a single
experiment, which was independently reproduced four times. Comparable relative
steroid values were observed in all four experiments; however, at different
passages of the cells different absolute steroid levels were obtained. The inducible
effect of 8-Br-cAMP was also found to be passage-dependent. Nevertheless,
concentration-dependent stimulation of AD production was observed in every
experiment. Treatment with forskolin did not result in significantly altered AD
levels as measured in cell supernatants. Compared to the amount of AD detected in
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[(Fig._4)TD$IG]

Fig. 4. Formation of testosterone and androsterone in BLTK1 and MA-10 Leydig cells after incubation
with androstenedione in serum-free medium. Before incubation with AD, BLTK1 and MA-10 cells
were cultivated in serum-free media for 24 h. Steroids were quantified by UPLC–MS/MS in
supernatants of BLTK1 cells incubated with 100 nM AD (A–C) and of MA-10 cells incubated with 100
nM AD (D–F) in serum-free medium for 4.5 h. Results represent steroid concentrations (in nM) in
supernatants of medium control (− cells), treatment control (100 nM AD, − cells), cells exposed to AD
(100 nM AD, + cells), and cells incubated in medium in the absence of AD (medium only, + cells).
Data of BLTK1 and MA-10 cells represent mean ± S.D. from one experiment, each performed in
duplicates.

the cell supernatants, T levels were 10–20 times lower (Fig. 5B). In the basal state,
the supernatants of the MA-10 cells vehicle control (DMSO 0.5%) contained less
than 100 pM of T after 24 h of incubation. Despite the low concentrations detected,
T was significantly increased by both inducers and at both concentrations.
Interestingly, the 50 μM 8-Br-cAMP treatment was about four times more efficient
than the 50 μM forskolin treatment in enhancing T production.
In contrast to T, significantly higher amounts of ADT were measured in MA-10
cells in the basal state (vehicle control, i.e. DMSO), reaching concentrations of
about 2 nM (Fig. 5C). However, both treatments with 8-Br-cAMP and forskolin

13

http://dx.doi.org/10.1016/j.heliyon.2018.e00527
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Article No~e00527

Table 4. Comparison of mRNA expression levels of enzymes involved in
androgen synthesis in mouse testis and Leydig cell lines. Testes were obtained
from three different 11 weeks old C57bl6 mice. Testes were homogenized and
lysed in TRI-reagent. Leydig cells were grown to confluence in 6-well plates and
lysed using TRI-reagent. Messenger RNA was isolated and converted into cDNA.
CT-values were determined using 10 ng of cDNA. Data on BLTK1 and TM3 were
obtained from a single experiment performed in triplicate. Testis and MA-10 data
were obtained from three independent experiments each performed in triplicate.
Significant changes of mRNA expression in MA-10 cells compared to mouse testes
are indicated. Testis vs. MA-10, t-test = ** p < 0.0001; * p < 0.01.
Testis

MA-10

BLTK

TM3

Hsd17b3

22.4 ± 0.9

31.2 ± 0.2 **

31.36

n.d

Akr1c14

23.6 ± 0.7

17.3 ± 0.2 **

14.21

21.54

Srd5a1

21.8 ± 0.3

20.7 ± 0.5

19.77

25.05

Hsd3b1

17.6 ± 1.2

19.0 ± 0.5

12.35

23.31

Cyp17a1

17.4 ± 0.9

23.3 ± 1.0 *

25.98

28.55

Hsd17b1

26.9 ± 0.2

25.8 ± 0.2

25.32

26.78

Hsd17b2

22.2 ± 0.2

n.d

n.d

n.d

Akr1c6
Ppia

n.d

n.d

n.d

n.d

14.2 ± 0.1

13.6 ± 0.2

14.15

12.67

[(Fig._5)TD$IG]

Fig. 5. Quantification of de novo synthesis of androstenedione, testosterone and androsterone by MA10 cells. MA-10 cells were incubated with 8-Br-cAMP or forskolin (10 μM and 50 μM) for 24 h,
followed by quantification of steroids in supernatants by UPLC–MS/MS. DMSO (0.5%) and medium in
the absence of cells served as controls. The medium contained charcoal/dextran-treated serum.
Statistically significant difference to the DMSO control was assessed using one-way ANOVA analysis
followed by a post Tukey test. Data represent mean ± S.D. from one out of four independent
experiments performed in duplicate. *p < 0.05, **p < 0.01, ***p < 0.001.

14

http://dx.doi.org/10.1016/j.heliyon.2018.e00527
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Article No~e00527

led to decreased levels of ADT in cell supernatants after 24 h, but only the values at
50 μM forskolin reached statistical significance, when compared to the DMSO
control.
Cells in the basal state (vehicle control) produced P to reach a concentration of 3
nM after 24 h. P levels were significantly increased in supernatants of cells
stimulated with 8-Br-cAMP or forskolin (Fig. 6A). 17OH-P levels were increased
by 20–50 fold in supernatants of cells stimulated with 50 μM 8-Br-cAMP but not at
the lower concentration of 10 μM or in the presence of forskolin (Fig. 6B).

3.5. Analysis of the expression of genes involved in androgen
synthesis
In order to understand the reason for the inability of the mouse MA-10 Leydig cell
line to produce substantial amounts of T, the mRNA expression of several genes
with a key role in androgen synthesis was determined and compared with the
corresponding levels in mouse testis. For comparison, BLTK1 and TM3 were also
qualitatively assessed in a single experiment. Ppia served as a house-keeping
control. Importantly, 17β-hsd3, essentially catalyzing the last step of T synthesis,
was well expressed in mouse testis but not detectable in TM3 and only at very low
levels in MA-10 and BLTK1 cells (Table 4). Akr1c6, also known as 17β-hsd5 (and
corresponding to AKR1C3 in human), was not expressed at detectable levels in

[(Fig._6)TD$IG]

Fig. 6. Quantification of de novo production of progesterone and 17-hydroxyprogesterone by MA-10
cells. Progesterone and 17-hydroxyprogesterone levels were quantified by UPLC–MS/MS in medium
and supernatants of MA-10 cells stimulated for 24 h with 8-Br-cAMP or forskolin (10 μM and 50 μM).
The medium contained charcoal/dextran treated serum. DMSO (0.5%) and medium in the absence of
cells served as controls. Statistical differences to the DMSO control were assessed using one-way
ANOVA analysis followed by a post Tukey test. Data represent mean ± S.D. from one out of three
independent experiments performed in duplicate. *** p < 0.001.
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mouse testis and in any of the three cell lines. Mouse 17β-hsd1, which can accept
AD as a substrate to form T [30], was found to be expressed in mouse testis as well
as in all three mouse Leydig cell lines, providing an explanation for the low levels
of T formed by these cell lines despite of the absence or background levels of 17βhsd3 and the absence of Akr1c6. Interestingly, 17β-hsd2, which converts estradiol
to estrone but also was reported to be able to convert 5α-DHT to 5αandrostanedione and T to AD [31, 32], was expressed in mouse testis but not in
any of the three cell lines.
An efficient androgen production depends on the expression of 3β-hsd1 and
Cyp17a1, which were both well expressed in mouse testis. The lower expression of
Cyp17a1 in the Leydig cell lines compared to mouse testis explains the preferred
production of P in the three cell lines. The considerable amounts of ADT generated
by MA-10 and BLTK1 cells are likely a result of the high expression of Srd5a1
(5α-reductase) and Akr1c14 (3α-HSD).

4. Discussion
This study investigated the capability of three commonly used mouse Leydig cell
lines, i.e. TM3, BLTK1 and the most widely used MA-10, to synthesize T in their
basal state or upon stimulation by 8-Br-cAMP or forskolin. All three cell lines
produced no or very low amounts of T in their basal state. Nevertheless, in MA-10
cells T synthesis was detectable but it remained an order of magnitude lower than
the production of AD and two orders of magnitude lower than that of P upon
stimulation by 8-Br-cAMP or forskolin. This data is in line with previous reports
by Lacroix et al., reporting negligible T production due to decreased 17βhydroxysteroid dehydrogenase activity in the P variant of the Leydig cell tumor
(M5480), adapted for serial transplantation by Dr. W. F. Dunning (Miami) to
establish the MA-10 cell line. Real-time PCR analyses in this study revealed very
low or absent 17β-hsd3 mRNA expression levels in MA-10, BLTK1 and TM-3
cells. The enzyme 17β-hsd3 essentially catalyzes the final step of T synthesis in
Leydig cells and, therefore, these cell lines are not suitable as screening tool for T
synthesis disruption. A variant of the M5480 Leydig cell tumor (M5480A)
producing similar amounts of P and T at basal levels was reported [33]. This
variant might be used to develop a murine Leydig cell line for investigations into
the disruption of T generation and the regulation of the 17β-hsd3 expression and
enzyme activity.
Other investigators reported increasing amounts of T in supernatants of BLTK1
cells that were stimulated with recombinant human chorionic gonatropin (rhCG)
[20, 34, 35]. However, they also observed that BLTK1 cells produced much more
P than T, consistent with the present study. Nevertheless, these investigators did
not mention whether they used serum-free media or charcoal treated media in their

16

http://dx.doi.org/10.1016/j.heliyon.2018.e00527
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Article No~e00527

experiments, and no data on cross-reactivity assessment of the ELISA kits used
were reported; thus an over estimation of the reported T generation in these earlier
studies cannot be excluded.
Unexpectedly, the addition of exogenous AD to BLTK1 and MA-10 cells resulted
in only very low amounts of T formation but considerable generation of ADT. An
explanation for this observation was provided by the mRNA expression analysis
revealing high expression of Akr1c14 (3α-hsd) and Srd5a1 (5α-reductase), two key
enzymes required for the conversion of AD to ADT via the intermediate 5αandrostanedione (Fig. 7) [36, 37, 38]. Additionally, the known 17β-hsd3 inhibitor
BP-1 was not able to inhibit the low amounts of T generated by MA-10 cells, and
the 17β-hsd3 mRNA expression was very low, while 17β-hsd1 was well expressed,
suggesting that T synthesis unlike in testis, was not mediated by 17β-hsd3 but
rather by 17β-hsd1. It has been shown earlier that murine 17β-hsd1 can convert AD
to T [30]. This is important regarding the interpretation of results obtained from
investigations into effects of xenobiotics and endogenous mediators on T synthesis
by these murine Leydig cell lines.
An important issue remains the analytical method chosen for T quantification.
Since antibody-based quantification methods often are limited regarding their
specificity [24], such methods should mainly be applied for applications where the

[(Fig._7)TD$IG]

Fig. 7. Schematic representation of murine and human gonadal androgen synthesis. Classic murine and
human biosynthesis pathways of T in testis (black background). Alternative/backdoor pathway of 3αandrostanediol in human and mouse (grey background). Intermediate steroids are shown in boxes on
white background. Murine pathways are depicted by dotted and human pathways by black arrows. The
main human biosynthesis pathway of T via DHEA is shown by a bold black arrow. Preferred murine
pathways of T via P and 17OH-P are shown by bold dotted arrows [36, 56].
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identity of the generated steroids is known, and mass spectrometry-based methods
should be used for the analysis of samples with complex steroid patterns. As shown
in this study, the explicit use of the EIA kit for T quantification would have led to
the misinterpretation that mainly T instead of ADT is formed from AD by MA-10
and BLTK1 cells. Also, the use of radiolabeled steroids, followed by separation by
TLC, could result in misleading conclusions if several metabolites are formed and
identical standards are not included as controls.
Several earlier studies applied MA-10 [39, 40, 41, 42, 43, 44, 45, 46, 47], BLTK1
[20, 35], or TM3 cells [48, 49, 50, 51] to analyze effects of endogenous and
exogenous substances on steroidogenesis by measuring T production using
antibody-based methods. In most of these studies there is only limited information
available on the specificity of the antibody used, and the commercial suppliers
mostly included only a limited number of steroid metabolites in their
characterization. Thus, it cannot be excluded that the reported concentrations
were overestimated due to cross-reactivity. In many of the above studies, the
steroid concentrations in the medium used for the experiment are not explicitly
defined, and different medium/serum combinations were used in different studies,
making a direct comparison difficult.
The present study indicates that BLTK1 and MA-10 cells in the presence of
medium containing charcoal/dextran treated serum mainly metabolize exogenously
added AD to ADT, and that ADT formation is even more pronounced under serumfree conditions. The results also emphasize that care should be taken regarding the
conclusions drawn on altered T production in experiments using these murine
Leydig cell lines because 17β-hsd3 seems not to be functionally expressed and T
formation probably is a result of 17β-hsd1 expression in these cells. Thus, a
suitable Leydig cell line expressing all key gonadal steroidogenic enzymes is still
needed. The human adrenal H295R cell line is a well-established model to test
endocrine disrupting chemicals. However, this cell line is also not suitable to study
T synthesis disruption due to low amounts of totally produced T and the lack of
endogenous 17β-HSD3. Thus, any AD into T conversion observed in these cells
most likely is a result of the ubiquitously expressed AKR1C3 (17β-HSD5) [14].
Thus, human or mouse primary Leydig cells are currently the only reliable model
to investigate 17β-hsd3 activity and its regulation as well as disruption of T
synthesis.
Gene expression analysis further revealed that 3β-hsd1 was well expressed but
Cyp17 was substantially lower in the murine Leydig cell lines compared to adult
mouse testis, providing an explanation for the production of low amounts of
androgens but high P. The fact that Srd5a1 and Akr1c14 are highly expressed in
these cell lines explains the favored synthesis of ADT and other steroid metabolites
of the backdoor pathway (Fig. 7).
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Unfortunately, the three murine Leydig cell lines BLTK1, MA-10, and TM3 show
a fetal Leydig cell-like phenotype lacking 17β-hsd3 expression. Shima et al.
showed that fetal Leydig cells produce and secrete AD, while T is further produced
by Sertoli cells. The fetal testis produces much less T than adult Leydig cells
[52, 53]. O’shaughnessy et al. showed that 17β-hsd3 was expressed in
seminiferous tubules (Sertoli cells) up to day 20, and later on 17β-hsd3 expression
was restricted to the interstitial tissue in Leydig cells [54]. Mahendroo et al.
showed that the predominant androgen in immature mouse testis is 3αandrostanediol (3α-diol) [55]. In our experiments, forskolin significantly decreased
ADT concentrations in supernatants of MA-10 cells. This may be due to forskolinmediated stimulation of the production of steroids involved in the backdoor
pathway, leading to the accumulation of 3α-diol (Fig. 6). A prominent peak was
detected in supernatants of forskolin treated cells using LC–MS/MS that is
expected to be 3α-diol; however, verification using an authentic standard will be
required.
This study highlights the limitations of three murine Leydig cells as potential
screening tool to investigate the endogenous disruption of T synthesis.
Nevertheless, these cell lines are still suitable to examine testicular disruption of
the steroidogenic pathway up to P production, which seems to be intact and can be
stimulated using 8-Br-cAMP and hcG. Importantly, steroid levels should be
measured using a validated and accurate quantification such as LC–MS/MS or
GC–MS/MS in order to minimize over- or underestimation of the quantified steroid
concentrations.

5. Conclusion
The three murine Leydig cell lines MA-10, BLTK1 and TM3 produce no or only
very low T under basal conditions. T production is measurable in MA-10 cells and
is stimulated by 8-Br-cAMP; however, under these conditions one and two orders
of magnitude more AD and P, respectively, are produced. The T formed by these
cell lines is probably due to 17β-hsd1 expression because 17β-hsd3 expression is
barely detectable and inhibition of this enzyme did not abolish T formation.
Furthermore, exogenous AD was predominantly metabolized to ADT and only
minor amounts of T were formed. Thus, MA-10, BLTK1 and TM3 cell lines are
not suitable models to investigate interferences by substances of Leydig cell T
synthesis. Mouse and human Leydig cell lines expressing the entire set of
steroidogenic enzymes should be developed for high throughput screening of
potential endocrine disrupting chemicals. Moreover, this study further emphasizes
the need for replacement of antibody-based steroid quantification methods by
mass-spectrometry-based methods (GC–MS/MS, LC–MS/MS) when analyzing
samples from biological systems producing several steroid metabolites.

19

http://dx.doi.org/10.1016/j.heliyon.2018.e00527
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Article No~e00527

Declarations
Author contribution statement
Roger T. Engeli: Conceived and designed the experiments; Performed the
experiments; Analyzed and interpreted the data; Wrote the paper.
Cornelia Fürstenberger: Conceived and designed the experiments; Performed the
experiments; Analyzed and interpreted the data.
Denise V. Kratschmar: Performed the experiments; Analyzed and interpreted the
data.
Alex Odermatt: Conceived and designed the experiments; Analyzed and
interpreted the data. Contributed reagents, materials, analysis tools or data; Wrote
the paper.

Competing interest statement
The authors declare no conflict of interest.

Funding statement
This work was supported by the Swiss National Science Foundation (31003A159454), the Novartis Research Foundation, and the Swiss [4_TD$IF]Centre for Applied
Human Toxicology.

Additional information
No additional information is available for this paper.

Acknowledgements
We thank Dr. Katharina R. Beck for support in preparing Figures.

References
[1] W.L. Miller, R.J. Auchus, The molecular biology, biochemistry, and
physiology of human steroidogenesis and its disorders, Endocr. Rev. 32
(2011) 81–151.
[2] R.E. Chapin, J. Adams, K. Boekelheide, L.E. Gray Jr., S.W. Hayward, P.S.
Lees, B.S. McIntyre, K.M. Portier, T.M. Schnorr, S.G. Selevan, J.G.
Vandenbergh, S.R. Woskie, NTP-CERHR expert panel report on the
reproductive and developmental toxicity of bisphenol A, Birth Defects Res.
B Dev. Reprod. Toxicol. 83 (2008) 157–395.

20

http://dx.doi.org/10.1016/j.heliyon.2018.e00527
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Article No~e00527

[3] R. Hauser, The environment and male fertility: recent research on emerging
chemicals and semen quality, Semin. Reprod. Med. 24 (2006) 156–167.
[4] D.C. Luccio-Camelo, G.S. Prins, Disruption of androgen receptor signaling in
males by environmental chemicals, J. Steroid Biochem. Mol. Biol. 127 (2011)
74–82.
[5] B.A. Cohn, M.S. Wolff, P.M. Cirillo, R.I. Sholtz, DDT and breast cancer in
young women: new data on the significance of age at exposure, Environ.
Health Perspect. 115 (2007) 1406–1414.
[6] S. De Coster, N. van Larebeke, Endocrine-disrupting chemicals: associated
disorders and mechanisms of action, J. Environ. Public Health 2012 (2012)
713696.
[7] A. Fucic, M. Gamulin, Z. Ferencic, J. Katic, M. Krayer von Krauss, A.
Bartonova, D.F. Merlo, Environmental exposure to xenoestrogens and
oestrogen related cancers: reproductive system, breast, lung, kidney,
pancreas, and brain, Environ. Health 11 (Suppl. 1) (2012) S8.
[8] J.L. Carwile, K.B. Michels, Urinary bisphenol A and obesity: NHANES
2003–2006, Environ. Res. 111 (2011) 825–830.
[9] L. Trasande, T.M. Attina, J. Blustein, Association between urinary bisphenol
A concentration and obesity prevalence in children and adolescents, JAMA
308 (2012) 1113–1121.
[10] B.A. Neel, R.M. Sargis, The paradox of progress: environmental disruption of
metabolism and the diabetes epidemic, Diabetes 60 (2011) 1838–1848.
[11] M. Kajta, A.K. Wojtowicz, Impact of endocrine-disrupting chemicals on
neural development and the onset of neurological disorders, Pharmacol. Rep.
65 (2013) 1632–1639.
[12] B. Weiss, The intersection of neurotoxicology and endocrine disruption,
Neurotoxicology 33 (2012) 1410–1419.
[13] OECD, OECD Guideline for the Testing of Chemicals. Test No. 456: H295R
Steroidogenesis Assay, OECD Guidelines for the Testing of Chemicals,
Section 4: Health Effects, (2011) .
[14] P. Strajhar, D. Tonoli, F. Jeanneret, R.M. Imhof, V. Malagnino, M. Patt, D.V.
Kratschmar, J. Boccard, S. Rudaz, A. Odermatt, Steroid profiling in H295R
cells to identify chemicals potentially disrupting the production of adrenal
steroids, Toxicology 381 (2017) 51–63.
[15] N.A. Rahman, I.T. Huhtaniemi, Testicular cell lines, Mol. Cell Endocrinol.
228 (2004) 53–65.

21

http://dx.doi.org/10.1016/j.heliyon.2018.e00527
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Article No~e00527

[16] A. Odermatt, P. Strajhar, R.T. Engeli, Disruption of steroidogenesis: cell
models for mechanistic investigations and as screening tools, J. Steroid
Biochem. Mol. Biol. 158 (2016) 9–21.
[17] M. Ascoli, Characterization of several clonal lines of cultured Leydig tumor
cells: gonadotropin receptors and steroidogenic responses, Endocrinology
108 (1981) 88–95.
[18] J.P. Mather, Establishment and characterization of two distinct mouse
testicular epithelial cell lines, Biol. Reprod. 23 (1980) 243–252.
[19] K. Kananen, M. Markkula, T. el-Hefnawy, F.P. Zhang, T. Paukku, J.G. Su,
A.J. Hsueh, I. Huhtaniemi, The mouse inhibin alpha-subunit promoter directs
SV40 T-antigen to Leydig cells in transgenic mice, Mol. Cell Endocrinol. 119
(1996) 135–146.
[20] A.L. Forgacs, Q. Ding, R.G. Jaremba, I.T. Huhtaniemi, N.A. Rahman, T.R.
Zacharewski, BLTK1 murine Leydig cells: a novel steroidogenic model for
evaluating the effects of reproductive and developmental toxicants, Toxicol.
Sci. 127 (2012) 391–402.
[21] H.M. Scott, J.I. Mason, R.M. Sharpe, Steroidogenesis in the fetal testis and its
susceptibility to disruption by exogenous compounds, Endocr. Rev. 30 (2009)
883–925.
[22] H. Inano, B. Tamaoki, Testicular 17 beta-hydroxysteroid dehydrogenase:
molecular properties and reaction mechanism, Steroids 48 (1986) 1–26.
[23] D.J. Haisenleder, A.H. Schoenfelder, E.S. Marcinko, L.M. Geddis, J.C.
Marshall, Estimation of estradiol in mouse serum samples: evaluation of
commercial estradiol immunoassays, Endocrinology 152 (2011) 4443–4447.
[24] D.J. Handelsman, M. Jimenez, G.K. Singh, J. Spaliviero, R. Desai, K.A.
Walters, Measurement of testosterone by immunoassays and mass spectrometry in mouse serum, testicular, and ovarian extracts, Endocrinology 156
(2015) 400–405.
[25] D.J. Handelsman, L. Wartofsky, Requirement for mass spectrometry sex
steroid assays in the Journal of Clinical Endocrinology and Metabolism, J.
Clin. Endocrinol. Metab. 98 (2013) 3971–3973.
[26] W. Rosner, R.J. Auchus, R. Azziz, P.M. Sluss, H. Raff, Position statement:
utility, limitations, and pitfalls in measuring testosterone: an Endocrine
Society position statement, J. Clin. Endocrinol. Metab. 92 (2007) 405–413.
[27] B. Legeza, Z. Balazs, L.G. Nashev, A. Odermatt, The microsomal enzyme
17beta-hydroxysteroid dehydrogenase 3 faces the cytoplasm and uses

22

http://dx.doi.org/10.1016/j.heliyon.2018.e00527
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Article No~e00527

NADPH generated by glucose-6-phosphate dehydrogenase, Endocrinology
154 (2013) 205–213.
[28] L.G. Nashev, D. Schuster, C. Laggner, S. Sodha, T. Langer, G. Wolber, A.
Odermatt, The UV-filter benzophenone-1 inhibits 17beta-hydroxysteroid
dehydrogenase type 3: virtual screening as a strategy to identify potential
endocrine disrupting chemicals, Biochem. Pharmacol. 79 (2010) 1189–1199.
[29] R.M. Buttler, A. Kruit, M.A. Blankenstein, A.C. Heijboer, Measurement of
dehydroepiandrosterone sulphate (DHEAS): a comparison of IsotopeDilution Liquid Chromatography Tandem Mass Spectrometry (ID-LC-MS/
MS) and seven currently available immunoassays, Clin. Chim. Acta; Int. J.
Clin. Chem. 424 (2013) 22–26.
[30] P. Nokelainen, T. Puranen, H. Peltoketo, M. Orava, P. Vihko, R. Vihko,
Molecular cloning of mouse 17 beta-hydroxysteroid dehydrogenase type 1
and characterization of enzyme activity, Eur. J. Biochem. 236 (1996)
482–490.
[31] N. Khan, K.K. Sharma, S. Andersson, R.J. Auchus, Human 17betahydroxysteroid dehydrogenases types 1, 2, and 3 catalyze bi-directional
equilibrium reactions, rather than unidirectional metabolism, in HEK-293
cells, Arch. Biochem. Biophys. 429 (2004) 50–59.
[32] V. Luu-The, F. Labrie, The intracrine sex steroid biosynthesis pathways,
Prog. Brain Res. 181 (2010) 177–192.
[33] A. Lacroix, M. Ascoli, D. Puett, T.J. McKenna, Steroidogenesis in HCGresponsive Leydig cell tumor variants, J. Steroid Biochem. 10 (1979)
669–675.
[34] A.L. Karmaus, T.R. Zacharewski, Atrazine-mediated disruption of steroidogenesis in BLTK1 murine Leydig cells, Toxicol. Sci. 148 (2015) 544–554.
[35] A.L. Forgacs, M.L. D'Souza, I.T. Huhtaniemi, N.A. Rahman, T.R.
Zacharewski, Triazine herbicides and their chlorometabolites alter steroidogenesis in BLTK1 murine Leydig cells, Toxicol. Sci. 134 (2013) 155–167.
[36] V. Bellemare, F. Labrie, V. Luu-The, Isolation and characterization of a
cDNA encoding mouse 3alpha-hydroxysteroid dehydrogenase: an androgeninactivating enzyme selectively expressed in female tissues, J. Steroid
Biochem. Mol. Biol. 98 (2006) 18–24.
[37] J.P. Preslocsk, Steroidogenesis in the mammalian testis, Endocr. Rev. 1
(1980) 132–139.

23

http://dx.doi.org/10.1016/j.heliyon.2018.e00527
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Article No~e00527

[38] K. Normington, D.W. Russell, Tissue distribution and kinetic characteristics
of rat steroid 5 alpha-reductase isozymes. Evidence for distinct physiological
functions, J. Biol. Chem. 267 (1992) 19548–19554.
[39] J.Y. Wang, Y.J. Lee, M.C. Chou, R. Chang, C.H. Chiu, Y.J. Liang, L.S. Wu,
Astaxanthin protects steroidogenesis from hydrogen peroxide-induced
oxidative stress in mouse Leydig cells, Mar. Drugs 13 (2015) 1375–1388.
[40] M.J. Roelofs, M. Berg, T.F. Bovee, A.H. Piersma, M.B. Duursen, Structural
bisphenol analogues differentially target steroidogenesis in murine MA-10
Leydig cells as well as the glucocorticoid receptor, Toxicology 329 (2015)
10–20.
[41] Y. Kim, J.C. Ryu, H.S. Choi, K. Lee, Effect of 2,2′,4,4′-tetrahydroxybenzophenone (BP2) on steroidogenesis in testicular Leydig cells, Toxicology 288
(2011) 18–26.
[42] M. Kotula-Balak, K. Chojnacka, A. Hejmej, J. Galas, M. Satola, B. Bilinska,
Does 4-tert-octylphenol affect estrogen signaling pathways in bank vole
Leydig cells and tumor mouse Leydig cells in vitro? Reprod. Toxicol. 39
(2013) 6–16.
[43] R.A. Clewell, J.L. Campbell, S.M. Ross, K.W. Gaido, H.J. Clewell 3rd, M.E.
Andersen, Assessing the relevance of in vitro measures of phthalate inhibition
of steroidogenesis for in vivo response, Toxicol. In Vitro 24 (2010) 327–334.
[44] J. Fan, K. Traore, W. Li, H. Amri, H. Huang, C. Wu, H. Chen, B. Zirkin, V.
Papadopoulos, Molecular mechanisms mediating the effect of mono-(2ethylhexyl) phthalate on hormone-stimulated steroidogenesis in MA-10
mouse tumor Leydig cells, Endocrinology 151 (2010) 3348–3362.
[45] B.M. Huang, C.C. Hsu, S.J. Tsai, C.C. Sheu, S.F. Leu, Effects of Cordyceps
sinensis on testosterone production in normal mouse Leydig cells, Life Sci.
69 (2001) 2593–2602.
[46] A.C. Dankers, M.J. Roelofs, A.H. Piersma, F.C. Sweep, F.G. Russel, M. van
den Berg, M.B. van Duursen, R. Masereeuw, Endocrine disruptors
differentially target ATP-binding cassette transporters in the blood-testis
barrier and affect Leydig cell testosterone secretion in vitro, Toxicol. Sci. 136
(2013) 382–391.
[47] C.D. Piche, D. Sauvageau, M. Vanlian, H.C. Erythropel, B. Robaire, R.L.
Leask, Effects of di-(2-ethylhexyl) phthalate and four of its metabolites on
steroidogenesis in MA-10 cells, Ecotoxicol. Environ. Saf. 79 (2012) 108–115.

24

http://dx.doi.org/10.1016/j.heliyon.2018.e00527
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Article No~e00527

[48] Y. Jin, G. Chen, Z. Fu, Effects of TBEP on the induction of oxidative stress
and endocrine disruption in Tm3 Leydig cells, Environ. Toxicol. 31 (10)
([5_TD$IF][12016) 1276–1286.
[49] C.S. Opuwari, T.K. Monsees, Reduced testosterone production in TM3
Leydig cells treated with Aspalathus linearis (Rooibos) or Camellia sinensis
(tea), Andrologia 47 (2015) 52–58.
[50] G. Chen, S. Zhang, Y. Jin, Y. Wu, L. Liu, H. Qian, Z. Fu, TPP and TCEP
induce oxidative stress and alter steroidogenesis in TM3 Leydig cells,
Reprod. Toxicol. 57 (2015) 100–110.
[51] C.J. Li, Y.W. Jiang, S.X. Chen, H.J. Li, L. Chen, Y.T. Liu, S. Gao, Y. Zhao,
X.L. Zhu, H.T. Wang, F.G. Wang, L. Zheng, X. Zhou, 4-Methylcatechol
inhibits cell growth and testosterone production in TM3 Leydig cells by
reducing mitochondrial activity, Andrologia (2017) 49.
[52] Y. Shima, K. Miyabayashi, S. Haraguchi, T. Arakawa, H. Otake, T. Baba, S.
Matsuzaki, Y. Shishido, H. Akiyama, T. Tachibana, K. Tsutsui, K.
Morohashi, Contribution of Leydig and Sertoli cells to testosterone
production in mouse fetal testes, Mol. Endocrinol. 27 (2013) 63–73.
[53] P.J. O'Shaughnessy, P.J. Baker, H. Johnston, The foetal Leydig cell –
differentiation, function and regulation, Int. J. Androl. 29 (2006) 90–95
(discussion 105–108).
[54] P.J. O'Shaughnessy, P.J. Baker, M. Heikkila, S. Vainio, A.P. McMahon,
Localization of 17beta-hydroxysteroid dehydrogenase/17-ketosteroid reductase isoform expression in the developing mouse testis – androstenedione is
the major androgen secreted by fetal/neonatal leydig cells, Endocrinology 141
(2000) 2631–2637.
[55] M. Mahendroo, J.D. Wilson, J.A. Richardson, R.J. Auchus, Steroid 5alphareductase 1 promotes 5alpha-androstane-3alpha,17beta-diol synthesis in
immature mouse testes by two pathways, Mol. Cell Endocrinol. 222 (2004)
113–120.
[56] C.E. Fluck, M. Meyer-Boni, A.V. Pandey, P. Kempna, W.L. Miller, E.J.
Schoenle, A. Biason-Lauber, Why boys will be boys: two pathways of fetal
testicular androgen biosynthesis are needed for male sexual differentiation,
Am. J. Hum. Genet. 89 (2011) 201–218.

25

http://dx.doi.org/10.1016/j.heliyon.2018.e00527
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

