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Abstract
Historically, 17β-hydroxysteroid dehydrogenase type 3 (HSD17B3) was thought to be the key enzyme responsible for testicular testosterone 
production. In humans, loss-of-function mutations in HSD17B3 impair testosterone production during prenatal life leading to impaired 
development of androgen-dependent tissues in 46,XY individuals. However, male mice with HSD17B3 deficiency exhibit normal testicular 
testosterone concentrations, normal development of reproductive organs and are fertile, suggesting that mice express other hydroxysteroid 
dehydrogenase enzymes capable of testicular testosterone synthesis. This study aimed to investigate whether 17β-hydroxysteroid 
dehydrogenase type 12 (HSD17B12), which can convert androstenedione to testosterone in mice but not in humans, compensates for the lack 
of HSD17B3 in Hsd17b3 knockout (KO) mice. We used CRISPR/Cas9 to substitute the amino acid in mouse HSD17B12 that is responsible for 
its ability to convert androstenedione to testosterone with the amino acid of the human enzyme that prevents androstenedione being used as a 
substrate. When this Hsd17b12 mutation was introduced into Hsd17b3 KO mice, males exhibited normal reproductive tracts but reduced 
testicular testosterone production with a consequential reduction in seminal vesicle weight. This suggests HSD17B12 contributes toward 
testosterone production in the absence of HSD17B3, but other enzymes must also contribute. We therefore quantified other testicular 
hydroxysteroid dehydrogenases, finding that HSD17B7 mRNA and protein was markedly upregulated in Hsd17b3 KO testes. We confirmed that 
mouse, but not human, HSD17B7 can produce testosterone in vitro. We conclude that compared to humans, mice exhibit increased plasticity in 
testosterone production via hydroxysteroid dehydrogenase enzymes to support androgen action and male fertility.
Key Words: testosterone, male fertility, androgens, testis, hydroxysteroid dehydrogenase
Abbreviations: 3α-diol, 5α-androstane-3α,17β-diol; 3β-diol, 5α-androstane-3β,17β-diol; AGD, anogenital distance; DHT, dihydrotestosterone; DMSO, 
dimethylsulfoxide; eGFP, enhanced green fluorescent protein; gDNA, genomic DNA; hCG, human chorionic gonadotropin; HSD17B12, 17β-hydroxysteroid 
dehydrogenase type 12; HSD17B3, 17β-hydroxysteroid dehydrogenase type 3; KO, knockout; PCR, polymerase chain reaction; qRT-PCR, quantitative 
reverse transcriptase polymerase chain reaction; WT, wild-type.
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The production and action of the androgens testosterone 
and dihydrotestosterone (DHT) are essential for male sexual 
development and function, including fertility (1, 2). 
Hydroxysteroid 17β dehydrogenases convert 17-ketosteroids 
to 17β-hydroxysteroids, and 17β-hydroxysteroid dehydro
genase type 3 (HSD17B3), expressed in humans solely in 
the testis, is the primary enzyme responsible for the con
version of androstenedione to testosterone in the Leydig 

cells of the testis, culminating in testosterone secretion. 
Loss-of-function mutations to the human HSD17B3 gene re
sults in HSD17B3 deficiency whereby individuals with XY 
chromosomes exhibit androgen-deficient (hypogonadal) ex
ternal genitalia but masculinized internal Wolffian structures 
at birth (1, 3-5). In contrast, Hsd17b3 knockout (KO) mice 
develop with normal testosterone production and male repro
ductive function, including fertility when mature (6, 7). In 
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Hsd17b3 KO mice, testosterone levels remain much higher in 
the testes than in circulation and other peripheral tissues in
cluding the adrenal glands, epididymis, prostate, and white 
adipose tissue, suggesting that the continued testosterone pro
duction in these mice originates from the testis (6, 7). 
Although the adrenal glands contribute a small proportion 
to androgen biosynthesis in human males (8), rodent adrenals 
do not produce androgens due to a lack of CYP17A1 enzyme 
expression (9, 10). Since steroidogenic enzyme expression in 
the mouse adrenal glands can change following orchidectomy 
(11), a previous study investigated whether the adrenal glands 
could contribute to testosterone production in Hsd17b3 KO 
mice (7). Adrenalectomized Hsd17b3 KO mice did not result 
in a decrease in circulating androstenedione, testosterone or 
DHT (7). These findings strongly suggest that the continued 
testosterone production in the testes of adult Hsd17b3 KO 
mice is due to the expression of alternative testosterone syn
thesizing enzymes in the testis. However, the identity of these 
enzyme(s) is unknown.

Other hydroxysteroid dehydrogenase enzymes can catalyze 
the conversion of androstenedione to testosterone. HSD17B5 
(also known as AKR1C3) can perform this conversion (12, 
13) but is undetectable in the mouse testis of both wild-type 
and Hsd17b3 KO adult mice (6, 14). HSD17B1 is expressed 
in fetal mouse Sertoli cells and contributes to testosterone pro
duction during fetal development (15, 16) and it can compen
sate for a lack of HSD17B3 during fetal development (17). 
However, in adulthood, Hsd17b1 is undetectable in the testis 
in wild-type and Hsd17b3 KO mice and cannot compensate 
for Hsd17b3 deficiency (6, 17). Therefore, HSD17B1 and 
HSD17B5 are unlikely to contribute to testicular testosterone 
production in adult Hsd17b3 KO mice.

HSD17B12 can convert androstenedione to testosterone in 
mice but not in humans (18), and produces 11-ketotestosterone, 
the predominant androgen in some fish (19). Hsd17b12 encodes 
an enzyme that converts the estrogenic precursor estrone to the 
biologically active estrogen, estradiol (20), and catalyzes reac
tions involved in fatty acid elongation (21, 22) which is essential 
for early embryonic development (21, 23, 24). HSD17B12 was 
suggested as a potential candidate to compensate for a lack of 
HSD17B3 in Hsd17b3 KO mice because it is expressed by adult 
Leydig cells (6).

Important functional differences exist between mouse and 
human HSD17B12. The differences in substrate specificity be
tween the mouse and human enzymes regarding testosterone 
production is due to a key amino acid at position 234 on the 
amino acid sequence (18). In human and primate HSD17B12, 
a bulky phenylalanine amino acid at this location prevents the 
entrance of C19-steroids into the active site of the enzyme (20). 
In contrast, in mouse HSD17B12, the leucine amino acid at 
position 234 is smaller, and allows C19-steroids to enter the ac
tive site of the enzyme more readily than in humans (18). These 
data suggest that the inability of human HSD17B12 to make 
testosterone means it cannot compensate for the absence of 
HSD17B3 in conditions of human HSD17B3 deficiency. 
However, it is possible that HSD17B12 could maintain testos
terone biosynthesis in the absence of Hsd17b3 in mice.

The current study aimed to investigate the mechanisms by 
which testosterone production continues in adult Hsd17b3 
KO mice, with a focus on HSD17B12. As the loss of 
Hsd17b12 is embryonically lethal in mice (21, 23), we used 
CRISPR/Cas9 to produce a novel mouse model in which we 
substituted the leucine amino acid in mouse HSD17B12 that 

is responsible for its ability to produce testosterone from 
androstenedione with phenylalanine, the amino acid in the 
human enzyme that prevents androstenedione being used as 
a substrate. We cross-bred this mutation into a homozygous 
Hsd17b3 KO line to determine whether mouse HSD17B12 
contributes to testosterone production in Hsd17b3 KO mouse 
testes.

Materials and Methods
Transgenic Mice
Transgenic mice were generated at the MEGA Genome 
Engineering Facility at the Garvan Institute of Medical 
Research, Darlinghurst, NSW. CRISPR/Cas9 was used to gen
erate a 7-base pair deletion at the end of exon 1 of Hsd17b3 
resulting in a frameshift mutation. These mice exhibited a 
phenotype indistinguishable from our previously generated 
Hsd17b3 KO line (6, 14).

CRISPR/Cas9 was also used to generate the mutated 
Hsd17b12 transgenic mouse line. Homologous repair using 
a template containing the desired mutation in the DNA 
sequence altered the 234th amino acid in the mouse 
HSD17B12 protein sequence. At this location, the DNA cod
ing sequence for a leucine amino acid was altered to code for a 
phenylalanine amino acid to mimic the human HSD17B12 
(referred as L234F).

A male C57BL/6 mouse carrying the homozygous KO of 
Hsd17b3 was mated to a female C57BL/6 mouse carrying 
the homozygous L234F mutation to generate a double trans
genic mouse line. The breeding strategy used thereafter to test 
the impact of the mutated HSD17B12 protein in Hsd17b3 KO 
mice involved mating mice that were homozygous Hsd17b3 
KO and heterozygous Hsd17b12 mutation.

Mice were exposed to a 12-hour day/night cycle and had ac
cess to water and soy-free chow, ad libitum. All procedures 
were approved by The University of Newcastle’s Animal 
Care and Ethics Committee (ACEC), approval number 
#A-2018-820. All animal experiments were performed in ac
cordance with the Australian code of practice for the care 
and use of animals for scientific purposes by the National 
Health and Medical Research Council of Australia.

In Vivo Treatments
Mice were injected intraperitoneally with a hyper-stimulating 
dose (20 IU) of human chorionic gonadotropin (hCG; 
Sigma-Aldrich, Australia) 16 hours prior to tissue collection (6).

Tissue Collection
Day-80 adult mice were euthanized by CO2 inhalation. Blood 
was collected via cardiac puncture, centrifuged at 10 000g for 
10 minutes at 4 °C, and serum was then collected and snap- 
frozen. Mice were weighed and anogenital distance (AGD) 
was measured using digital calipers (Adelab Scientific, 
Thebarton, SA, Australia). Androgen-dependent tissues were 
excised and weighed. Serum and tissues were either snap- 
frozen and stored at −80 °C until used for later analysis or 
fixed in Bouin’s solution for 6 hours for histological analysis.

Genotyping
Genotyping was performed on ear biopsies after weaning and 
confirmation of genotype was performed again postmortem 
on tail tissue. Genomic DNA (gDNA) was digested in 
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Tris-EDTA-Tween, pH 8, and Proteinase K for 1 hour at 
55 °C, and then for 7 minutes at 95 °C to denature remaining 
Proteinase K. The digested samples were diluted 1:10 in 
DEPC-treated DNase- and RNase-free sterile water. The 
genotype of transgenic mice was identified by transgene- 
specific polymerase chain reaction (PCR) assays. PCR was 
performed on gDNA extracts using a Type-it Mutation 
Detect PCR Kit (QIAGEN, VIC, Australia). Details of primers 
used are shown in Tables 1 and 2. PCR products were detected 
using a QIAxcel DNA high resolution kit on the QIAxcel 
Advanced System and analyzed by QIAxcel ScreenGel 
Software (QIAGEN, VIC, Australia). Il2 primers were in
cluded when genotyping Hsd17b12 as a positive control for 
the PCR.

Transformation and Purification of Plasmids
Plasmids were transformed into NEB® Stable Competent 
E. coli (C3040I) cells following the NEB high efficiency trans
formation protocol (New England BioLabs, Notting Hill, 
VIC, Australia). In brief, 50 to 100 ng of plasmid DNA was 
added to NEB® Stable Competent E. coli and incubated on 
ice for 30 minutes, before being heat shocked at 42 °C for 
30 seconds, then placed back on ice for 5 minutes. NEB® 

10-beta/Stable outgrowth medium (New England BioLabs, 
Notting Hill, VIC, Australia) was added to each sample fol
lowed by incubation at 30 °C for 60 minutes, with constant 
shaking at 250 rpm. Cells were then spread over ampicillin- 
selective agar plates and incubated for 16 hours at 37 °C.

Transformed bacterial colonies were grown and purified 
following the QIAGEN Plasmid Maxi Kit Purification 
Handbook. Following purification of plasmid DNA, air-dried 
pellets were resuspended in DEPC-treated DNase- and 
RNase-free sterile water (Thermo Fisher Scientific, Vic, 
Australia). The yield of plasmid DNA was measured using 
the NanoDrop Lite Spectrophotometer (Thermo Fisher 
Scientific, VIC, Australia). Plasmids were stored at −30 °C.

Site-Directed Mutagenesis
Mouse Hsd17b12 plasmid (details in Table 3) was altered by 
inducing a mutation that substituted the leucine amino acid at 
position 234 to a phenylalanine amino acid. The mutation and 
plasmid transformation were performed using an Agilent 
QuikChange II XL Site-Directed Mutagenesis Kit 
(Integrated Sciences, Chatswood, NSW, Australia). Primers 
were designed as recommended to induce a mutation to the 
mouse Hsd17b12 (forward primer- gcagagtgtcatgccatacttcg
tagctacaaaactggc; reverse primer- gccagttttgtagctacgaagtatgg
catgacactctgc, with bold and underlined regions indicating the 
point mutations) (Sigma-Aldrich, Australia). Manufacturer 
positive control and samples were prepared following manu
facturer guidelines and cycled on a MasterCycler X50s. 
Amplified parental (nonmutated) products were digested 
with 10 U of Dpn I restriction enzyme at 37 °C for 1 hour. 
Dpn I-treated DNA was then added to XL10-GOLD ultra
competent cells and incubated on ice for 30 minutes, followed 
by heat-shock at 42 °C for 30 seconds, then placed back on ice 
to transform the cells with plasmid DNA. Cells were grown 
briefly in NZY+ broth at 37 °C for 1 hour before being spread 
onto LB-ampicillin-selective agar plates containing 
5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) 
and isopropyl β-D-1-thiogalactopyranoside (IPTG). Plates 
were incubated for 16 hours at 37 °C and single colonies 

Table 1. Details of genotyping assays

Assay Reagent Volume per  
reaction (μL)

Annealing  
temperature (°C)

Product size (bp)

Hsd17b3 Type-it Mastermix (2×) 5 55 WT-150
Hsd17b3 forward primer (20 μM) 0.1
Hsd17b3 WT-reverse primer (20 μM) 0.1 Heterozygous-144 and 150
Hsd17b3 del-reverse primer (20 μM) 0.1
dH20 3.7 Homozygous-144
gDNA 1

Hsd17b12 WT Type-it Mastermix (2×) 5 63 Hsd17b12 WT-436
Hsd17b12 WT-forward primer (20 μM) 0.1
Hsd17b12 WT-reverse primer (20 μM) 0.1
Il2 forward primer (20 μM) 0.1 Il2 Control-324
Il2 reverse primer (20 μM) 0.1
dH20 3.6
gDNA 1

Hsd17b12 Mutant Type-it Mastermix (2×) 5 63 Hsd17b12 Mut-432
Hsd17b12 mut-forward primer (20 μM) 0.1
Hsd17b12 mut-reverse primer (20 μM) 0.1
Il2 forward primer (20 μM) 0.1 Il2 Control-324
Il2 reverse primer (20 μM) 0.1
dH20 3.6
gDNA 1

Table 2. Primers used for genotyping assays

Gene Forward primer(s) Reverse primer(s)

Hsd17b3 Hsd17b3 forward: 
ggagaagctcttcattgctg

Hsd17b3 WT-reverse: 
cttacctgcccattgtcccat
Hsd17b3 del-reverse: 
cttacctgtcccattgatcg

Hsd17b12 Hsd17b12 WT-forward: 
acattagaaacctcacgctgct

Hsd17b12 WT-reverse: 
ttgccagttttgtagctacaagg

Hsd17b12 mut-forward: 
acattagaaacctcacgctgct

Hsd17b12 Mut-forward: 
cagttttgtcgcgacgaa

Interleukin-2 (Il2) 
(Positive control 
gene)

Il2 forward: 
ctaggccacagaattgaaagatct

Il2 reverse: 
gtaggtggaaattctagcatcatcc
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containing the mutated plasmid were grown. The mutated 
plasmid was grown and purified following the QIAGEN 
Plasmid Maxi Kit Purification Handbook.

DNA Sequencing
The successful mutation of a leucine to a phenylalanine amino 
acid at site 234 in the Hsd17b12 plasmid and in the human
ized mouse line was confirmed by Sanger sequencing by the 
Australian Genome Research Facility (Westmead, Sydney, 
Australia). The desired point mutation was confirmed 
(Figs. 1A, 2A). Two separate point mutations were also in
duced in the mouse line; however, neither of these altered 
the amino acid sequence (Fig. 2A).

Cell Culture
HEK-293T cells were cultured in DMEM/F12 (Thermo Fisher 
Scientific, VIC, Australia) supplemented with 10% FCS 
(CellSera Australia, Rutherford, NSW, Australia) and 1% 
penicillin-streptomycin (Sigma-Aldrich, Australia). Cells re
ceived fresh culture medium approximately every 2 to 3 
days and were incubated at 37 °C with 5% CO2.

Transfections and Cell Treatments
HEK-293T cells (ATCC, Manassas, Virginia, USA) were 
transfected with plasmids to test the function of genes 
(Table 3), using a Lipofectamine™ 3000 transfection reagent 
kit (Thermo Fisher Scientific, VIC, Australia) as per manu
facturer guidelines. One day prior, cells were seeded at 65% 
confluency in a 96-well plate, and 30 minutes prior to trans
fection, cells were washed and medium was replaced with 
Opti-MEM™ medium (Thermo Fisher Scientific, VIC, 
Australia) supplemented with 1% penicillin-streptomycin 
(Sigma-Aldrich, Australia), and incubated at 37 °C with 5% 
CO2. A mastermix containing 0.1 μg plasmid DNA, 0.15 μL 
Lipofectamine™ 3000 reagent, 0.2 μL P3000™ Reagent (2 
μL/μg DNA), and 10 μL Opti-MEM™ medium, per well 
was added to each well. Culture plates were placed on an or
bital shaker for 5 minutes at 100 rpm to ensure plasmids were 
spread evenly across cells, followed by incubating at 37 °C 
with 5% CO2. Transfection was confirmed after 24 hours 
by the presence of enhanced green fluorescent protein 
(eGFP) using the EVOS M5000 Imaging System (Thermo 
Fisher Scientific, Vic, Australia).

After transfection, cells were washed and medium replaced 
with phenol red free DMEM/F12, supplemented with 
10% FCS and 1% penicillin-streptomycin. At 72 hours 
post transfection, cells were treated with either diluted 

dimethylsulfoxide (DMSO; Sigma-Aldrich, Australia) as a ve
hicle control or with 150 ng/mL of androstenedione (Cayman 
Chemical Company, Ann Arbor, MI, USA). Androstenedione 
was initially prepared as a 10 mg/mL stock concentration in 
DMSO. Stock androstenedione was then diluted in complete 
phenol red free DMEM/F12 medium. DMSO vehicle controls 
were diluted by the same factor. Each treatment group was 
performed in triplicate. Treated cells were incubated for 
24 hours at 37 °C with 5% CO2 followed by media being col
lected from cells and stored at −80 °C until steroid analysis.

Histology
Testis and epididymis tissues fixed in Bouin’s solution were 
processed and embedded in paraffin wax. Then 5-μm sections 
were prepared, dewaxed in xylene (Sigma-Aldrich, Australia), 
and rehydrated through a decreasing gradient of ethanol. 
Tissue sections were stained with hematoxylin and eosin 
(Sigma-Aldrich, Australia). Light microscopy images of tis
sues were captured using a Zeiss AXIO Imager.A2 microscope 
(Carl Zeiss AG, Germany) with Olympus cellSens imaging 
software (Olympus, Macquarie Park, NSW, Australia).

Quantitative Reverse Transcriptase PCR
RNA was extracted from whole testis tissue using the RNeasy 
Mini kit (QIAGEN, VIC, Australia) as per manufacturer’s in
structions, incorporating RNase-free DNase on-column di
gestion (QIAGEN, VIC, Australia). An external Luciferase 
RNA control (Promega, Alexandria, NSW, Australia) was 
added at 1 ng/20 mg tissue to the homogenized tissue during 
the RNA extraction. RNA concentration was measured using 
a NanoDrop Lite Spectrophotometer (Thermo Fisher 
Scientific, VIC, Australia). Extracted RNA was reverse tran
scribed to cDNA using the SuperScipt VILO cDNA 
Synthesis Kit (Thermo Fisher Scientific, VIC, Australia) as 
per manufacturer instructions. Water (no template) and re
verse transcriptase negative (-RT) controls were included in 
all reverse transcriptions. For quantitative reverse transcript
ase (qRT)-PCR, target-specific primers and corresponding 
specific probes were identified and selected using the online 
Roche Universal Probe Library (UPL) Assay Design Centre. 
The qRT-PCR was performed on the LightCycler 96 system 
(Millenium Science, Mulgrave, VIC, Australia). Primers used 
to assess mouse Hsd17b7 include: forward- gctcactgtgacaccg
tacaa, and reverse- ctccggtttttggtggaag, along with UPL probe 
81. Luciferase external control was detected using the pri
mers: forward- gcacatatcgaggtgaacatcac, and reverse- 
gccaaccgaacggacattt, and a TaqMan Probe (tacgcggaatacttc). 

Table 3. Details of plasmids used to transfect HEK-293T cells

Plasmid Developer Product ID Tag/Reporter Antibiotic resistance

eGFP control GeneCopoeia EX-NEG-M61 N/A Ampicillin
Mouse Hsd17b3 GeneCopoeia EX-Mm33978-M61 IRES2-eGFP Ampicillin
Mouse Hsd17b12 GeneCopoeia EX-Mm07555-M61 IRES2-eGFP Ampicillin
Human HSD17B12 GeneCopoeia EX-V1191-M61 IRES2-eGFP Ampicillin
Mouse Hsd17b7 
(variant 2)

GeneCopoeia EX-Mm30153-M61 IRES2-eGFP Ampicillin

Human HSD17B7 
(variant 1)

Vector Builder pDNA(VB220915-1259dkg) eGFP Ampicillin
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Figure 1. The presence of a leucine residue at amino acid position 234 in mouse HSD17B12 enables the conversion of androstenedione to 
testosterone. (A) Site-directed mutagenesis was performed on plasmids containing the genetic sequence of mouse (m)Hsd17b12 to alter a single 
leucine amino acid to a phenylalanine (L234F). Plasmids containing the genetic sequence for human (h) HSD17B12, mHsd17b12, and mutated 
mHsd17b12 (L234F) were sequenced by Sanger sequencing. Created with BioRender.com. (B) HEK-293T cells were transfected with plasmids 
carrying the eGFP reporter gene and steroidogenic enzyme genes, and testosterone in the culture media was quantified by mass spectrometry. Cells 
were transfected and treated with either DMSO (vehicle, open bars) or 150 ng/mL androstenedione (blue bars) for 24 hours. Representative images of 
HEK-293T cells that were transfected with plasmids expressing eGFP (green) alone (eGFP), or plasmids expressing eGFP, and either mHsd17b3, 
hHSD17B12, mHsd17b12, or a mutated mHsd17b12 which had a leucine amino acid substituted with a phenylalanine amino acid (L234F). Scale bar: 
150 μm. TRANS: transillumination (C) Testosterone produced by cells transfected with mHsd17b3 were used as a positive control for the conversion of 
androstenedione to testosterone. (D) Testosterone produced by cells transfected with wild-type mHsd17b12, hHSD17B12, and mHsd17b12 carrying 
the L234F mutation. Testosterone limit of detection = 0.98 pg/mL and is denoted by the dotted black line on the y-axis. Technical triplicates were 
averaged and plotted as biological replicates (n = 4). Two-way ANOVA, Tukey’s multiple comparisons test, data shown as mean ± SEM. Significant 
differences between groups are indicated as *** = P ≤ .001, **** = P ≤ .0001.
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Quantification of mRNA expression was calculated using the 
2−ΔΔCt method. Gene expression was determined relative to 
the external housekeeping Luciferase gene in adult tissues 
(Roche, AU). Each sample was run in triplicate and an average 
of the Ct value was taken.

Measurement of Testosterone in Cell Culture Media
Testosterone produced in vitro was quantified by liquid chro
matography–mass spectrometry (LC-MS) using a QTRAP® 

6500 LC-MS/MS System (SCIEX, Toronto, Canada) by the 
Central Analytical Facility at The University of Newcastle. 
Testosterone (Cayman Chemical Company, Ann Arbor, 

MI, USA) used for standards was resuspended in DMSO 
(Sigma-Aldrich, Australia) to make a stock concentration of 
1 mg/mL. A testosterone working concentration of 1000 pg/ 
μL was made using stock testosterone and fresh culture media 
(DMEM/F12 + 10% FBS). A 1:2 serial dilution was per
formed and used to make a standard curve with the lowest 
standard being 0.98 pg/mL.

Circulating and Intratesticular Steroid Analysis
Circulating and intratesticular steroids were quantified by 
LC-MS. Fragments of adult mouse testes (20-40 mg) were ho
mogenized in 50 mM Tris pH 7.4, 0.01% SDS, 1% 

Figure 2. Generation and validation of Hsd17b3 knockout (KO) mice expressing HSD17B12L234F, with a mutation in amino acid position 234 that 
prevents its ability to convert androstenedione to testosterone. (A) Sanger sequencing of mouse Hsd17b12 in wild-type and mutated animals. Point 
mutations in the DNA sequence were made to change the leucine (Leu) amino acid to a phenylalanine (Phe) amino acid, altering the amino acid 
sequence to replicate that seen in the human protein sequence. The mutated sequence is referred to as L234F. Created with BioRender.com. (B) 
Mutated Hsd17b12 mice (Hsd17b12L234F) were cross-bred with Hsd17b3 KO mice to generate a mouse line incorporating both the Hsd17b3 null allele 
and the Hsd17b12 mutation. Created with BioRender.com. (C, D) Genotypes of mice were determined using standard PCR. (C) Presence of the 
Hsd17b3+/+ (wild-type) allele was indicated by a 153-base pair (bp) band. The Hsd17b3−/− (Hsd17b3 KO) allele was indicated by a 7-bp deletion which 
showed a 146-bp band. (D) The presence or absence (+ or −) of the Hsd17b12 wild-type gene and the mutated Hsd17b12 (L234F) gene was identified 
by PCR products that were 436 and 432 bp, respectively. Interleukin-2 (IL-2) was used as a positive control in amplified samples, shown by a 324-bp 
band.
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deoxycholate, containing cOmplete Mini Protease Inhibitor 
Cocktail (Sigma-Aldrich, Australia) and PhosSTOP 
(Sigma-Aldrich, Australia) at a concentration of 20 μL/mg of 
tissue. Samples were homogenized using a TissueLyser II 
(QIAGEN, VIC, Australia) for 4 × 30-second intervals at 
25 Hz. Samples were placed on ice for 1 minute after each 
30-second interval to avoid samples overheating. LC-MS ana
lysis was performed at the ANZAC Research Institute, 
Concord Hospital, NSW.

Proteomics

Sample preparation
Proteomics was performed on fragments of whole testes from 
adult (day 80) wild-type and Hsd17b3 KO mice that were 
generated in a previous study (14). The Hsd17b3 KO mice 
used for proteomics were also heterozygous for a null allele of 
the Srd5a1 gene (14); however, these mice showed an identical 
endocrine and reproductive phenotype as previously generated 
Hsd17b3 KO mouse lines (6, 7, 14). Testis fragments were ho
mogenized as described above in ice cold lysis buffer containing 
0.1M Na3CO3 pH 11 (Sigma-Aldrich, Australia), 10mM 
Na3VO4 (Sigma-Aldrich, Australia), 2.5% Protease inhibitor 
cocktail (Sigma-Aldrich, Australia), and one tablet of 
PhosSTOP (Sigma-Aldrich, Australia) per 10 mL (25-27). 
Samples were sonicated for 4 × 10-second intervals, with sam
ples incubated on ice for 20 seconds between each interval to 
prevent protein denaturation. Total protein was quantified by 
the PierceTM BCA Protein Assay kit (Thermo Fisher Scientific, 
Vic, Australia) and 500 μg of protein from each sample was 
mixed 1:1 with urea/thiourea to reach a final concentration of 
6M urea/2M thiourea. Proteins were reduced by the addition 
of dithiothreitol (DTT) (Sigma-Aldrich, Australia) to a final con
centration of 10 mM and incubated at room temperature for 
30 minutes, shaking at 400 rpm. Proteins were then alkylated 
by adding iodoacetamide (Sigma-Aldrich, Australia) to a final 
concentration of 20mM and incubated in the dark at room tem
perature for 30 minutes with 400 rpm shaking. Protein samples 
were subsequently digested with a 1:12.875 ratio of 1 μg/μL 
trypsin/Lys-C Mix (Promega, Alexandria, NSW, Australia), in
cubated at room temperature for 3 hours with shaking at 
400 rpm. Urea concentration was diluted to below 1M using 
50mM of triethylammonium bicarbonate (TEAB) buffer 
(Sigma-Aldrich, Australia), pH 7.8, and incubated at 37 °C 
for 16 hours with shaking at 1000 rpm. Lipids were precipitated 
by adding formic acid (Sigma-Aldrich, Australia) to make a final 
concentration of 2%, and then centrifuged at 14 000g for 10 mi
nutes at room temperature. The supernatant containing the pep
tides was stored at −80 °C until samples were desalted.

Peptide samples were cleaned and desalted using commer
cial desalting columns (Oasis, Waters Corporation, Milford 
MA, USA). Clean peptides were eluted through the equili
brated desalting columns using a vacuum pump. Peptides 
were quantified using a Qubit 2.0 fluorometer (Thermo 
Fisher Scientific, Vic, Australia) and 10 μg of sample peptides 
were lyophilized using a RVC 2-25 SpeedyVac (Martin Christ, 
Gefriertrocknungsanlagen GmbH, Germany) set at 45 °C for 
2.5 hours. Lyophilized peptides were stored at −80 °C until 
required for mass spectrometry analysis.

Nano-liquid chromatography–mass spectrometry
Lyophilized clean peptides were resuspended in 2% acetonitrile 
(Thermo Fisher Scientific, VIC, Australia), 0.1% TFA to a final 

concentration of 1 μg/μL. Reverse phase nano-LC-MS was per
formed using an Orbitrap Eclipse Tribrid MS equipped with a 
front-end field asymmetric ion mobility spectrometry (FAIMS), 
coupled to a Vanquish Neo ultra high-performance liquid chro
matography system UHPLC System (Thermo Fisher Scientific, 
Waltham, MA, US). Samples were loaded onto an Acclaim 
PepMap 100 C18 75 μm × 20 mm trap column (Thermo 
Fisher Scientific, Vic, Australia) for pre-concentration and on
line de-salting. Separation was then achieved using an 
EASY-Spray PepMap C18 75 μm × 250 mm column (Thermo 
Fisher Scientific, Vic, Australia), employing a linear gradient 
of acetonitrile (2%-40%) over 85 minutes. Full MS/data de
pendent acquisition MS/MS mode was utilized on Xcalibur 
(Thermo Fisher Scientific; version 4.6.67.17) with an automatic 
cycle between 3 compensations voltages (CV; −50, −65, and 
−80). The Orbitrap mass analyzer was set at a resolution of 
1 200 000, to acquire full MS with an m/z range of 
375-1500, with a normalized automatic gain control target 
set to standard and maximum fill times set to auto. The 20 
most intense multiply charged precursors were selected for 
higher-energy collision dissociation fragmentation with a colli
sional energy of 35%. MS/MS fragments were measured using 
the Ion Trap, with the scan rate set to rapid, using standard 
mode for automatic gain control target and automatic max
imum fill times.

Proteomic data processing and analysis
As per previous proteomic studies (25, 28, 29), database 
searching of raw files were performed using Proteome 
Discoverer 2.5 (Thermo Fisher Scientific), utilizing SEQUEST 
HT to search against the UniProt Mus musculus database 
(25 444 sequences, downloaded November 29, 2022). 
Database searching parameters included up to 2 missed clea
vages, a precursor mass tolerance set to 10 ppm and fragment 
mass tolerance of 0.02 Da. Trypsin was designated as the diges
tion enzyme. Cysteine carbamidomethylation was set as a fixed 
modification while acetylation (K, N-terminus) and oxidation 
(M) were designated as dynamic modifications. Interrogation 
of the corresponding reversed database was also performed 
to evaluate the false discovery rate (FDR) of peptide identifica
tion using Percolator based on q-values, which were estimated 
from the target-decoy search approach. To filter out target pep
tide spectrum matches over the decoy-peptide spectrum 
matches, a fixed FDR of 1% was set at the peptide level.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism soft
ware, versions 8.4.3 and 10.2.3 (GraphPad Software, San 
Diego, CA, USA). Gaussian distribution was assessed by the 
Shapiro-Wilk normality test to determine if downstream ana
lyses would be performed using appropriate parametric or non
parametric statistical testing. Datasets which passed normality 
testing underwent parametric statistical tests including unpaired 
t tests, one-way ANOVA with Tukey’s post hoc test, or two-way 
ANOVA with Tukey’s post hoc test. Datasets which did not pass 
the normality test underwent nonparametric statistical testing 
including Kruskal-Wallis test with Dunn’s post hoc test.

Significance testing and comparisons associated with the 
proteomic analysis of testis tissue were calculated by 
Proteome Discoverer 2.5 using a non-nested pairwise ratio ap
proach, whereby the program calculates the peptide group 
ratios as the geometric median of all combinations of ratios 
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from all the replicates for each group. Protein ratios were sub
sequently calculated as the geometric median of the peptide 
group ratios and statistical testing was completed using a 
Student’s t test. Proteomic data was considered significantly 
different when the P value ≤.05.

Results
Replacement of Leucine With Phenylalanine at 
Position 234 Inhibits Testosterone Biosynthesis in 
Mouse HSD17B12
We first aimed to confirm that mouse HSD17B12, but not hu
man HSD17B12, can use androstenedione as a substrate to 
produce testosterone, and this is due to the reduced size of 
the amino acid at position 234.

Substitution of the leucine (Leu) amino acid with a phenyl
alanine (Phe) amino acid at position 234 (L234F) was con
firmed through Sanger sequencing (Fig. 1A). The Hsd17b12 
sequences in both the mouse and human Hsd17b12 plasmids 
matched exactly to previously published data (18). To assess 
the ability of mouse and human HSD17B12 to synthesize tes
tosterone, we transfected HEK-293T cells with plasmids ex
pressing GFP reporters and steroidogenic enzymes (Fig. 1B). 
Non-transfected cells and eGFP controls produced low levels 
of testosterone upon addition of androstenedione, suggesting 
some endogenous hydroxysteroid dehydrogenase activity in 
HEK-293T cells (Fig. 1C and 1D). Transfection with mouse 
Hsd17b3 induced a >15-fold increase in testosterone com
pared to controls (Fig. 1C), indicating that these cells can be 
used to assess 17β-hydroxysteroid dehydrogenase activity.

The inability of human HSD17B12 to utilize androstene
dione as a substrate (18) was confirmed by the unchanged 
amount of testosterone produced by cells transfected with 
human HSD17B12 compared to controls (Fig. 1D). In contrast, 
transfection of cells with mouse Hsd17b12 caused a significant 
increase in testosterone production (Fig. 1D), confirming 
species-dependent 17β-hydroxysteroid dehydrogenase activity.

Introduction of the L234F mutation into mouse Hsd17b12 
transfected cells significantly reduced its ability to produce tes
tosterone compared to the nonmutated mouse Hsd17b12 
transfected cells (Fig. 1D). Testosterone concentrations in 
androstenedione-treated cells transfected with the mutated 
mouse Hsd17b12 were not different to cells transfected with 
human HSD17B12 (Fig. 1D). These results confirm the func
tional differences between the mouse and human HSD17B12 
enzymes in their ability to convert androstenedione to testos
terone (18) and demonstrate that the ability of mouse 
HSD17B12 to produce testosterone can be inhibited by the 
introduction of a phenylalanine amino acid at residue 234.

The Generation of Hsd17b3-Deficient Mice 
Expressing a Mutated Hsd17b12
We hypothesized that the maintenance of masculinization and 
fertility in Hsd17b3 KO male mice could be due to the ability of 
endogenous HSD17B12 to maintain testicular testosterone 
concentrations. Complete deletion of Hsd17b12 in mice is em
bryonically lethal (23) so CRISPR/Cas9 technology was used to 
generate a mouse line in which Hsd17b12 was mutated from a 
leucine amino acid to a phenylalanine amino acid to mimic the 
human HSD17B12 (denoted Hsd17b12L234F mice). The L234F 
mutation was confirmed by Sanger sequencing (Fig. 2A). This 
mutation prevents the ability to convert androstenedione to 

testosterone (Fig. 1D) but is unlikely to prevent HSD17B12’s 
ability to convert estrone to estradiol (18). If HSD17B12 is 
the sole enzyme producing testosterone in Hsd17b3-deficient 
adult mice, then the introduction of this mutation should cause 
a phenotype of androgen insufficiency in adult males.

Hsd17b12L234F mice were cross-bred with Hsd17b3 KO 
mice to generate a mouse line incorporating both mutations 
(Fig. 2A and 2B). Genotyping confirmed mice were homozy
gous for the Hsd17b3 KO (Hsd17b3−/−) by a single band 
that contained a 7-bp deletion (146 bp) compared to wild-type 
(WT; Hsd17b3+/+) and heterozygous (Hsd17b3+/−) which had 
a single 153 bp band or 2 bands, respectively (Fig. 2C). 
Separate PCRs were used to assess the presence or absence of 
the Hsd17b12 WT and mutated genes for each mouse 
(Fig. 2D). The genotype of mice with a KO of Hsd17b3 and ex
pressing a mutated Hsd17b12 with a L234F amino acid substi
tution is referred to as Hsd17b3−/−; Hsd17b12L234F/L234F.

Male Hsd17b3-Deficient Mice Expressing Mutated 
Hsd17b12 Have Smaller Seminal Vesicles but 
Remain Fertile
The impact of the Hsd17b12 L234F mutation on the phenotype 
of Hsd17b3 KO male mice was characterized in adult (day 80) 
mice. Both males and females were examined to investigate 
whether a phenotype of under-virilization or disordered sexual de
velopment was evident (Fig. 3). All male reproductive tissues were 
present, including the testes, epididymides, vas deferens, seminal 
vesicles and prostate (Fig. 3A). All females had ovaries and uteri 
present in all genotypes (Fig. 3B). These results indicate that an
drogen bioactivity in male Hsd17b3 KO mice expressing a mu
tated Hsd17b12 continues during development. No change in 
body weight was observed between Hsd17b3−/−; Hsd17b12WT/ 

WT, Hsd17b3−/−; Hsd17b12WT/L234F and Hsd17b3−/−; 
Hsd17b12L234F/L234F groups (Fig. 3C). While there was no change 
in the anogenital distance (AGD) between any group (Fig. 3D), 
there was a decrease in the anogenital index (AGI), which is a 
standardized assessment of AGD (30), in Hsd17b3−/−; 
Hsd17b12L234F/L234F compared to Hsd17b3−/−; Hsd17b12WT/ 

WT (Fig. 3E). There was a significant reduction in seminal vesicle 
weight in Hsd17b3−/−; Hsd17b12L234F/L234F mice compared to 
Hsd17b3−/−; Hsd17b12WT/WT controls (Fig. 3F), which is known 
to be sensitive to reductions in androgens (31). There was a slight 
but significant reduction in testis weight of Hsd17b3−/−; 
L234FL234F/L234F compared to Hsd17b3−/−; L234FWT/L234F 

mice, but not compared to Hsd17b3−/−; L234FWT/WT controls 
(Fig. 3G). No significant differences were detected in the weight 
of the epididymis (Fig. 3H), kidney (Fig. 3I), or spleen (Fig. 3J). 
There was also a significant increase in gonadal fat weight in 
Hsd17b3−/−; Hsd17b12L234F/L234F mice compared to the 
Hsd17b3−/−; Hsd17b12WT/WT controls (Fig. 3K).

Gross testis histology was unchanged in Hsd17b3−/−; 
Hsd17b12L234F/L234F mice, with seminiferous tubules and inter
stitial cells resembling other genotypes (Fig. 4A) and the cauda 
epididymis contained abundant sperm (Fig. 4B). In a small num
ber of test matings between Hsd17b3−/−; Hsd17b12L234F/L234F 

males and control females, live viable offspring were obtained.

Testicular Testosterone Production Is Reduced in 
Hsd17b3-Deficient Mice Expressing Mutated 
Hsd17b12
We next investigated the impact of the L234F mutation in 
mouse HSD17B12 on testicular testosterone production in 
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Figure 3. Characterization of the reproductive tract in adult (day 80) male Hsd17b3 knockout (Hsd17b3−/−) mice expressing the mutant 
Hsd17b12L234F/L234F allele. (A) Representative images of male and (B) female reproductive tracts of Hsd17b3−/−; Hsd17b12WT/WT, Hsd17b3−/−; 
Hsd17b12WT/L234F and Hsd17b3−/−; Hsd17b12L234F/L234F mice. Scale bars: 10 mm. (C) Total body weight, (D) anogenital distance, (E) anogenital index 
(AGI) (standardization of anogenital distance relative to body weight), (F) seminal vesicle, (G) testis, (H) epididymis, (I) kidney, (J) spleen, and (K) gonadal 
fat weights of male mice. One-way ANOVA, Tukey’s test where P ≤ .05, data shown as mean ± SEM with n = 9-16. Significant differences between 
groups are indicated as * = P ≤ .05, ** = P ≤ .01.
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Hsd17b3 KO mice in vivo. Adult mice were treated with hCG 
to stimulate maximal androgen production and intratesticular 
steroids were measured by LC-MS.

Within the canonical pathway of androgen biosynthesis, pre
gnenolone, progesterone, 17-OH progesterone, dehydroepian
drosterone (DHEA), androstenedione, and androstenediol 
concentrations were unchanged in the testis (Fig. 5A, 5B, 5E, 
5G, 5H, and 5K). Increased concentrations of 17-OH pregne
nolone were observed in Hsd17b3−/−; Hsd17b12L234F/L234F 

compared to Hsd17b3−/−; Hsd17b12WT/WT (Fig. 5D), pointing 

to other roles for the L234 residue in steroid metabolism. 
Importantly, Hsd17b3 KO mice with the Hsd17b12 L234F 
mutation showed a significant (∼16%) reduction in intratestic
ular testosterone concentrations compared to Hsd17b3−/−; 
Hsd17b12WT/WT mice (Fig. 5L). These data suggest that 
HSD17B12 contributes to testosterone biosynthesis in the tes
tes of Hsd17b3 KO mice, but it is not solely responsible for 
the continued testosterone production. While there was a re
duction in testosterone concentration, no changes in DHT 
were observed (Fig. 5M).

Figure 4. Testis and cauda epididymis histology in adult (day 80) male Hsd17b3 knockout (Hsd17b3−/−) mice expressing either the mouse Hsd17b12 
wild-type allele (Hsd17b12WT/WT), heterozygous for the mutant allele (Hsd17b12WT/L234F) or homozygous for the humanized Hsd17b12 mutant allele 
(Hsd17b12L234F/L234F). (A) Representative hematoxylin and eosin (H&E) staining of adult the testis and (B) cauda epididymis. Scale bars: 50 μm.
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Figure 5. Intratesticular steroid concentrations in adult (day 80) male Hsd17b3 knockout (Hsd17b3−/−) mice expressing the mutant Hsd17b12L234F 

allele(s). Mice were treated with human chorionic gonadotrophin (hCG) to stimulate maximal steroidogenesis. Androgens and androgen precursors 
include (A) pregnenolone, (B) progesterone, (C) 5α-dihydroprogesterone (5α-DHP) (D) 17-OH pregnenolone, (E) 17-OH progesterone (F) 
allopregnanolone (G) dehydroepiandrosterone (DHEA), (H) androstenedione, (I) androsterone, (J) 5α-androstane-3α, 17β-diol (3α-diol), (K) 
androstenediol, (L) testosterone, (M) dihydrotestosterone (DHT), and (N) 5α-androstane-3β, 17β-diol (3β-diol). The arrows indicate the direction of the 
canonical and alternate androgen production pathways. Dotted arrows indicate an indirect conversion. Biological replicates that were below the limit of 
detection were recorded as 0 ng/mL. Limit of detection ranged from 0.01 ng/mL to 0.05 ng/mL depending on the analyte and is indicated by a dotted 
black line on y-axis. One-way ANOVA, Tukey’s test (for parametric data) or Kruskal-Wallis test (for nonparametric data), where P ≤ .05, data shown as 
mean ± SEM with n = 9-16 per group. Significant differences between groups are indicated as * = P ≤ .05, ** = P ≤ .01. (O) Intratesticular estradiol 
levels. Limit of detection = 2.5 pg/mL and is indicated by the dotted black line on y-axis, One-way ANOVA, Tukey’s test where P ≤ .05, data shown as 
mean ± SEM with individual values for n = 9-16 biological replicates per group.
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We also measured the impact of the L234F mutation in 
HSD17B12 on intratesticular androgen precursors within 
the alternate pathway of androgen biosynthesis, including 
5α-dihydroprogesterone (5α-DHP), allopregnanolone, andro
sterone, 5α-androstane-3α,17β-diol (androstanediol 
[3α-diol]) and 5α-androstane-3β,17β-diol (3β-diol) (Fig. 5C, 
5F, 5I, 5J, and 5N). No significant changes were seen in these 
steroids except for an increase in 3β-diol in both Hsd17b3−/−; 
Hsd17b12L234F/L234F and Hsd17b3−/−; Hsd17b12WT/L234F 

testes (Fig. 5N), perhaps suggestive of alterations in 3β-diol 
production in mice with the mutated Hsd17b12 allele.

Intratesticular concentrations of the estrogens estrone (E1) 
and estradiol (E2) were also quantified. While estrone was un
detectable in all samples, no changes were observed in intra
testicular estradiol between all genotypes (Fig. 5O).

Taken together, the results suggest that mouse HSD17B12 
can contribute to testicular testosterone biosynthesis in 
Hsd17b3 KO mice; however, it is not the sole enzyme respon
sible for the maintenance of adult testicular testosterone pro
duction in the absence of HSD17B3.

Circulating Testosterone Concentrations Are 
Unchanged in Hsd17b3-Deficient Mice Expressing 
a Mutated Hsd17b12
We also investigated circulating steroids in hCG-treated adult 
Hsd17b3 KO male mice expressing the L234F mutation, as 
Hsd17b12 is ubiquitously expressed (18). Within the canonic
al pathway of androgen biosynthesis, no significant changes 
were observed in pregnenolone, progesterone, 17-OH 
pregnenolone, androstenedione, or androstenediol (Fig. 6A, 
6B, 6D, 6H, and 6K). 17-OH progesterone concentrations 
were significantly increased in Hsd17b3−/−; Hsd17b12L234F/ 

L234F compared to Hsd17b3−/−; Hsd17b12WT/WT mice 
(Fig. 6E). Dehydroepiandrosterone (DHEA) was undetectable 
(Fig. 6G) suggesting that the Δ4 canonical pathway remains 
the preferred route for androgen biosynthesis in mice lacking 
Hsd17b3. Importantly, no differences were observed in circu
lating concentrations of testosterone or DHT among any of the 
genotypes (Fig. 6L and 6M).

In the alternate pathway of androgen biosynthesis, 
Hsd17b3−/−; Hsd17b12L234F/L234F mice showed reduced con
centrations of 5α-dehydroepiandrosterone (5α-DHP) in cir
culation compared to Hsd17b3−/−; Hsd17b12WT/L234F mice 
(Fig. 6C). Both Hsd17b3−/−; Hsd17b12WT/L234F and 
Hsd17b3−/−; Hsd17b12L234F/L234F mice exhibited reduced con
centrations of allopregnanolone compared to Hsd17b3−/−; 
Hsd17b12WT/WT mice (Fig. 6F). Interestingly, Hsd17b3−/−; 
Hsd17b12L234F/L234F mice showed a statistically significant re
duction in circulating concentrations of allopregnanolone com
pared to controls (Fig. 6F), suggesting that the mutated 
HSD17B12 may impact on the biosynthesis of allopregnanolone 
in peripheral tissues, but not in the testis (Fig. 5F). No differences 
were observed in the other alternate androgen precursors, includ
ing androsterone, 3α-diol, and 3β-diol (Fig. 6I, 6J, and 6N).

Androstenedione and testosterone are aromatized to estrone 
and estradiol, respectively, and mouse HSD17B12 can convert 
estrone to the more potent estrogen, estradiol (18). No signifi
cant differences were observed in estrone concentrations 
among the groups; however, there is high variability in the 
data of the Hsd17b3−/−; Hsd17b12WT/L234F and Hsd17b3−/−; 
Hsd17b12L234F/L234F cohorts (Fig. 6O). Circulating estradiol 
concentrations were increased in Hsd17b3 KO mice expressing 

either the heterozygous or homozygous L234F Hsd17b12 
allele compared to Hsd17b3 KO mice expressing wild-type 
Hsd17b12 (Fig. 6P); however, whether this is a direct result 
of altered enzyme activity in converting estrone to estradiol, 
or via another mechanism remains to be established.

Identification of HSD17B7 as Another Mouse 
Hydroxysteroid Dehydrogenase Enzyme that Can 
Synthesize Testosterone
The above results suggest that other enzyme(s) contribute to 
testosterone synthesis in the adult testis of mice lacking 
HSD17B3. We therefore investigated other hydroxysteroid 
dehydrogenase family proteins in the testes of Hsd17b3 KO 
mice by LC-MS. HSD3B1, HSD3B6, HSD17B4, HSD17B7, 
HSD17B8, HSD17B10, and hydroxysteroid dehydrogenase- 
like 2 (HSDL2) were detected and the protein abundance be
tween WT and Hsd17b3 KO testes was compared (Fig. 7A). 
HSD17B7 was detected at low levels in 2 of the 3 WT samples 
and was undetectable in a third (Fig. 7A) but showed a 
∼20-fold increase in Hsd17b3 KO testes (Fig. 7A and 7B).

We then interrogated testicular Hsd17b7 mRNA expres
sion and showed that it was significantly increased in adult 
Hsd17b3 KO mice (Fig. 7C), as previously observed (7). 
These results suggest that increased Hsd17b7 mRNA and pro
tein in the testis is a feature of Hsd17b3 deficiency.

Next, we investigated the ability of HSD17B7 to convert 
androstenedione to testosterone. Two earlier studies sug
gested it does not utilize androstenedione as a substrate under 
different experimental conditions (32, 33); however, we 
sought to re-assess these observations using LC-MS to meas
ure testosterone production.

HEK-293T cells were transfected with plasmids ex
pressing GFP reporters and steroidogenic enzymes, and 17β- 
hydroxysteroid dehydrogenase activity was assessed as 
the ability to convert androstenedione to testosterone. 
Successful transfection was confirmed by eGFP expression 
(Fig. 8A). Cells were treated with either DMSO (vehicle) or 
with androstenedione, and testosterone in the media was 
quantified. Cells transfected with mouse Hsd17b3 were used 
as a positive control for testosterone synthesis, and a signifi
cant increase in testosterone production was observed in 
androstenedione-treated cells transfected with Hsd17b3 
compared to non-transfected or eGFP controls (Fig. 8B). 
Importantly, androstenedione-treated cells transfected with 
mouse Hsd17b7 showed a significant increase in testosterone 
concentrations compared to androstenedione-treated, non- 
transfected and eGFP control cells (Fig. 8C). These data dem
onstrate that mouse HSD17B7 can synthesize testosterone 
from androstenedione under these conditions.

Finally, we examined the ability of human HSD17B7 
to produce testosterone. Cells transfected with human 
HSD17B7 had unchanged testosterone concentrations com
pared to non-transfected and eGFP controls and were signifi
cantly lower than the amounts produced by cells transfected 
with mouse Hsd17b7 (Fig. 8C).

Discussion
HSD17B3 has long been thought to be the canonical enzyme 
responsible for testicular testosterone production. In humans, 
loss-of-function mutations in HSD17B3 cause disordered pre- 
pubertal testosterone production with consequent effects 
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Figure 6. Circulating steroid concentrations in adult (day 80) male Hsd17b3 knockout (Hsd17b3−/−) mice expressing the mutant Hsd17b12L234F allele. 
Mice were treated with human chorionic gonadotrophin (hCG) to stimulate maximal steroidogenesis. Androgens and androgen precursors include (A) 
pregnenolone, (B) progesterone, (C) 5α-dihydroprogesterone (5α-DHP) (D) 17-OH pregnenolone, (E) 17-OH progesterone (F) allopregnanolone (G) 
dehydroepiandrosterone (DHEA), (H) androstenedione, (I) androsterone, (J) 5α-androstane-3α, 17β-diol (3α-diol), (K) androstenediol, (L) testosterone, 
(M) dihydrotestosterone (DHT), and (N) 5α-androstane-3β, 17β-diol (3β-diol). Steroids were quantified from the serum collected from mice. The arrows 
indicate the direction of the canonical and alternate androgen production pathways. Dotted arrows indicate an indirect conversion. Biological replicates 
that were below the limit of detection were recorded as 0 ng/mL. The limit of detection ranged from 0.01 ng/mL to 0.05 ng/mL depending on the 
analyte and is indicated by a dotted black line on y-axis. One-way ANOVA, Tukey’s test (for parametric data) or Kruskal-Wallis test (for nonparametric 
data), where P ≤ .05, data shown as mean ± SEM with n = 9-16 per group. Significant differences between groups are indicated as * = P ≤ .05, **** =  
P ≤ .0001. (O) Quantification of estrone and (P) estradiol concentrations in serum. Limit of detection = 2.5 pg/mL and is indicated by the dotted black line 
on y-axis, One-way ANOVA, Kruskal-Wallis test where P ≤ .05, data shown as mean ± SEM with individual values for n = 9-16 biological replicates per 
group.
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impairing reproductive organ development, with 46,XY indi
viduals exhibiting impaired masculinization of external geni
talia with internal male reproductive structures at birth (1, 
3). However, mice with HSD17B3 deficiency exhibit normal 
male sexual development and fertility and continue to pro
duce testosterone in the testis (4, 6, 7, 14), suggesting the ex
istence of other enzymes that can produce testosterone in the 
absence of Hsd17b3.

HSD17B12 is a multifunctional enzyme which can utilize 
androstenedione as a substrate in mice to produce testosterone 
(18). We previously demonstrated that the HSD17B12 enzyme 
is expressed by the adult Leydig cells and there is a small but sig
nificant upregulation in testicular expression of Hsd17b12 in 
Hsd17b3 KO mice (6) and HSD17B12 has been hypothesized 
to contribute to testicular testosterone production in the ab
sence of HSD17B3 (4, 6). Studies introducing mutations into 
residue 234 of the HSD17B12 enzyme showed that the pres
ence of a phenylalanine amino acid blocks C19 steroids into 
the active site, preventing testosterone biosynthesis, however, 
smaller amino acids at position 234, such as alanine or leucine, 
enable testosterone biosynthesis (18, 20).

Transfection of HEK-293T cells confirmed that mouse 
HSD17B12 was able to produce testosterone in vitro but the 
human enzyme was not. Following substitution of the leucine 
amino acid at residue 234 in mouse HSD17B12 to a phenyl
alanine amino acid, as in human HSD17B12, we confirmed 
previous observations that the L234F substitution in mouse 
HSD17B12 reduced testosterone production to basal levels 
in HEK-293T cells (18, 20). Therefore, the L234F mutation 
in the mouse HSD17B12 enzyme provides an opportunity to 
inhibit HSD17B12’s ability to use androstenedione as a 

substrate to produce testosterone but preserving expression 
of this enzyme throughout development.

We therefore used this mutation strategy to investigate 
whether HSD17B12 contributes to the maintenance of testicu
lar testosterone production in the absence of HSD17B3 in mice. 
We generated a “humanized” L234F-mutated HSD17B12 
mouse line and cross-bred this line with Hsd17b3 KO mice. 
All male and female Hsd17b3 KO mice expressing the mutated 
Hsd17b12 developed the appropriate male and female repro
ductive tracts, respectively.

As Hsd17b3 and Hsd17b12 are expressed by the fetal testis 
during development (17, 34), the ablation of the androgenic 
function of these proteins in the context of continued normal 
development indicates the presence of one or more additional 
testosterone synthesizing enzymes during fetal development, 
with a recent publication indicating that a key contributor 
to this is HSD17B1 (17). Our observations are consistent 
with this previous study demonstrating that HSD17B1 is the 
predominant enzyme able to compensate for HSD17B3 defi
ciency during mouse fetal development (17). However, the 
testes of Hsd17b1 + Hsd17b3 double KO mice continue to 
produce lower but detectable levels of testosterone at birth 
(17). As HSD17B12 is expressed in the fetal testis (34), we 
propose that HSD17B12 activity could also contribute to 
the continued testosterone production observed in Hsd17b1 + 
Hsd17b3 double KO mice (17).

The alternate pathway of androgen biosynthesis can synthe
size DHT independently of testosterone (14). Alternate path
way precursors including androsterone, 3α-diol and 3β-diol 
are increased in the circulation of adult Hsd17b3 KO mice, 
but not in the testes (14). Similarly, DHT and alternate 

Figure 7. Upregulation of HSD17B7 protein and mRNA in HSD17B3-deficient mice. (A) Heat map representing the protein abundance of all 
hydroxysteroid dehydrogenases detected in wild-type and Hsd17b3 knockout (KO; Hsd17b3−/−) mice. The color scale indicates protein abundance. (B) 
Scaled abundance values of HSD17B7 in wild-type and Hsd17b3 KO mice. Data shown as scaled in relation to whole abundance of proteins detected. 
Scaling of data was performed on Proteome Discoverer 2.5 software for interpretation. Limit of detection on mass spectrometer was 0.2 (scaled). 
Biological replicates that were below the limit of detection were recorded as 0. One-way ANOVA, Tukey’s test where P ≤ .05, data shown as mean ±  
SEM with n = 3 biological replicates per group. Significant differences between groups are indicated as * = P ≤ .05. (C) Hsd17b7 mRNA transcript 
levels in adult testes of wild-type (Hsd17b3+/+), heterozygous (Hsd17b3+/−) or homozygous (Hsd17b3−/−) mice. One-way ANOVA, Tukey’s test where 
P ≤ .05, data shown as mean ± SEM with n = 5-8 biological replicates per group. Significant differences between groups are indicated as * = P ≤ .05, 
**** = P ≤ .0001.
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Figure 8. Mouse HSD17B7 can synthesize testosterone from androstenedione whereas human HSD17B7 cannot. (A) Representative images of 
HEK-293T cells transfected with either no plasmid (Neg), eGFP alone, or plasmids containing mouse (m) Hsd17b3, mouse mHsd17b7, or human 
(h)HSD17B7 with an eGFP reporter. Transfected cells indicated by eGFP expression (green). Scale bar: 150 μm. TRANS: transillumination. (B, C) 
Testosterone levels in culture media post transfection and following 24 hours of DMSO (vehicle, open bars) or 150 ng/mL androstenedione treatment 
(blue bars). Testosterone limit of detection = 0.98 pg/mL and is denoted by the dotted black line on the y-axis. Technical triplicates were averaged and 
plotted as biological replicates (n = 3). Two-way ANOVA, Tukey’s test, data shown as mean ± SEM. Significant differences between groups are 
indicated as * = P ≤ .05, *** = P ≤ .001, **** = P ≤ .0001.
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pathway precursors were unchanged in the testes of Hsd17b3 
KO mice expressing the mutated HSD17B12 enzyme compared 
to Hsd17b3 KO mice expressing the WT HSD17B12, suggest
ing that the Hsd17b12 mutation does not impact the ability of 
DHT production via the alternate pathway in the testes.

In adult Hsd17b3 KO mice, introduction of the mutated 
HSD17B12 enzyme caused a small but significant decrease 
in testicular, but not circulating, testosterone and suggested 
that HSD17B12 contributes to ∼16% testicular testosterone 
synthesis in Hsd17b3 KO mice. Significant decreases in sem
inal vesicle and testis weights were also observed, suggesting 
a small reduction in androgen bioactivity. However, testis 
and epididymal histology was unchanged with abundant 
sperm in the cauda epididymis, indicating that the loss of 
HSD17B12’s ability to produce testosterone does not have a 
major impact on androgen bioactivity, sexual development, 
and adult reproductive function in male mice. Thus, we con
clude that HSD17B12 does contribute to testicular testoster
one production in mice, but it is not the sole enzyme 
responsible for the continued testicular testosterone produc
tion in Hsd17b3 KO mice.

Therefore, the protein abundance of other 17-ketosteroid re
ductase enzymes in the testes of wild-type and Hsd17b3 KO 
adult mice were investigated. HSD17B1 was not detected in 
the testes, aligning with previous studies demonstrating that 
HSD17B1 is down-regulated postnatally (35) and cannot com
pensate for HSD17B3 deficiency in adulthood (6, 17). 
HSD17B7 was deemed to be a strong candidate because both 
mRNA (7) and protein are significantly increased in Hsd17b3 
KO testes compared to wild-type, with the protein showing a 
particularly marked (∼20 fold) increase. HSD17B7 is a multi
functional enzyme that can utilize estrone, DHT and zymoster
one as substrates (36-38). The mouse enzyme was first cloned in 
1998 (32) and can convert the less active estrone to estradiol, a 
potent estrogen (32, 33). It also converts DHT into 3α-diol and, 
to a lesser extent, 3β-diol (33). However, previous studies sug
gested that the mouse enzyme is unable to convert androstene
dione into testosterone (32, 33).

Our results revealed that, in transfected HEK-293T cells, 
mouse HSD17B7, but not human HSD17B7, can convert 
androstenedione to testosterone. Two earlier studies con
cluded that mouse HSD17B7 did not perform this conversion 
(32, 33); however, those studies employed reduced concen
trations of substrate and shorter incubation times, which 
may have influenced the observed outcomes. Extrapolating 
from our findings, we suggest that HSD17B7 is unlikely to 
contribute to androgen bioactivity in 46,XY individuals 
with HSD17B3 deficiency (1, 3-5) but the mouse enzyme 
may be able to contribute to testosterone biosynthesis in 
Hsd17b3 KO mice (6, 7, 17) in both fetal and postnatal 
life (34, 39). The KO of Hsd17b7 in mice is embryonically 
lethal due to a defect in de novo cholesterol biosynthesis 
(36, 40). Because HSD17B7 is a multifunctional enzyme 
with various roles in steroidogenesis (36-38), future studies 
on its ability to contribute to testosterone biosynthesis in 
Hsd17b3 KO mice would first require the identification of 
the specific amino acid residues responsible for the conver
sion of androstenedione to testosterone, as has been defined 
for HSD17B12 (18). Once such residues are defined, 
site-directed mutations and CRISPR/Cas9 technology could 
be used to produce mice carrying mutated Hsd17b7 that 
is unable to produce testosterone. Introduction of the mu
tated Hsd17b7 into Hsd17b3 KO mice homozygous for 

Hsd17b12L234F could then be used to determine the contri
bution of HSD17B7 to testosterone synthesis.

We conclude that in the absence of the testosterone- 
biosynthetic enzyme HSD17B3, mice continue to produce basal 
testicular testosterone (6, 7), facilitated through the activity of 
other 17-ketosteroid reductase enzymes which contribute to 
the maintenance of testosterone biosynthesis. Our results 
show that mouse HSD17B12 can convert androstenedione to 
testosterone and, in mice lacking HSD17B3 function, 
HSD17B12 contributes to ∼16% of testicular testosterone pro
duction. However, testosterone production continues in mice 
lacking androgenic functions of both HSD17B3 and 
HSD17B12, suggesting that one or more further 17-ketosteroid 
reductase enzyme also contributes. Our results also show a 
marked increase in the testicular expression of HSD17B7 in 
the absence of Hsd17b3, and demonstrate that HSD17B7 can 
convert androstenedione to testosterone in vitro, suggesting 
that HSD17B7 may contribute to testosterone production in 
HSD17B3-deficient mice. The identification of 2 additional hy
droxysteroid dehydrogenase enzymes that can synthesize tes
tosterone in mice, but not humans, contributes toward a 
clearer understanding of the phenotypic differences between 
mouse and human HSD17B3 deficiency, where sexual develop
ment and fertility is preserved in mice, but disordered sexual de
velopment is seen in humans. These results suggest that the 
existence of multiple hydroxysteroid dehydrogenase enzymes 
capable of testosterone synthesis in mice is a safeguard for 
male sexual development and fertility in this species. These 
findings are consistent with the hypothesis that mice have in
creased plasticity in steroidogenic enzymes and multiple redun
dancies within steroidogenesis pathways. However, human 
orthologs have lost this plasticity, making humans more vulner
able to disordered sexual development following the loss of 
HSD17B3 function.

Acknowledgments
The authors acknowledge Robert Brink for the development 
of the mouse lines and the BioResearchers Facility (BRF) at 
the University of Newcastle and Australian BioResources 
(ABR) for their assistance in animal husbandry and maintain
ing the mouse colonies. The authors would like to thank 
Dr. Reena Desai from the ANZAC Research Institute for 
the analysis of testicular and circulating steroids, and 
Nathan Smith from the Central Analytical Facility (CAF) at 
the University of Newcastle for assistance with LC-MS/MS 
mass spectrometry. We thank the Academic and Research 
Computing Support team, The University of Newcastle, 
who provided High Performance Computing Infrastructure 
to support the bioinformatics analyses.

Funding
This work was funded by the National Health and Medical 
Research Council (NHMRC), grant number APP1158344 
and funding from the University of Newcastle (awarded to 
L.B.S.) and Griffith University (awarded to L.B.S.). D.J.H. 
was funded by an NHMRC Investigator grant.

Author Contributions
B.M.L., D.R., and L.B.S. conceived and designed the study. 
B.M.L., D.A.S.B., S.P., I.A., and S.S. carried out the experiments. 

16                                                                                                                                                                Endocrinology, 2025, Vol. 166, No. 6
D

ow
nloaded from

 https://academ
ic.oup.com

/endo/article/166/6/bqaf078/8126777 by guest on 26 June 2025



B.M.L. analyzed the results and designed the figures. B.M.L., 
L.O.D., and L.B.S. wrote the manuscript, B.M.L., L.O.D., 
A.L.G, D.H., D.R., and L.B.S. revised the manuscript. L.B.S. 
provided funding for the study. All authors have read and agreed 
to the published version of the manuscript.

Disclosures
D.J.H. is an editorial board member for Endocrinology and 
played no role in the journal’s evaluation of the manuscript. 
There are no other disclosures to make.

Data Availability
Original data generated and analyzed during this study are in
cluded in this published article or in data repositories. The 
mass spectrometry proteomics data have been deposited to 
the ProteomeXchange Consortium via the PRIDE partner re
pository (41) with the dataset identifier PXD050748 and 
10.6019/PXD050748.

References
1. Geissler WM, Davis DL, Wu L, et al. Male pseudohermaphroditism 

caused by mutations of testicular 17β–hydroxysteroid dehydrogen
ase 3. Nat Genet. 1994;7(1):34-39.

2. O’Hara L, Smith LB. Androgen receptor roles in spermatogenesis 
and infertility. Best Pract Res Clin Endocrinol Metab. 
2015;29(4):595-605.

3. Gonçalves CI, Carriço J, Bastos M, Lemos MC. Disorder of sex de
velopment due to 17-beta-hydroxysteroid dehydrogenase type 3 de
ficiency: a case report and review of 70 different HSD17B3 
mutations reported in 239 patients. Int J Mol Sci. 2022;23(17): 
10026.

4. Lawrence BM, O’Donnell L, Smith LB, Rebourcet D. New insights 
into testosterone biosynthesis: novel observations from HSD17B3 
deficient mice. Int J Mol Sci. 2022;23(24):15555.

5. Mendonca BB, Gomes NL, Costa EM, et al. 46,XY disorder of sex 
development (DSD) due to 17β-hydroxysteroid dehydrogenase type 
3 deficiency. J Steroid Biochem Mol Biol. 2017;165(Pt A):79-85.

6. Rebourcet D, Mackay R, Darbey A, et al. Ablation of the canonical 
testosterone production pathway via knockout of the steroidogenic 
enzyme HSD17B3, reveals a novel mechanism of testicular testos
terone production. FASEB J. 2020;34(8):10373-10386.

7. Sipilä P, Junnila A, Hakkarainen J, et al. The lack of HSD17B3 in 
male mice results in disturbed Leydig cell maturation and endocrine 
imbalance akin to humans with HSD17B3 deficiency. FASEB J. 
2020;34(5):6111-6128.

8. Naamneh Elzenaty R, du Toit T, Flück CE. Basics of androgen syn
thesis and action. Best Pract Res Clin Endocrinol Metab. 
2022;36(4):101665.

9. van Weerden WM, Bierings HG, van Steenbrugge GJ, de Jong FH, 
Schröder FH. Adrenal glands of mouse and rat do not synthesize an
drogens. Life Sci. 1992;50(12):857-861.

10. Gannon AL, O’Hara L, Mason JI, et al. Androgen receptor signal
ling in the male adrenal facilitates X-zone regression, cell turnover 
and protects against adrenal degeneration during ageing. Sci Rep. 
2019;9(1):10457.

11. Huhtaniemi R, Oksala R, Knuuttila M, et al. Adrenals contribute to 
growth of castration-resistant VCaP prostate cancer Xenografts. 
Am J Pathol. 2018;188(12):2890-2901.

12. Adeniji AO, Chen M, Penning TM. AKR1C3 as a target in castrate 
resistant prostate cancer. J Steroid Biochem Mol Biol. 2013;137: 
136-149.

13. Byrns MC, Mindnich R, Duan L, Penning TM. Overexpression of 
aldo-keto reductase 1C3 (AKR1C3) in LNCaP cells diverts andro
gen metabolism towards testosterone resulting in resistance to the 

5α-reductase inhibitor finasteride. J Steroid Biochem Mol Biol. 
2012;130(1-2):7-15.

14. Lawrence BM, O’Donnell L, Gannon AL, et al. Compensatory 
mechanisms that maintain androgen production in mice lacking 
key androgen biosynthetic enzymes. FASEB J. 2024;38(22): 
e70177.

15. Sha J, Baker P, O’Shaughnessy PJ. Both reductive forms of 17 beta- 
hydroxysteroid dehydrogenase (types 1 and 3) are expressed during 
development in the mouse testis. Biochem Biophys Res Commun. 
1996;222(1):90-94.

16. Whiley PAF, O’Donnell L, Moody SC, et al. Activin A determines 
steroid levels and composition in the fetal testis. Endocrinology. 
2020;161(7):bqaa058.

17. Junnila A, Zhang FP, Martínez Nieto G, et al. HSD17B1 compen
sates for HSD17B3 deficiency in fetal mouse testis but not in adults. 
Endocrinology. 2024;165(6):bqae056.

18. Blanchard PG, Luu-The V. Differential androgen and estrogen sub
strates specificity in the mouse and primates type 12 17beta- 
hydroxysteroid dehydrogenase. J Endocrinol. 2007;194(2): 
449-455.

19. Suzuki H, Ozaki Y, Ijiri S, Gen K, Kazeto Y. 17β-Hydroxysteroid de
hydrogenase type 12a responsible for testicular 11-ketotestosterone 
synthesis in the Japanese eel, Anguilla japonica. J Steroid Biochem 
Mol Biol. 2020;198:105550.

20. Luu-The V, Tremblay P, Labrie F. Characterization of type 12 
17beta-hydroxysteroid dehydrogenase, an isoform of type 3 
17beta-hydroxysteroid dehydrogenase responsible for estradiol 
formation in women. Mol Endocrinol. 2006;20(2):437-443.

21. Bellemare V, Phaneuf D, Luu-The V. Target deletion of the bifunc
tional type 12 17β-hydroxysteroid dehydrogenase in mice results in 
reduction of androgen and estrogen levels in heterozygotes and em
bryonic lethality in homozygotes. Horm Mol Biol Clin Investig. 
2010;2(3):311-318.

22. Mazza C, Breton R, Housset D, Fontecilla-Camps JC. Unusual 
charge stabilization of NADP+in 17beta-hydroxysteroid dehydro
genase. J Biol Chem. 1998;273(14):8145-8152.

23. Rantakari P, Lagerbohm H, Kaimainen M, et al. Hydroxysteroid 
(17{beta}) dehydrogenase 12 is essential for mouse organogenesis 
and embryonic survival. Endocrinology. 2010;151(4):1893-1901.

24. Saloniemi T, Jokela H, Strauss L, Pakarinen P, Poutanen M. The di
versity of sex steroid action: novel functions of hydroxysteroid 
(17beta) dehydrogenases as revealed by genetically modified mouse 
models. J Endocrinol. 2012;212(1):27-40.

25. Skerrett-Byrne DA, Trigg NA, Bromfield EG, et al. Proteomic dis
section of the impact of environmental exposures on mouse seminal 
vesicle function. Mol Cell Proteomics. 2021;20:100107.

26. Skerrett-Byrne DA, Bromfield EG, Murray HC, et al. Time-resolved 
proteomic profiling of cigarette smoke-induced experimental 
chronic obstructive pulmonary disease. Respirology. 2021;26(10): 
960-973.

27. Skerrett-Byrne DA, Anderson AL, Hulse L, et al. Proteomic analysis 
of koala (Phascolarctos cinereus) spermatozoa and prostatic bod
ies. Proteomics. 2021;21(19):e2100067.

28. Skerrett-Byrne DA, Anderson AL, Bromfield EG, et al. Global pro
filing of the proteomic changes associated with the post-testicular 
maturation of mouse spermatozoa. Cell Rep. 2022;41(7):111655.

29. Smyth SP, Nixon B, Anderson AL, et al. Elucidation of the protein 
composition of mouse seminal vesicle fluid. Proteomics. 
2022;22(9):e2100227.

30. Mitchell RT, Mungall W, McKinnell C, et al. Anogenital distance 
plasticity in adulthood: implications for its use as a biomarker of fe
tal androgen action. Endocrinology. 2015;156(1):24-31.

31. Mahendroo MS, Cala KM, Hess DL, Russell DW. Unexpected vir
ilization in male mice lacking steroid 5 alpha-reductase enzymes. 
Endocrinology. 2001;142(11):4652-4662.

32. Nokelainen P, Peltoketo H, Vihko R, Vihko P. Expression cloning 
of a novel estrogenic mouse 17 beta-hydroxysteroid dehydrogen
ase/17-ketosteroid reductase (m17HSD7), previously described as 

Endocrinology, 2025, Vol. 166, No. 6                                                                                                                                                                17
D

ow
nloaded from

 https://academ
ic.oup.com

/endo/article/166/6/bqaf078/8126777 by guest on 26 June 2025



a prolactin receptor-associated protein (PRAP) in rat. Mol 
Endocrinol. 1998;12(7):1048-1059.

33. Torn S, Nokelainen P, Kurkela R, et al. Production, purification, 
and functional analysis of recombinant human and mouse 17beta- 
hydroxysteroid dehydrogenase type 7. Biochem Biophys Res 
Commun. 2003;305(1):37-45.

34. Tan K, Song HW, Wilkinson MF. Single-cell RNAseq analysis of 
testicular germ and somatic cell development during the perinatal 
period. Development. 2020;147(3):dev183251.

35. O’Shaughnessy PJ, Baker PJ, Heikkila M, Vainio S, McMahon AP. 
Localization of 17beta-hydroxysteroid dehydrogenase/17-ketosteroid 
reductase isoform expression in the developing mouse testis–andro
stenedione is the major androgen secreted by fetal/neonatal leydig 
cells. Endocrinology. 2000;141(7):2631-2637.

36. Jokela H, Rantakari P, Lamminen T, et al. Hydroxysteroid (17beta) 
dehydrogenase 7 activity is essential for fetal de novo cholesterol 
synthesis and for neuroectodermal survival and cardiovascular dif
ferentiation in early mouse embryos. Endocrinology. 2010;151(4): 
1884-1892.

37. Liu H, Robert A, Luu-The V. Cloning and characterization of hu
man form 2 type 7 17beta-hydroxysteroid dehydrogenase, a pri
marily 3beta-keto reductase and estrogen activating and androgen 
inactivating enzyme. J Steroid Biochem Mol Biol. 2005;94(1-3): 
173-179.

38. Marijanovic Z, Laubner D, Moller G, et al. Closing the gap: iden
tification of human 3-ketosteroid reductase, the last unknown en
zyme of mammalian cholesterol biosynthesis. Mol Endocrinol. 
2003;17(9):1715-1725.

39. Jameson SA, Natarajan A, Cool J, et al. Temporal transcriptional 
profiling of somatic and germ cells reveals biased lineage priming 
of sexual fate in the fetal mouse gonad. PLoS Genet. 2012;8(3): 
e1002575.

40. Shehu A, Mao J, Gibori GB, et al. Prolactin receptor-associated pro
tein/17beta-hydroxysteroid dehydrogenase type 7 gene (Hsd17b7) 
plays a crucial role in embryonic development and fetal survival. 
Mol Endocrinol. 2008;22(10):2268-2277.

41. Perez-Riverol Y, Bai J, Bandla C, et al. The PRIDE database resour
ces in 2022: a hub for mass spectrometry-based proteomics eviden
ces. Nucleic Acids Res. 2022;50(D1):D543-d552.

18                                                                                                                                                                Endocrinology, 2025, Vol. 166, No. 6
D

ow
nloaded from

 https://academ
ic.oup.com

/endo/article/166/6/bqaf078/8126777 by guest on 26 June 2025



 



Co-author signatures: 
 
 
 

 

X X 
Dr. Liza O'Donnell Dr. Anne-Louise Gannon 

 
 
 
 
 
 

 

X X 
Dr. David A. Skerrett-Byrne Miss Shanmathi Parameswaran 

 
 
 
 
 
 

 

X X 
Miss Imogen Abbott Mrs Sarah Smith 

 
 
 
 
 
 

 

X X 
Prof. David J. Handelsman Dr. Diane Rebourcet 



Citation: Lawrence, B.M.; O’Donnell,

L.; Smith, L.B.; Rebourcet, D. New

Insights into Testosterone

Biosynthesis: Novel Observations

from HSD17B3 Deficient Mice. Int. J.

Mol. Sci. 2022, 23, 15555. https://

doi.org/10.3390/ijms232415555

Academic Editor: Chuen Yan Cheng

Received: 8 November 2022

Accepted: 6 December 2022

Published: 8 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

New Insights into Testosterone Biosynthesis: Novel
Observations from HSD17B3 Deficient Mice
Ben M. Lawrence 1,* , Liza O’Donnell 1, Lee B. Smith 1,2,3 and Diane Rebourcet 1,*

1 College of Engineering, Science and Environment, The University of Newcastle,
Callaghan, NSW 2308, Australia

2 Office for Research, Griffith University, Southport, QLD 4222, Australia
3 MRC Centre for Reproductive Health, The Queen’s Medical Research Institute, University of Edinburgh,

Edinburgh EH16 4TJ, UK
* Correspondence: ben.lawrence@uon.edu.au (B.M.L.); diane.rebourcet@newcastle.edu.au (D.R.)

Abstract: Androgens such as testosterone and dihydrotestosterone (DHT) are essential for male sexual
development, masculinisation, and fertility. Testosterone is produced via the canonical androgen
production pathway and is essential for normal masculinisation and testis function. Disruption to
androgen production can result in disorders of sexual development (DSD). In the canonical pathway,
17β-hydroxysteroid dehydrogenase type 3 (HSD17B3) is viewed as a critical enzyme in the production
of testosterone, performing the final conversion required. HSD17B3 deficiency in humans is associated
with DSD due to low testosterone concentration during development. Individuals with HSD17B3
mutations have poorly masculinised external genitalia that can appear as ambiguous or female, whilst
having internal Wolffian structures and testes. Recent studies in mice deficient in HSD17B3 have
made the surprising finding that testosterone production is maintained, male mice are masculinised
and remain fertile, suggesting differences between mice and human testosterone production exist. We
discuss the phenotypic differences observed and the possible other pathways and enzymes that could
be contributing to testosterone production and male development. The identification of alternative
testosterone synthesising enzymes could inform the development of novel therapies to endogenously
regulate testosterone production in individuals with testosterone deficiency.

Keywords: androgens; testosterone; HSD17B3; enzymes; canonical pathway

1. Background

Androgens are steroid hormones critical for male sexual development, masculinisa-
tion, spermatogenesis, and general lifelong male health [1–3]. Disruptions to androgen
production at any point during life can result in complications contributing to lower quality
of life and premature death [2,3].

Androgen biosynthesis is a complex process that occurs in the highly specialised Ley-
dig cells, in the interstitial space of the testis. Androgen biosynthesis involves a succession
of enzymatic reactions converting steroid precursors to the biologically active androgens
testosterone and the more potent dihydrotestosterone (DHT). Like all steroid hormones,
cholesterol is the initial precursor required to make androgens. Therefore, a constant supply
is needed for the Leydig cells. Free cholesterol can be derived from (i) de novo cholesterol
synthesis, (ii) from the hydrolysis of stored cholesterol esters in lipids, or (iii) from lipopro-
teins circulating in the serum. It has been demonstrated in mice and rats that the preferred
source of cholesterol for steroidogenesis is de novo synthesis [4,5]. Sourcing free cholesterol
allows the Leydig cells to begin the process of synthesising androgens.

The first step in steroidogenesis is the conversion of cholesterol into pregnenolone and
this process occurs in the inner membrane of the mitochondria of the Leydig cells [6,7].
The binding of luteinising hormone (LH) to the luteinising hormone/choriogonadotropin
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receptor (LHCGR) causes an increase in the phosphorylation of the steroidogenic acute reg-
ulatory (StAR) protein which regulates the transfer of cholesterol to the inner mitochondrial
membrane. Cholesterol side-chain cleavage enzyme, CYP11A1 (P450scc), then converts
cholesterol into pregnenolone (Figure 1) [7]. Pregnenolone leaves the mitochondria by
passive diffusion and all subsequent androgen biosynthesis steps occur in the smooth
endoplasmic reticulum of the cell [8].
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Figure 1. The current understanding of the canonical and alternate pathways of androgen biosynthe-
sis. Independent of which pathway is used (black arrow), all androgens originate from cholesterol
and are converted by multiple enzymes to produce the active androgens testosterone and dihy-
drotestosterone (DHT). The canonical pathway produces testosterone, which can act directly on the
androgen receptor or be used as a precursor to the more potent androgen DHT. The alternate pathway
(green arrows enclosed by the dotted line) can synthesise DHT, bypassing the need for testosterone
synthesis. The canonical pathway includes ∆4 and ∆5 pathways; humans favour the ∆5 pathway
(yellow arrows), whereas mice preference the ∆4 pathway (red arrows). Created with BioRender.com
(accessed on 31 October 2022).

Within the canonical pathway of androgen biosynthesis (Figure 1), pregnenolone and
progesterone are converted to 17OH-pregnenolone and 17OH-progesterone, respectively,
by the 17α-hydroxylase activity of CYP17A1 [9]. The 17,20 lyase activity of CYP17A1 then
converts 17OH-pregnenolone and 17OH-progesterone into DHEA and androstenedione, re-
spectively [9,10]. HSD17B3, which is exclusively expressed in the testes, can convert DHEA
into androstenediol, or androstenedione into the biologically active androgen testosterone.
HSD3B1/2 can convert pregnenolone, 17OH-pregnenolone, DHEA and androstanediol
into progesterone, 17OH-progesterone, androstenedione, and testosterone, respectively.

The canonical pathway can be divided into the ∆4 and ∆5 pathways, with primary
usage depending on animal species (Figure 1). Humans and primates predominantly
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use the ∆5 route for the conversions required from pregnenolone through to DHEA,
with less contribution to the ∆4 route. This is due to the human 17,20 lyase activity
of CYP17A1, which has a significantly higher preference towards 17OH-pregnenolone over
17OH-progesterone [10,11]. In contrast, rodents primarily utilize the ∆4 pathway as their
CYP17A1 has a stronger affinity towards 17OH-progesterone [10,11].

Free testosterone diffuses into cells and binds to the androgen receptor (AR) to induce
androgen-dependent genomic and non-genomic pathways [12]. It can also be transported
in circulation by the carrier proteins, sex hormone binding globulin (SHBG) in humans [13],
and androgen binding protein in rodents [14]. These proteins transport testosterone to
androgen target organs where it can then be converted by steroid-5alpha-reductase (SRD5A)
enzymes to DHT. The enzyme that produces DHT is dependent on the tissue as SRD5A1
is the major isoform detected in non-reproductive tissues, such as the liver and skin,
whereas SRD5A2 is predominantly expressed in the reproductive organs [15]. Both SRD5A
enzymes catalyse this reaction but differ in their substrate affinity and other biochemical
properties [16].

While HSD17B3 is the critical enzyme for testosterone production, studies in mice
have shown it is not expressed by fetal Leydig cells, and instead is expressed by fetal Sertoli
cells during sexual development [17,18]. Therefore, in the mouse, fetal Leydig cells are
responsible for producing the androgen precursor, androstenedione, and the fetal Sertoli
cells are responsible for catalysing the conversion to testosterone [18]. During postnatal
development however, Sertoli cells lose the expression of HSD17B3 and immature Leydig
cells differentiate into adult Leydig cells [18]. Leydig cell differentiation results in the
expression of steroidogenic enzymes, including HSD17B3, enabling the adult Leydig cells
to become the primary site of testosterone synthesis under gonadotrophin stimulation from
puberty and throughout adulthood [19,20].

2. Human HSD17B3 Deficiency

HSD17B3 deficiency is the most common disorder of androgen synthesis, with 70 re-
ported mutations in humans that result in a disorder of sexual development (DSD) phe-
notype [21,22]. This disorder is caused by a genetic mutation in the HSD17B3 gene and
results in perturbed sexual differentiation in males as it prevents the sufficient reduction
of androstenedione into testosterone. Whilst genetic testing can confirm HSD17B3 loss-of-
function mutations, hormone profiling is used as a diagnostic hallmark, where abnormally
high androstenedione to testosterone ratios is seen, with androstenedione being 10 times
higher than normal, indicative of reduced HSD17B3 function [21,23–25].

46,XY DSD humans with a loss-of-function mutation in HSD17B3 present with external
genitalia that are under-masculinised, appearing as either ambiguous or as female, with
a blind vaginal pouch. As a result of the human body’s default setting to develop female
external structures without appropriate androgen action, many individuals with this
condition are raised as female and diagnosis is often missed during infancy. Interestingly,
internally testes are present, which are commonly smaller, undescended (cryptorchidism)
and located in the inguinal or intraabdominal regions [21]. Wolffian structures are also
present, including epididymis, vas deferens and seminal vesicles. As the Wolffian structures
are androgen-dependent, this indicates that low levels of testosterone continue to be
produced [21].

One of the more curious observations seen in individuals with HSD17B3 deficiency
is that they, to some extent, undergo late-onset virilisation during puberty and it is at
this time when most cases are diagnosed. At time of puberty, 46,XY individuals raised as
female may seek medical attention due to amenorrhea or due to virilisation. The extent of
virilisation at puberty can vary according to the mutation but may include developing male
characteristics such as deepening of the voice, heightened body hair, defined male body
structure and clitoromegaly, resembling a micropenis [21,25–27]. Due to these individuals
having some level of androgen action during puberty and low levels of testosterone
present, it is suggested that HSD17B3 is not solely responsible for testosterone production
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in humans during puberty and there may be other 17β-hydroxysteroid dehydrogenase
enzymes involved [21]. HSD17B5, also known as AKR1C3, is expressed in peripheral tissues
and can be a source of peripheral conversion in some disease states, including prostate
cancer [21,28,29]. Therefore, it has been postulated that the circulating testosterone present
may be produced in peripheral tissues, rather than in the testes [21]. Another explanation
for the late-onset virilisation is that not all HSD17B3 mutations render HSD17B3 completely
inactive, and residual HSD17B3 may function to convert low amounts of androstenedione
into testosterone, followed by SRD5A enzymes becoming more highly expressed at puberty
where they can synthesise DHT [21,30].

Regardless of the extent of virilisation that occurs, HSD17B3-deficient individuals
are infertile [31]. This highlights the importance of the human canonical pathway and
the role of human HSD17B3 in male sexual development, testosterone production and
testis function.

3. Transgenic Mouse Models of HSD17B3 Deficiency

Transgenic mouse models can be utilised to dissect androgen biosynthesis, the roles
of steroidogenic enzymes, and provide hypotheses for testing in human disorders. The
complexities of the steroidogenic pathways (Figure 1) make it challenging to predict out-
comes of in vivo models. Development of in silico modelling using the modified Edinburgh
pathway notation (mEPN), and the network editing softwares yED and BioLayout, has
been useful in displaying the steroidogenesis pathway and for predicting logical hypothe-
ses [32]. These tools have the potential to be used to model different signalling pathways in
a multitude of contexts. Both human and rodent steroidogenic pathways in the testis have
been modelled using this in silico approach and have been adapted to portray HSD17B3
deficiency [32,33]. In silico modelling of HSD17B3 deficiency in rodents predicted an-
drostenedione production would increase as Leydig cells mature and no testosterone
would be produced [32]. Therefore, a similar phenotype in rodents was expected to that
seen in humans with HSD17B3 deficiency.

Since the in silico model establishment of the HSD17B3 deficiency in mice, two in-
dependent research groups have now reported the phenotypes of independently derived
Hsd17b3-deficient mouse lines [17,34]. These models were designed to mimic the human
mutation causing HSD17B3 deficiency by blocking the conversion of androstenedione to the
active androgen testosterone, subsequently causing disruption to the canonical androgen
production pathway.

Matching the diagnostic hallmark of HSD17B3 deficiency in human males, and the in
silico model, HSD17B3 knockout (KO) male mice had a significantly higher androstene-
dione to testosterone ratio, indicating that the canonical pathway of androgen production
was disrupted [17,34].

Surprisingly though, unlike in humans, male HSD17B3 KO mice remain virilised at
birth and can be identified from female littermates [17,34]. Decreased anogenital distance
is observed in HSD17B3 KO male mice compared to wild-type males, however, it is not
reduced to that seen in females [17,34]. The smaller anogenital distance indicates that
HSD17B3 KO mice have reduced, but not absent, androgen action during a key fetal
developmental timepoint known as the masculinisation programming window [35].

Further examination of HSD17B3 KO mice revealed that unlike in human males with
HSD17B3 deficiency, mice had no major impact on reproductive development [17,34]. Sip-
ila et al. showed a decrease in seminiferous tubule diameter and in testis weight at ~1
and 3 months of age, however, in contrast Rebourcet et al. did not see any testis weight
difference in adulthood [17,34]. As seminiferous tubules make up approximately 90% of
the testis, a decrease in testis weight is a key indicator of reduced spermatogenesis. Sur-
prisingly though and in contrast to humans, HSD17B3 KO male mice display normal
spermatogenesis and remain fertile, something that has widely been accepted to be fun-
damentally dependent upon the 17-ketosteroid reductase activity of HSD17B3, and its
ability to produce testosterone. The decrease in tubule diameter observed by Sipila and
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colleagues was more prevalent in mice aged 4 weeks [34], prior to the commencement of
spermatogenesis, compared to 3-month-old mice, suggesting that the development of the
testis may be delayed, rather than spermatogenesis itself. As testosterone is absolutely
required for spermatogenesis [36], this indicates that testosterone is being produced to
acceptable levels in the HSD17B3 KO mice.

Hormone profiling of HSD17B3 KO adult male mice revealed a marked increase in
circulating and intratesticular androstenedione, likely due to a reduced ability to convert
this substrate into testosterone [17,34]. Other androgen precursors are also increased in
HSD17B3 KO males, including progesterone and 17OH-progesterone, suggesting a backlog
of androgen precursors within the pathway [17,34]. Importantly, intratesticular testosterone
levels were unchanged, and circulating testosterone and DHT were significantly increased
in HSD17B3 KO adult males [17,34]. Circulating LH was also increased, along with in-
creased transcription of Lhcgr, StAR, Cyp11a1 and Cyp17a1 [17,34]. The increased circulating
testosterone, LH, and upregulation of steroidogenic biosynthetic enzymes indicate that
the hypothalamic-pituitary-gonadal axis, which functions as a negative feedback loop, is
dysregulated in these mice. As the hypothalamic-pituitary-gonadal axis is programmed by
actions of testosterone and kisspeptin signalling during fetal development, this negative
feedback axis may be impacted due to abnormal androgen action during fetal development,
however this proposition has not been confirmed [17,37,38].

As HSD17B3 KO males remain fertile, with quantitatively and qualitatively normal sper-
matogenesis [34], along with a maintenance of intratesticular testosterone [17,34], this suggests
the existence of a compensatory mechanism in mice which maintains testosterone production in
the absence of HSD17B3. However, the enzyme(s) responsible remains unknown.

The maintenance of testicular testosterone production in the absence of HSD17B3
in mice [17,34] contradicts the predicted testosterone levels portrayed by the in silico
model [32], strongly suggesting the existence of other unrecognised androgen biosynthetic
enzymes that contribute to testicular testosterone production. These results highlight the
utility of transgenic mouse models for identifying and elucidating the roles of specific
steroidogenic enzymes and androgens, and suggest that the in silico models of steroidogen-
esis need more information to accurately predict steroidogenic output in a given context.

The results of Sipila et al. and Rebourcet et al. demonstrate that HSD17B3 does not
encapsulate the entirety of testosterone production in mice [17,34]. Other pathways or
enzymes, particularly those within the HSD17B family, may influence or be involved in
testosterone production, and are potential candidates that could compensate for the loss of
HSD17B3 action.

4. Possible Explanations for Continued Testosterone Production in
HSD17B3-Deficient Mice
4.1. The Role of the Adrenal Gland in Androgen Production

Whilst the majority of androgens are produced in the testis, approximately 5% of
human androgens are synthesised in the zona reticularis of the human adrenal cortex.
This is an alternative source for androgens, such as DHEA and androstenedione, how-
ever, these have a low affinity for AR and are considered to be weak androgens [39].
However, these androgen precursors can be transported to other tissues where they are
metabolised via the canonical or alternate androgen pathways to produce more potent
androgens, specifically testosterone and DHT (Figure 1). The human adrenal cortex can also
synthesise 11-oxygenated 19-carbon steroids such as 11β-hydroxyandrostenedione and 11β-
hydroxytestosterone utilising the enzyme CYP11B1 [40], however these are modifications
of androstenedione and testosterone.

There are species differences between human and mouse adrenal function. In fact, the
mouse adrenal is often overlooked as an androgen-producing organ because the CYP17A1
enzyme, important for 17,20 lyase activity in androgen production, is silenced early on in
mouse development [41]. Therefore, while the human adrenal gland can produce some
androgens, the lack of CYP17A1 in the mouse adrenal greatly reduces its capacity for andro-
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gen production [41]. Further, 11-oxygenated steroids that are prevalent in humans, are at
undetectable concentrations in mouse circulation [42]. It is however possible that the mouse
adrenal gland could produce androgens from circulating testis-derived androstenedione.
The adrenal gland expresses the enzyme HSD17B5, which could be involved in converting
some of the high circulating androstenedione to testosterone.

To determine if the mouse adrenal gland can compensate for the lack of HSD17B3 by
producing testosterone and DHT, Sipila et al. measured androgen concentrations after an
adrenalectomy [34]. Surprisingly, the results showed that circulating testosterone and DHT
in adrenalectomized HSD17B3 KO mice further increased, ruling out the adrenal gland
as the site of continued androgen production [34]. This finding supports observations in
human HSD17B3 deficiency cases, as adrenal steroid biosynthesis remains normal in males
with HSD17B3 deficiency [43].

4.2. Androgen Biosynthesis in Peripheral Tissues

Local conversion of androgens also occurs in peripheral tissues, making them another
potential source of androgen production [44]. SRD5A enzymes are expressed in peripheral
tissues and can convert testosterone to the more potent androgen DHT.

11β-hydroxysteroids synthesised in the human adrenal gland can be converted to
11-keto androgens, predominantly occurring in peripheral tissues, and these can have
androgen activity by acting on AR [45]. There is emerging evidence that the 11-keto andro-
gens, including 11-ketotestosterone and 11-keto-DHT, play a role in male physiology in
both humans and mice, however, whether they have a role in postnatal testis function is not
established [40,46,47]. Whilst 11-keto-testosterone has been detected in both humans [45]
and mice [48], 11-keto-testosterone is another modification of testosterone and therefore
does not explain the testosterone synthesis in the HSD17B3 deficient mice [17,34]. However,
the role of 11-keto androgens in mice may be amplified and contribute to some of the
phenotypic characteristics observed in these mice.

The increased circulating testosterone with unchanged intratesticular levels suggests
testosterone synthesis could be occurring in the peripheral tissue of HSD17B3 KO mice.
Enzymes expressed in the periphery, such as HSD17B5, are potential candidates that may
be responsible. HSD17B5 can convert androstenedione to testosterone and is the major
enzyme that performs this conversion in the prostate [28]. HSD17B5 is overexpressed in
cancers, including castrate-resistant prostate cancer, resulting in increased testosterone
production [44]. Therefore, it can be postulated that HSD17B5 may become overexpressed
in peripheral tissues following HSD17B3 ablation.

To further investigate the source of androgens, Sipila and colleagues also performed
intra-tissue steroid analysis on the testis and peripheral tissues including epididymis,
prostate, adrenal, liver, kidney, adipose tissue, and spleen [34]. These results demonstrated
some, although minimal, testosterone levels in peripheral tissues of HSD17B3 KO mice, and
high levels in the testis, indicating that testosterone synthesis in the absence of HSD17B3 is
likely to be of testicular origin [34].

4.3. The Alternate “Backdoor” Pathway

The functionality of the canonical pathway is essential for testosterone production, however,
it does not encapsulate the entirety of androgen biosynthesis. In 2003, Wilson et al. discovered a
new androgen biosynthesis pathway in the tammar wallaby, where DHT is produced utilising
steroid precursors, bypassing the need for testosterone synthesis (Figure 1) [49,50]. Since
this discovery, the alternate pathway, commonly known as the backdoor pathway, has been
identified in other species including both mice and humans [51–53].

Androgen precursors produced in the canonical pathway are converted into the
alternate pathway by SRD5A1 and SRD5A2 enzymes (Figure 1). Although the canonical
and alternate pathways have been investigated individually, it is unknown whether these
pathways function independently, or in combination.
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It is now clear that masculinisation during human fetal development is dependent
on both the canonical and alternate androgen biosynthesis pathways [54]. Confirming
the importance of the alternate pathway, Flück et al. demonstrated that mutations to en-
zymes specific for the alternate pathway (AKR1C2/4) show perturbed sexual development
resulting in DSD, even when the canonical pathway remains intact [52,54,55]. Further,
O’Shaughnessy et al. recently showed that androsterone, an alternate pathway androgen,
was a major precursor found in human male fetuses, with significantly higher circulating
concentration compared to females [56]. This study also demonstrated that during human
fetal development, the alternate pathway predominantly functions in peripheral nongo-
nadal tissues including the placenta, liver and adrenal, indicating that tissues other than
the testes contribute to masculinisation [56]. Masculinisation gender differences during
fetal development due to the alternate pathway is likely due to CYP17A1 expression, with
expression occurring in the testis and adrenal [56]. Taken together, these studies indicate
that the alternate pathway is important in male physiology, as evidenced by its requirement
during key developmental timepoints. As the conversion of testosterone to the more potent
DHT is important for the development of external genitalia [57], the non-developed male
genitalia in human HSD17B3 deficient individuals suggests that the alternate pathway
alone cannot compensate for the canonical pathway during fetal life. Therefore, both the
canonical and alternate pathways are required for appropriate male sexual development,
however, the specific interactions are unclear.

As DHT is largely responsible for the virilisation of external tissues, the alternate
pathway may be responsible for the virilisation of tissues during puberty, rather than the
canonical pathway. This is a possible explanation for the virilisation observed in HSD17B3
deficient humans during puberty, as it does not require testosterone to be produced,
however this hypothesis has not been tested.

Whether the alternate pathway compensates for the canonical pathway in the absence
of HSD17B3 in mice is currently unknown. The increased DHT production in HSD17B3
KO male mice may suggest the alternate pathway could be compensating for the canon-
ical pathway to promote androgen action, by maintaining peripheral levels of DHT that
can support normal androgen function [34]. Unfortunately, alternate pathway androgen
precursors were not measured in either model so this theory cannot be confirmed at this
stage. Then again, the increased levels of DHT [34] could be a result of the increased
levels of circulating testosterone [17,34] from the canonical pathway, being converted into
DHT. Regardless of whether the alternate pathway is compensating or not, this does not
explain the continued testosterone production in the HSD17B3 KO mice and their ability to
reproduce [17,34].

4.4. Other 17β-hydroxysteroid Dehydrogenases: Implications for Testosterone Synthesis

The HSD17B family consists of multiple subtypes that either reduce and/or oxidise
precursors to convert them into other steroids. The amino acid sequence of reductive
HSD17B enzymes is generally well conserved across human and mouse species, indicating
that they originated from a common ancestor (Table 1). Therefore, it seems likely that
some HSD17B enzymes may have overlapping functions and could be candidates to
be compensatory mechanisms during the loss of HSD17B3. The homology of protein
sequences has been assessed using protein BLAST (https://blast.ncbi.nlm.nih.gov (accessed
on 26 October 2022)) to compare the amino acid sequence of mouse HSD17B3 with other
reductive mouse HSD17B enzymes (Table 2).

https://blast.ncbi.nlm.nih.gov
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Table 1. Amino acid sequence homology of HSD17B enzymes between human and mouse.

HSD17B Subtype
Amino Acid

Sequence Homology
(%)

Preferred Functions

HSD17B1 68.29 Estrogen synthesis
E1 → E2

HSD17B3 73.2 Androgen synthesis
A4 → T

HSD17B5
(Human AKR1C3)
(Mouse AKR1C6)

75.54 Prostaglandin synthesis

HSD17B7 78.01
Cholesterol synthesis

Estrogen synthesis
E1 → E2

HSD17B9
(Mouse HSD17B6) 47.17 Retinoid metabolism

HSD17B12 81.09
Fatty acid elongation

Estrogen synthesis
E1 → E2

E1 = Estrone, E2 = Estradiol, A4 = Androstenedione, T = Testosterone.

Table 2. Amino acid sequence homology of mouse HSD17B3 with other mouse HSD17B enzymes.

Mouse HSD17B
Subtype

Amino Acid Sequence Homology
Compared to Mouse HSD17B3

(% Identical)
Reductive Capacity Shown to Convert

A4 → T

HSD17B1 24.26 Yes [58] Yes [59,60]

HSD17B5
(Mouse AKR1C6) No significant similarity found Yes [44] Yes [28,44]

HSD17B7 26.85 Yes [61] N/A

HSD17B9
(Mouse HSD17B6) 28.79 Yes [62] N/A

HSD17B12 40.27 Yes [58] Yes [63]

A4 = Androstenedione, T = Testosterone.

Current literature dictates that in the testis, the canonical pathway of androgen produc-
tion employs HSD17B3 as the critical enzyme for androstenedione reduction to testosterone.
However, there are other known HSD17B enzymes capable of performing this reaction,
including; HSD17B1 [64], HSD17B5 [28] and HSD17B12 [63]. Although these enzymes can
carry out this function, it is with less efficiency compared to HSD17B3 [65].

HSD17B1 is viewed largely as an estrogenic enzyme, with its major function being
the enzyme that catalyses the conversion of estrone to the more potent estrogen, estradiol.
However, it has also been shown to have testosterone synthesising capabilities [66]. While
HSD17B3 in Leydig cells is considered as the predominant enzyme responsible for testos-
terone synthesis in males, the situation is more complex during fetal testis development
with both fetal Sertoli cells and fetal Leydig cells being required for testosterone synthe-
sis [64]. In the fetal mouse testis, there is increasing evidence supporting that HSD17B1
and HSD17B3 both contribute to testicular testosterone production [18,47,64,66]. Human
HSD17B1 can also convert androstenedione into testosterone, however, is less efficient com-
pared to the mouse enzyme [47,67]. Virilisation during fetal development in the HSD17B3
KO male mice could be a result of the fetal Sertoli cells expressing HSD17B1, and as mouse
HSD17B1 is more efficient at synthesising testosterone compared to human HSD17B1, this
may partly explain the differences in the phenotype amongst the species [64,66]. Whether
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androgen action as a result of HSD17B1 activity is also true for the human fetal testis is un-
clear, however there is evidence for the preferential expression of HSD17B1 and HSD17B3
in human fetal Sertoli cells compared to Leydig cells [47]. While HSD17B1 is expressed
in the mouse testis during fetal development, this expression is reduced to undetectable
levels in adulthood [17,18,59,66]. Hakkarainen et al. demonstrated that HSD17B1 is re-
quired for normal steroid synthesis and spermatogenesis [66]. This study showed that in
HSD17B1 KO male mice, HSD17B3 is up-regulated to compensate at 1 day postpartum and
interestingly, continues to be up-regulated at 3 months of age (when HSD17B1 is normally
undetectable) [66], likely to maintain testosterone production.

HSD17B5 is a multi-functional aldo-keto reductase enzyme that is involved in andro-
gen, estrogen, progestin, and prostaglandin synthesis [68]. HSD17B5 is undetectable in
the mouse testis and shows low expression in the human testis, yet is highly expressed in
peripheral tissues [18,69]. While Hsd17b5 was undetectable in the testis of HSD17B3 KO
mice [17], its abundant expression in the periphery suggests HSD17B5 could be contribut-
ing to testosterone synthesis across multiple tissues as previously discussed. However, as
a large proportion of testosterone in HSD17B3 KO adult mice is likely derived from the
testis [34], HSD17B5 may be accompanied by other enzymes.

HSD17B12 is ubiquitously expressed throughout the body, including in the Leydig cells,
throughout all life stages and is considered as a multi-functional enzyme predominantly in-
volved in estradiol synthesis and the elongation of very long chain fatty acids [70]. Alongside
HSD17B12’s major functions, mouse HSD17B12 has been shown in vitro to convert androstene-
dione to testosterone, and HSD17B12 in the Japanese eel synthesises 11-ketotestosterone, a
predominant androgen in fish, from 11-ketoandrostenedione, suggesting that this function is
conserved across some species [71]. However, human HSD17B12 is less efficient at converting
androstenedione into testosterone [58,63]. The human HSD17B12 protein is highly specific for
reducing estrone to estradiol, however, a single amino acid change of a bulky phenylalanine
to a smaller leucine in mouse HSD17B12 impacts the binding site, making mouse HSD17B12
less specific, allowing more substrates (including androstenedione) to enter the active site [63].
This amino acid difference could explain the phenotypic differences seen between mouse and
human. Consistent with the suggestion from Rebourcet et al. that mouse HSD17B12 could be
compensating for the loss of HSD17B3 activity in HSD17B3 KO males [17], mice heterozygous
for HSD17B12 have reduced levels of circulating testosterone, however, this could be a biproduct
as a result of HSD17B12’s other functions [70]. Hsd17b12 transcript expression in the testes of
HSD17B3 KO males are slightly elevated [17]. However, as androstenedione and testosterone
can be converted into estrogens by the enzyme aromatase (Cyp19a1), and because circulating
androstenedione and testosterone is increased in HSD17B3 KO mice, this slight increase in
Hsd17b12 could also be due to a heightened conversion of estrogens, which is HSD17B12’s
primary function.

Other reductase enzymes including mouse HSD17B6 and HSD17B7 have not been
shown to convert androstenedione into testosterone, however, their ability to produce
testosterone cannot be ruled out and would require further investigation. There is also
the possibility that there are undiscovered HSD17B enzymes in the mouse that could be
catalysing the reaction forming testosterone.

5. Concluding Remarks and Future Perspective

HSD17B3 has long been thought to be the main testosterone biosynthetic enzyme in
adult males and required for sexual development and fertility. HSD17B3 loss-of-function
mutations in humans results in perturbed male sexual differentiation [22], however, recent
ground-breaking studies have revealed that ablation of the canonical pathway in transgenic
mice deficient in HSD17B3, has little impact on male development and fertility [17,34].
These HSD17B3 KO mouse models demonstrate the presence of species differences in
androgen production and highlight the challenges that scientists experience when trying to
study human disorders. While mice function similarly to humans, future studies involv-
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ing the modelling of human androgen-related disorders in mice must acknowledge and
consider the species differences.

The preservation of testosterone production and fertility in mice lacking HSD17B3
highlights the complexity of androgen biosynthesis and that the current view of mouse
testosterone production is incomplete. The phenotypic differences observed between
mice and humans with HSD17B3 deficiency could be a result of one or a combination of
mechanisms, such as adrenal or other peripheral tissue androgen production, alternate
pathway compensation, or testosterone production due to other HSD17B enzymes. The
identification of compensatory mechanisms for androgen production is required and could
provide novel insights into how androgens, specifically testosterone, are synthesised,
and this will allow for more accurate models of human androgen-related disorders to
be developed.
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Abstract
Testosterone and dihydrotestosterone (DHT) are essential for male development 
and fertility. In the canonical androgen production pathway, testosterone is pro-
duced in the testis by HSD17B3; however, adult male Hsd17b3 knockout (KO) 
mice continue to produce androgens and are fertile, indicating compensatory 
mechanisms exist. A second, alternate pathway produces DHT from precursors 
other than testosterone via 5α-reductase (SRD5A) activity. We hypothesized that 
the alternate pathway contributes to androgen bioactivity in Hsd17b3 KO mice. 
To investigate contributions arising from and interactions between the canoni-
cal and alternate pathways, we pharmacologically inhibited SRD5A and ablated 
Srd5a1 (the predominant SRD5A in the testis) on the background of Hsd17b3 
KO mice. Mice with perturbation of either the canonical or both pathways ex-
hibited increased LH, testicular steroidogenic enzyme expression, and normal 
reproductive tracts and fertility. In the circulation, alternate pathway steroids 
were increased in the absence of HSD17B3 but were reduced by co-inhibition of 
SRD5A1. Mice with perturbations of both pathways produced normal basal levels 
of intratesticular testosterone, suggesting the action of other unidentified hydrox-
ysteroid dehydrogenase(s). Strikingly, testicular expression of another SRD5A 
enzyme, Srd5a2, was markedly increased in the absence of Hsd17b3, suggesting 
a compensatory increase in SRD5A2 to maintain androgen bioactivity during 
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1   |   INTRODUCTION

Male development, fertility, lifelong health, and well-being 
are androgen-dependent. Perturbed androgen action in 
men is linked with infertility/low sperm counts1 and an 
increased risk of developing chronic and age-related con-
ditions, including cardiovascular disease, diabetes, obesity, 
and metabolic syndrome.2,3 The androgen testosterone and 
its 5α-reduced derivative dihydrotestosterone (DHT) are key 
drivers of male sexual development and function. In males, 
testosterone is predominantly synthesized by Leydig cells 
in the testes via a single testis-specific 17-ketosteroid re-
ductase enzyme, HSD17B3. Testosterone and DHT both act 
through the androgen receptor (AR) to promote androgen-
dependent gene transcription; however, DHT has a higher 
affinity for and dissociates more slowly from the AR and 
thus is a more potent androgen than testosterone.4

Androgen biosynthesis occurs via multiple path-
ways (Figure  1). The canonical pathway involves the 
synthesis of testosterone from androstenedione, which 
can then be converted to DHT by steroid 5α-reductase 
(SRD5A) enzymes.5–7 In contrast, the alternate path-
way utilizes steroid precursors other than testosterone 
to produce DHT.5,7,8 This pathway was first discovered 
in the tammar wallaby9,10 and has since been confirmed 
in many species, including mice and humans.7,11–14 The 
alternate pathway entry point utilizes SRD5A to convert 
the precursors progesterone, 17OH-progesterone, and 
androstenedione from the canonical pathway into the 
alternate pathway, producing 5α-dihydroprogesterone, 
17OH-dihydroprogesterone, and androstanedione, re-
spectively (Figure  114). The aldo-keto reductase family 
1 member C enzymes (AKR1C1–4), the CYP17A1 en-
zyme, and HSD17B6 then convert alternate pathway 
precursors into DHT (Figure 1).

The physiological relevance of the canonical and alter-
nate pathways to male reproductive development have been 
independently explored in humans.12,14 Loss of function 
mutations in enzymes specific to the canonical pathway 
lead to disordered sexual development in humans.12,15–17 
Loss of function mutations in AKR1C2 and AKR1C4 

(specific to the alternate pathway) also result in disor-
dered sexual development due to under-masculinization.12 
Therefore, normal activity in both pathways appears to be 
essential for masculinization in human males.12,14

Loss of function mutations to HSD17B3 and disrup-
tion of the canonical pathway is the most common dis-
order of androgen synthesis, leading to disordered sexual 
development and male infertility.17 HSD17B3 deficiency 
is characterized by a high androstenedione to testosterone 
ratio18 due to an inability to reduce androstenedione into 
testosterone.16,19,20 46,XY HSD17B3-deficient individuals 
can undergo late-onset masculinization during puberty, 
where male characteristics can develop.19,21 In contrast to 
humans, in two independently generated Hsd17b3 knock-
out (KO) mouse lines, male mice were phenotypically 
normal at birth, and the adults were fertile with normal 
levels of intratesticular testosterone20,22 and DHT.22

Thus, Hsd17b3 KO male mice maintain sufficient an-
drogen action for sexual development and testis function. 
These observations point to the existence of compensa-
tory mechanisms in mice to maintain androgen biosyn-
thesis pathways independent of HSD17B3, and increased 
activity through the alternate pathway could be one such 
mechanism. It is also possible that 11-keto androgens 
could contribute to androgen bioactivity in these mice. 11-
keto androgens are bioactive androgens synthesized from 
adrenal-derived 11-oxygenated steroids and are likely to 
be important in females but are present at much lower 
levels in males.23 11-keto androgens are the predominant 
bioactive androgens in fish24 and are present in the circu-
lation of humans24,25 and the testes of mice.26,27 11-keto 
androgens have been suggested to be potent activators of 
the AR24 although in vitro they have a considerably lower 
potency in terms of AR activation than their native andro-
gens.28 In fetal mouse testes, a decreased ability to convert 
androstenedione to testosterone is associated with in-
creased 11-keto-testosterone levels, suggesting increased 
keto-androgen biosynthesis could be a compensatory re-
sponse to reduced androgen biosynthesis during fetal tes-
tis development.27 However, the role of 11-keto androgens 
in adult male mice is not known.
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HSD17B3 deficiency. Finally, we observed elevated circulating concentrations of 
the 11-keto-derivative of DHT, suggesting compensatory extra-gonadal induction 
of bioactive 11-keto androgen production. Taken together, we conclude that, in 
the absence of the canonical pathway of androgen production, multiple intra- and 
extra-gonadal mechanisms cooperate to maintain testosterone and DHT produc-
tion, supporting male development and fertility.
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The current study investigates the hypothesis that ab-
lation of the canonical pathway in mice induces compen-
satory mechanisms to maintain androgen bioactivity. We 
hypothesized that the canonical and alternate pathways 
cooperate to maintain male sexual development and adult 
testis function and fertility in mice. To investigate this, we 
created mice lacking both HSD17B3 and SRD5A1. SRD5A1 
is the predominant SRD5A in the rodent pubertal and adult 
testis13,29 and is likely, therefore, to be an essential gateway 
entry point into the alternate pathway (Figure 1). We exam-
ined whether SRD5A1 and the alternate pathway of andro-
gen biosynthesis maintain DHT production and preserve 
testis development and fertility in Hsd17b3 KO male mice.

2   |   MATERIALS AND METHODS

2.1  |  Transgenic mice

The Hsd17b3 KO mice used for the dutasteride study were 
generated as previously described,20 and experiments 

were performed at the University of Edinburgh under 
the UK Animal Scientific Procedures Act, Home Office 
License number PPL 70/8804.

Both Hsd17b3 and Srd5a1 are expressed as early as 
embryonic day 13.5 in the fetal mouse testis.26 Hsd17b3 
and Srd5a1 double knockout (dKO) mice were gener-
ated by the MEGA Genome Engineering Facility at the 
Garvin Institute of Medical Research, Darlinghurst, 
NSW. Crispr/Cas9 was used to generate a 7-base pair de-
letion at the end of exon 1 in both genes, which caused 
a frameshift mutation. For general colony management, 
Hsd17b3+/−; Srd5a1+/− males and females were bred 
together. Due to the low percentage of recombination 
occurring between the Hsd17b3 and Srd5a1 genes on 
chromosome 13, mice with a mixed genotype were used 
to generate more of that specific genotype. The following 
genotypes were used in this study: Hsd17b3+/+; Srd5a1+/+ 
(wild type, WT), Hsd17b3+/−; Srd5a1+/+ (Hsd17b3 Het, 
Srd5a1 WT), Hsd17b3+/−; Srd5a1+/− (double heterozy-
gous, dHet), Hsd17b3−/−; Srd5a1+/− (Hsd17b3 KO), and 
Hsd17b3−/−; Srd5a1−/− (double KO, dKO). Mice were 

F I G U R E  1   The canonical and alternate pathways of androgen biosynthesis. All androgens originate from cholesterol and are converted 
by multiple enzymes to produce the active androgens testosterone and dihydrotestosterone (DHT). The canonical pathway (blue arrows) 
produces testosterone, which can act directly on the androgen receptor or be used as a precursor to DHT. The alternate pathway (orange 
arrows) can synthesize DHT without the need for testosterone synthesis. The mouse gene symbols for the enzymes responsible for each 
reaction are shown in italics. The dashed box indicates that androstenedione and testosterone can also be converted to estrogens via 
CYP19A1 and are aromatized to estrone and estradiol, respectively. 17OH, 17-hydroxy; 17OH-DHP, 17-hydroxy-5α-dihydroprogesterone; 3α-
Diol, 5α-androstane-3α, 17β-diol; 3β-Diol, 5α-androstane-3β, 17β-diol; 5α-DHP, 5α-dihydroprogesterone; DHEA, dehydroepiandrosterone; 
DHT, dihydrotestosterone.
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exposed to a 12-h day/night cycle and had access to soy-
free chow to prevent potential estrogenic effects and to 
fresh drinking water ad  libitum. All procedures were 
approved by the University of Newcastle's Animal Care 
and Ethics Committee (ACEC; approval #A-2018-820). 
All animal experiments were performed in accordance 
with the Australian code of practice for the care and use 
of animals for scientific purposes by the National Health 
and Medical Research Council of Australia.

2.2  |  In vivo treatments

Dutasteride (Sigma-Aldrich, Gillingham, United 
Kingdom) was used to inhibit 5α-reductase enzymes. Wild 
type, heterozygous (together referred to as controls), and 
Hsd17b3 KO mice were treated daily with either a vehicle 
or 1.8 mg/kg/d dutasteride30 in their diet from day 50, and 
tissues were collected 30 days later. Adult mice received a 
single 20 IU intraperitoneal injection of human chorionic 
gonadotrophin (hCG) (Sigma-Aldrich, Australia) as previ-
ously described.20 Tissues/serum were collected 16 h post 
injection.

2.3  |  Tissue collection

Adult mice were killed by inhalation of CO2, whereas day 
0 mice were killed by decapitation. Blood was collected by 
cardiac puncture and serum obtained by centrifugation at 
4°C for 10 min and then snap frozen and stored at −80°C. 
Anogenital distance (AGD) was measured using digital cali-
pers. Tissues were collected aseptically, weighed, and either 
fixed in Bouin's solution (2 h for neonatal tissues, 6 h for adult 
tissues) for histological analysis or snap frozen and stored at 
−80°C for RNA, sperm quantification, or steroid analysis.

2.4  |  Genotyping

Genotyping was performed on ear biopsies after weaning and 
a second time on tail clips to verify the genotype postmortem. 
Genomic DNA (gDNA) was digested in Tris-EDTA-Tween, 
pH 8, and Proteinase K (20 μg per ear biopsy or 40 μg per tail 
clip) for 1 h at 55°C, followed by 7 min at 95°C to denature 
remaining Proteinase K. Digested samples were diluted 1:10 
in DEPC-treated DNase- and RNase-free sterile water.

The genotype of transgenic mice was identified by 
transgene-specific PCR assays. PCR was performed on 
gDNA extracts using a Type-it Mutation Detect PCR 
Kit (QIAGEN, VIC, Australia). Details of genotyping 
PCR assays are included in Supplemental Information 

(Tables S1 and S2). PCR products were analyzed on the 
QIAxcel Advanced System using QIAxcel ScreenGel 
Software (QIAGEN, VIC, Australia). The amplified DNA 
was detected by a QIAxcel DNA high resolution kit 
(QIAGEN, VIC, Australia), and PCR product sizes were 
recorded.

2.5  |  Epididymal sperm reserve 
evaluation

Epididymal sperm were quantified from frozen epididy-
mal samples. Epididymides were thawed on ice, and the 
cauda epididymis was removed and homogenized in 0.9% 
NaCl and 0.5% Triton X-100 using an Eppendorf micro-
pestle (Eppendorf, Macquarie Park, NSW, Australia). 
Elongated spermatids were counted in a Neubauer hemo-
cytometer cell counting chamber (Adelab Scientific, 
Thebarton, SA) by a blinded observer.

2.6  |  Quantitative RT-PCR

RNA was extracted using the RNeasy Mini kit (QIAGEN, 
VIC, Australia) as per manufacturer's instructions, includ-
ing RNase-free DNase on-column digestion (QIAGEN, VIC, 
Australia). For RNA extraction of adult mouse tissue, an ex-
ternal Luciferase RNA control (Promega, Alexandria, NSW, 
Australia) was added at 1 ng/20 mg tissue to the homogenized 
tissue. RNA concentration was measured using a NanoDrop 
Lite Spectrophotometer (Thermo Fisher Scientific, VIC, 
Australia). Extracted RNA was reverse transcribed to syn-
thesize cDNA using the SuperScipt VILO cDNA Synthesis 
Kit (Thermo Fisher Scientific, VIC, Australia) as per manu-
facturer's instructions. A reverse transcriptase negative (−
RT) control and a water (no template) control were included 
in all reverse transcriptions.

For qRT-PCR, target-specific primers and correspond-
ing specific probes were identified and selected using the 
online Roche Universal Probe Library (UPL) Assay Design 
Centre. qRT-PCR was performed on the LightCycler 96 
system (Millenium Science, Mulgrave, VIC, Australia). 
Concentrations of reagents and details of primers and UPL 
probes are listed in Supplementary Information (Tables S3 
and S4). Quantification of mRNA expression was calcu-
lated using the 2−ΔΔCt method. Gene expression was deter-
mined relative to Beta-actin in neonatal tissues (Universal 
ProbeLibrary mouse Beta-actin gene assay, Sigma-Aldrich, 
Australia) and relative to the external housekeeping 
Luciferase gene in adult tissues (Roche, AU). As each sam-
ple was run in triplicate, an average of the Ct value was 
taken.
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2.7  |  Hormone analysis

Serum LH levels in mice were measured using a com-
mercially validated sandwich LH (Rodent) enzyme-linked 
immunosorbent assay (ELISA) kit, #KA2332 (Abnova, 
Taiwan). Steroids were quantified in serum and testis 
homogenates from mice to determine circulating and in-
tratesticular hormone levels, respectively. Samples were 
thawed and kept cold on ice prior to analysis. Fragments 
of adult testes (20–40 mg) and whole neonatal testes were 
weighed and homogenized in 50 mM Tris pH 7.4, 1% deoxy-
cholate, 0.01% SDS, containing PhosSTOP (Sigma-Aldrich, 
Australia) and cOmplete Mini Protease Inhibitor Cocktail 
(Sigma-Aldrich, Australia) at a concentration of 20 μL/mg 
of adult testis tissue or 100 μL/mg for neonatal testis tis-
sue. Samples were homogenized for 4 × 30 s increments at 
25 Hz, with 1 min on ice between each interval to ensure 
samples did not overheat. Samples were stored at −80°C 
until analysis. Mass spectrometry steroid analysis was per-
formed at the ANZAC Research Institute in Concord West, 
NSW. Details of steroids analyzed and detection limits are 
listed in Supplemental Information (Table S5).

2.8  |  Tissue histology

Fixed tissues were processed, paraffin-embedded, and 5 μm 
sections were prepared. Sections were dewaxed in xylene 
(Sigma-Aldrich, Australia) and rehydrated through a series 
of decreasing ethanol gradients. Tissue sections were stained 
with hematoxylin and eosin (Sigma-Aldrich, Australia).

2.9  |  Microscopy

Testis and epididymis of day 0 newborn neonates were 
imaged using a ZEISS SteREO Discovery.V12 Microscope 
(Carl Zeiss AG, Germany). Light microscopy images of 
adult tissue sections were captured using a Zeiss AXIO 
Imager A1 microscope (Carl Zeiss AG, Germany). Images 
were accessed through ZEN imaging software (Carl Zeiss 
AG, Germany).

2.10  |  Statistical Analysis

Statistical analyses were performed using GraphPad Prism 
8.4.3 software (GraphPad Software, San Diego, CA, USA). 
The Gaussian distribution of datasets was assessed by the 
Shapiro–Wilk normality test to determine if parametric 
or nonparametric statistical testing would be most appro-
priate. Datasets that passed the normality test underwent 
parametric tests, including one-way ANOVA with Tukey's 

post hoc test and two-way ANOVA with Tukey's post 
hoc test when two independent variables were present. 
Nonparametric statistical testing was applied to datasets 
that did not pass the normality test, and statistical sig-
nificance was determined using a Kruskal–Wallis test and 
Dunn's multiple comparisons posthoc analysis. Data were 
considered significantly different when the p-value was 
≤0.05. Data are presented as the mean with the standard 
error of the mean (SEM). Power calculations were per-
formed by GraphPad StatMateTM 2.00 software to identify 
an appropriate group size required for hormone analysis.

3   |   RESULTS

3.1  |  Dutasteride, an inhibitor of 
5α-reductase enzyme activity, does not 
alter testis size or morphology in adult 
male mice lacking HSD17B3

To establish whether SRD5A and the alternate pathway 
of androgen biosynthesis contribute to the preserved an-
drogen action in adult Hsd17b3 KO mice, we first used a 
well-established pharmacological inhibitor of SRD5A ac-
tivity, dutasteride, which is a competitive inhibitor of both 
SRD5A type 1 and 2 enzymes (SRD5A1 and SRD5A2). 
Wild-type and Hsd17b3 KO mice (50 days old) were ex-
posed to either dutasteride or vehicle treatment in their 
diet for 30 days, with tissue collected at day 80.

Seminal vesicle weight is highly dependent on DHT, 
and a reduction in seminal vesicle weight is observed after 
the administration of SRD5A inhibitors31,32; thus, we as-
sessed impacts on this organ. Dutasteride caused a signifi-
cant reduction in seminal vesicle weight in both wild-type 
and Hsd17b3 KO mice (Figure  2F); however, anogenital 
distance (AGD) did not change, and there were no changes 
in body, testis, or epididymis weights after dutasteride 
treatment (Figure  2B–E). The gross morphology of the 
testis of wild-type and Hsd17b3 KO mice was also unaf-
fected by dutasteride treatment (Figure 2G). These results 
suggest that SRD5A inhibition in adult Hsd17b3 KO mice 
does not affect testis weight or gross histology.

3.2  |  Circulating steroid analysis 
in dutasteride-treated mice reveals 
that the canonical and alternate 
pathways of androgen biosynthesis 
co-operate to maintain androgen 
production

Key steroids from the canonical and alternate andro-
gen pathways were quantified in the circulation of 
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mice treated with dutasteride. Androstenedione levels 
were significantly increased in Hsd17b3 KO mice com-
pared to controls (Figure 3A), due to a reduced ability 

to convert androstenedione to testosterone as previ-
ously described.15,18 Dutasteride treatment caused a 
further increase in androstenedione levels in Hsd17b3 

F I G U R E  2   Competitive inhibition 
of 5α-reductase enzymes (SRD5A1 
and SRD5A2) by dutasteride. (A) 
Representative images of the male 
reproductive tract of adult control and 
Hsd17b3−/− (Hsd17b3 knockout [KO]) 
mice following 30 days of vehicle or 
dutasteride (inhibitor) treatment. Scale 
bar: 10 mm. (B) Anogenital distance 
and (C) total body weight of controls 
and Hsd17b3 KO post-treatment of 
vehicle or inhibitor. Reproductive tissue 
weights of the (D) testis, (E) epididymis, 
and (F) seminal vesicles in control 
and Hsd17b3 KO mice post vehicle or 
inhibitor treatment. Two-way ANOVA, 
Tukey's test, where p ≤ .05, data shown 
as mean ± SEM with n = 7–14 per 
group. Significant differences between 
groups are indicated as *p ≤ .05, **p ≤ .01, 
****p ≤ .0001. (G) Representative images 
of hematoxylin and eosin (H&E) staining 
of controls and Hsd17b3−/− (Hsd17b3 
knockout) mouse testes after vehicle or 
dutasteride (inhibitor) treatment. Scale 
bar: 200 μm.

 15306860, 2024, 22, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202402093R

 by N
ational H

ealth A
nd M

edical R
esearch C

ouncil, W
iley O

nline L
ibrary on [25/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



      |  7 of 25LAWRENCE et al.

KO mice compared to vehicle-treated Hsd17b3 KO 
mice (Figure  3A), suggesting an accumulation of sub-
strate steroids due to the reduced ability for these to 
be converted to other steroid products via the alter-
nate pathway. Testosterone levels were unchanged 
across the different groups (Figure 3B). DHT levels in 
circulation were significantly decreased in dutasteride-
treated control mice compared to vehicle-treated con-
trols (Figure  3C). DHT levels were also reduced in 
vehicle-treated and dutasteride-treated Hsd17b3 KO 
mice compared to vehicle-treated controls; however, 
no significant difference was observed between these 
two groups (Figure  3C). Taken together, these results 
demonstrate that dutasteride in control mice reduced 

serum DHT to a level similar to Hsd17b3 KO mice; how-
ever, dutasteride was unable to further reduce DHT in 
Hsd17b3 KO mice, suggesting the observed reductions 
in DHT arising from treatment or genotype were not 
additive.

To investigate the impact of dutasteride on the al-
ternate pathway of androgen biosynthesis, precursor 
androgens in the alternate pathway, including 5α-DHP, 
androsterone, and 5α-androstane-3β, 17β-diol (andros-
tanediol, or 3β-diol), were investigated (Figure  3D–F). 
Androsterone and androstanediol (3β-diol) were signifi-
cantly increased in vehicle-treated Hsd17b3 KO mice 
compared to control mice (Figure 3E,F), suggesting that 
blockade of the HSD17B3-dependent canonical pathway 

F I G U R E  3   Alternate pathway androgen precursors were elevated in mouse serum in the absence of Hsd17b3 yet were abrogated by the 
addition of a 5α-reductase inhibitor. Control or Hsd17b3−/− (Hsd17b3 knockout [KO]) mice were treated with either vehicle or dutasteride 
(5α-reductase inhibitor) in the diet for 30 days and were collected on day 80. (A) Steroids assessed in serum include androstenedione, (B) 
testosterone, (C) dihydrotestosterone (DHT), (D) 5α-dihydroprogesterone (5α-DHP), (E) androsterone, and (F) 5α-androstane-3β,17β-diol 
(3β-diol). Biological replicates that were below the limit of detection were recorded as 0 ng/mL. The limit of detection ranged from 0.01 ng/
mL to 0.05 ng/mL depending on the analyte and is indicated by a dotted black line on the y-axis. Two-way ANOVA, Tukey's test where 
p ≤ .05, data shown as mean ± SEM with individual values for n = 5–7 biological replicates per group. Significant differences between groups 
are indicated as *p ≤ .05, **p ≤ .01, ****p ≤ .0001.
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increased the synthesis of alternate pathway steroids. 
Importantly, dutasteride-treatment in Hsd17b3 KO mice 
significantly decreased 5α-DHP and androsterone com-
pared to vehicle-treated KO mice (Figure  3D,E), indi-
cating that suppression of SRD5A by dutasteride can 
decrease the alternate pathway of androgen biosynthesis 
in Hsd17b3 KO mice.

These results suggest that the canonical and alternate 
pathways of androgen biosynthesis cooperate to maintain 
androgen bioactivity in adult male mice, however whether 
this is also the case during pre- and postnatal development 
is unknown.

3.3  |  Development and validation of 
a Hsd17b3 and Srd5a1 double knockout 
mouse model

To investigate the contribution of SRD5A and the alter-
nate pathway of androgen biosynthesis in Hsd17b3 KO 
mice during development, where dutasteride treatment 
presents significant challenges, a double KO mouse model 
of both Hsd17b3 and Srd5a1 was generated. SRD5A1 was 
chosen because it is the predominant SRD5A operating in 
the testis and a gateway enzyme into the alternate path-
way7,21 (Figure 1).

Hsd17b3 and Srd5a1 genes are in close proximity on 
chromosome 13 in the mouse, with Hsd17b3 located at site 
33.26 cM and Srd5a1 at site 35.55 cM, as per the National 
Center for Biotechnology Information [NCBI], thus sep-
arated on the chromosome by just 2.29 cM (Figure S1A). 
Due to this proximity, it was rare for a recombination 
to occur between the two genes, making it impractical 
to generate double KOs from cross-breeding individual 
KOs. Instead, Crispr/Cas technology was used to simul-
taneously generate independent 7 bp deletions at the end 
of exon 1 in both genes to trigger frameshift mutations 
(Figure S1B).

Conversely, once generated, the reduced frequency of 
recombination between targeted alleles of the two genes 
presented challenges in collecting all possible genotypes 
at numbers sufficient to power downstream studies. For 
studies in adult mice, we were able to collect the appro-
priate numbers of the informative genotypes of wild type 
(Hsd17b3+/+; Srd5a1+/+), double heterozygous (dHet 
Hsd17b3+/−; Srd5a1+/−), Hsd17b3 KO (Hsd17b3−/−; 
Srd5a1+/−) and double KO (dKO, Hsd17b3−/−; Srd5a1−/−). 
Studies in newborn mice required retrospective genotyp-
ing, and, by chance, no Hsd17b3 KO males were collected 
from this cohort; thus, we were only able to collect ap-
propriate numbers of wild-type, dHet, and dKO mice. We 
have thus restricted our analyses and conclusions to those 
that can reliably be made from the available data.

However, a previous study has shown that Hsd17b3 
KO have normal AGD and normal levels of testicular an-
drostenedione and testosterone at birth.33 Also, it has pre-
viously been demonstrated that male mice heterozygous 
for the Hsd17b3 knockout alleles are indistinguishable 
from wild types20 and that male mice heterozygous for 
the Srd5a1 knockout allele are able to breed normally.34 
In our study, mice that had a recombination resulting in a 
Srd5a1 single KO were all female at birth. As Srd5a1 KO 
in female mice results in a parturition defect,35 these mice 
were unable to be used to generate male Srd5a1 single 
KO offspring. However, it has previously been shown that 
male homozygous Srd5a1 KO mice develop normally and 
sire normal numbers of offspring.35

The genotypes were identified from ear or tail DNA 
using standard PCR (Figure  S1C). Successful disruption 
to both pathways was confirmed by hormone analysis. 
Ablation of HSD17B3 was confirmed by a low intrates-
ticular testosterone to androstenedione ratio in Hsd17b3 
KO and dKO mice (Figure S1D). Hsd17b3 KO mice also 
exhibited a significantly higher ratio of circulating andros-
terone to androstenedione compared to WT, Hsd17b3+/−; 
Srd5a1+/+, and dHet controls (Figure S1E), indicative of 
increased alternate pathway steroids in the absence of 
Hsd17b3, consistent with observations in the dutasteride 
study (Figure  3E,F). The decreased ratio of circulating 
androsterone to androstenedione in dKO compared to 
Hsd17b3 KO mice (Figure  S1E) is consistent with de-
creased SRD5A activity and a decrease in the alternate 
pathway of androgen biosynthesis. Together, these data 
confirm the successful production of a mouse model lack-
ing both HSD17B3 and SRD5A1.

3.4  |  Fetal development of male 
mice is not impacted by the loss of 
HSD17B3 and SRD5A1

Loss of function mutations in alternate pathway enzymes 
result in disorders of sexual development in humans12,15,36; 
however, whether the alternate pathway has a role during 
mouse fetal development is not clear. We therefore inves-
tigated the impact of manipulating both the canonical and 
alternate pathways of androgen biosynthesis on fetal de-
velopment of the male reproductive tract. Neonatal pups 
were collected on the day of birth (day 0). As mentioned 
above, Hsd17b3 KO mice at day 0 have normal levels of 
testicular androstenedione and testosterone and a normal 
AGD, due to the ability of HSD17B1 to compensate for the 
lack of HSD17B3 during fetal development.33

There were no gross changes in the phenotype of the 
dKO testes or epididymides compared to WT or dHet 
mice at day 0 (Figure S2A). Epididymal coiling, known 
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to be androgen-dependent, was noted in all genotypes. 
The cell composition of the day 0 testis was normal, 
with seminiferous tubule and interstitial cell histol-
ogy similar across all genotypes (Figure  S2D). No sig-
nificant differences were detected in male body weight 
(Figure S2C), nor in male or female AGD (Figure S2B). 
Previous studies have shown that AGD in neonatal 
male mice lacking Hsd17b3 is also normal; however, the 
AGD of male mice lacking both Hsd17b1 and Hsd17b3 
is similar to females,33 highlighting that HSD17B1 and 
HSD17B3 can compensate for each other during fetal 
development.33

Thus, there were no observable gross differences in the 
sexual development of dKO males compared to controls, 
pointing to the existence of compensatory mechanisms to 
maintain androgen production during fetal life.

3.5  |  Androgen biosynthesis in neonatal 
Hsd17b3 and Srd5a1 double knockout mice 
indicates the existence of compensatory 
mechanisms to maintain the canonical and 
alternate pathways

We next investigated the effects of combined deletion of 
Hsd17b3 and Srd5a1 on androgen biosynthesis at birth 
(day 0). First, we assessed the testicular expression of key 
enzymes involved in androgen production (Figure  4). 
The expression of the cholesterol side-chain cleavage 

enzyme cytochrome P450 family 11 subfamily A mem-
ber (Cyp11a1) and the enzyme cytochrome P450 family 
17 subfamily A member (Cyp17a1), both specifically ex-
pressed in Leydig cells, were significantly increased in 
the testis of dKO mice compared to WT and dHet animals 
(Figure 4A,B). The expression of Hsd17b1, an enzyme that 
has previously been shown to contribute to testosterone 
production during mouse fetal development,33 was un-
changed in the dKO testis (Figure 4C). Importantly, the 
expression of the type 2 5α-reductase enzyme, Srd5a2, 
was significantly increased in the dKO mouse testis 
(Figure 4D), suggesting that increased SRD5A2 could be a 
compensatory response to the loss of Hsd17b3 and Srd5a1 
in the fetal testis.

Circulating steroids in day 0 neonatal pups were measured 
by mass spectrometry (Figure 5). Androstenedione was the 
only analyte to be detected consistently in any cohort, with 
the other steroids, including testosterone, androsterone, and 
DHT, below the limits of detection. Circulating androstene-
dione levels were predominantly undetectable in WT and 
dHet mice but were detected in all dKO mice (Figure 5). This 
data suggests that neonatal dKO mice have significantly in-
creased androstenedione levels compared to WT and dHet 
animals due to an inability to efficiently convert androstene-
dione into testosterone or other androgen precursors, as pre-
viously observed in adult Hsd17b3 KO mice.20

Next, we measured intratesticular steroid levels in neo-
natal day 0 mice by mass spectrometry to assess steroidogen-
esis in the context of disruption of both the canonical and 

F I G U R E  4   Analysis of testicular mRNA expression of steroidogenic enzymes involved in androgen biosynthesis in the neonatal 
Hsd17b3−/− and Srd5a1−/− (double knockout, dKO) mouse testis (day 0). (A) mRNA transcript levels of cholesterol side-chain cleavage 
enzyme (Cyp11a1), (B) cytochrome P450 family 17 subfamily A member (Cyp17a1), (C) 17β‑hydroxysteroid dehydrogenase type 1 
(Hsd17b1), and (D) steroid 5α-reductase type 2 (Srd5a2) in the testis of mice on the day of birth (day 0). One-way ANOVA, Tukey's 
test where p ≤ .05, data shown as mean ± SEM with n = 7–8 per group. Significant differences between groups are indicated as **p ≤ .01, 
****p ≤ .0001. mRNA transcripts of enzymes (A–D) are shown according to the steroids produced at certain steps of the androgen production 
pathway (blue arrow).
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alternate pathways (Figure 6). No changes were observed 
between any genotype in pregnenolone, 17-OH pregneno-
lone, or 17-OH progesterone, which are all precursors in 
the canonical androgen pathway (Figure 6A,D,E), however, 
there was a significant increase in progesterone levels in 
the dKO testis compared to dHet mice (Figure 6B). DHEA 
and androstenediol, which are synthesized via the Δ5 route 
of the canonical pathway, were below the limit of detec-
tion (Figure 6G,K) likely because mice favor the Δ4 route, 
where Cyp17a1 can more efficiently convert 17-OH proges-
terone into androstenedione as opposed to converting 17-
OH pregnenolone into DHEA.

Intratesticular androstenedione was significantly in-
creased in dKO mice compared to WT and dHet animals 
(Figure  6H); however, no changes were previously ob-
served in neonatal Hsd17b3 KO mice.33 These observa-
tions suggest an accumulation of precursor steroids due 
to the inability of the dKO testes to efficiently convert an-
drostenedione via the canonical and alternate pathways. 
Previous studies have shown that intratesticular testoster-
one levels were normal in Hsd17b3 KO mice at day 033; 
however, in neonatal dKO mice, intratesticular testoster-
one levels were significantly increased compared to WT 
and dHet animals (Figure 6L). Taken together, these ob-
servations suggest that, in neonatal dKO mice, elevated 
levels of androstenedione precursor are due to the deletion 
of both Hsd17b3 and Srd5a1 preventing androstenedione 
metabolism via the canonical and alternate pathways, 
and that testosterone continues to be converted from 
androstenedione via neonatal expression of HSD17B1 
(Figure  4C33) and potentially other, as yet unidentified, 
hydroxysteroid dehydrogenases.20,33

There were no significant differences in alternate path-
way androgen precursors including 5α-DHP, allopregnano-
lone, androsterone, 5α-androstane-3α,17β-diol (3α-diol), 
and 5α-androstane-3β,17β-diol (3β-diol) between any gen-
otype collected (Figure 6C,F,I,J,N). Similarly, intratesticu-
lar DHT levels were unaffected in dKO mice (Figure 6M). 
These data suggest that the alternate androgen production 
pathway is maintained at birth in the testes of dKO mice, 
likely due to testicular expression of Srd5a2 (Figure 4D).

Finally, we investigated estrogenic steroids that are 
produced via the aromatase enzyme (CYP19A1) and can 
be converted via androstenedione or testosterone into the 
weak estrogen, estrone (E1), and the potent estrogen, es-
tradiol (E2), respectively (Figure 1). Whilst estrone levels 
were below the limit of detection (data not shown), intrat-
esticular estradiol was detected in all samples but showed 
no significant changes between WT, dHet, and dKO mice 
(Figure 6O). This data suggests that the disruption to the 
canonical and alternate androgen pathways of biosynthe-
sis does not impact estrogen production at birth.

F I G U R E  5   Circulating levels of androstenedione are 
elevated in neonatal Hsd17b3−/− and Srd5a1−/− double 
knockout (dKO) mice. Androstenedione levels in the serum of 
Hsd17b3+/+; Srd5a1+/+ (wild type), Hsd17b3+/−; Srd5a1+/− (double 
heterozygous), and Hsd17b3−/−; Srd5a1−/− (dKO) males on the 
day of birth. Samples where androstenedione was below the limit 
of detection were recorded as 0 ng/mL. Limit of detection: 0.03 ng/
mL, indicated by dotted black line. One-way ANOVA, Kruskal–
Wallis test where p ≤ .05, data shown as mean ± SEM with n = 10 
per group. Significant differences between groups are indicated as 
***p ≤ .001, ****p ≤ .0001.

Hsd
17

b3
+/+ ; S

rd5
a1

+/+

Hsd
17

b3
+/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

-/-
0

1

2

3

An
dr

os
te

ne
di

on
e 

(n
g/

m
L) ****

***

F I G U R E  6   Analysis of intratesticular steroids in the mouse testis on the day of birth. Steroids were measured in testes from Hsd17b3+/+; 
Srd5a1+/+ (wild type), Hsd17b3+/−; Srd5a1+/− (double heterozygous), and Hsd17b3−/− and Srd5a1−/− (double knockout, dKO) mice. (A–M) 
Quantitation of intratesticular androgen precursors and active androgens involved in the canonical and alternate androgen production 
pathways. Steroids measured include (A) pregnenolone, (B) progesterone, (C) 5α-dihydroprogesterone (5α-DHP), (D) 17-OH pregnenolone, 
(E) 17-OH progesterone, (F) allopregnanolone, (G) dehydroepiandrosterone (DHEA), (H) androstenedione, (I) androsterone, (J) 5α-
androstane-3α, 17β-diol (3α-diol), (K) androstenediol, (L) testosterone, (M) dihydrotestosterone (DHT), (N) 5α-androstane-3β, 17β-diol 
(3β-diol) and (O) estradiol. Blue arrows indicate the direction of the canonical androgen production pathway. Orange arrows indicate 
conversion occurring in the alternate androgen production pathway. Dotted arrows indicate an indirect conversion. Biological replicates 
that were below the limit of detection were recorded as 0 ng/mL. The limit of detection ranged from 2.5 pg/mL to 0.05 ng/mL depending 
on the analyte and is indicated by a dotted black line. One-way ANOVA, Tukey's test (for parametric data) or Kruskal–Wallis test (for 
nonparametric data), where p ≤ .05, data shown as mean ± SEM with n = 9–10 per group. Significant differences between groups are indicated 
as *p ≤ .05, **p ≤ .01, ***p ≤ .001.
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Taken together, the above data suggest that, when 
Hsd17b3 and Srd5a1 are deleted during fetal develop-
ment, the canonical and alternate pathways of androgen 

biosynthesis in the testis are preserved via compensa-
tory action of other enzymes, including HSD17B1 and 
SRD5A2.
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3.6  |  The ablation of Hsd17b3 and 
Srd5a1 does not impact the postnatal 
development of the adult male 
reproductive system

To examine the postnatal impact of the loss of Hsd17b3 
and Srd5a1 on adult male mice, the gross morphology 
of the reproductive system in adult (day 80) dKO ani-
mals was analyzed. These mice were compared to mice 
lacking Hsd17b3 alone. The results showed that male 
reproductive organs were grossly normal, including 
the seminal vesicles, prostate, vas deferens, epididy-
mides, and testes in both adult Hsd17b3 KO and dKO 
(Figure  S3A). Although the AGD was not changed 
in dKO mice at birth (Figure  S2B), it was decreased 
in adult Hsd17b3 KO and dKO mice compared to all 
other groups (Figure  S3B), suggesting perturbed an-
drogen action during postnatal development such that 
the prenatally-programmed maximum AGD could not 
be reached.37 The AGD of dKO mice was not reduced 
compared to Hsd17b3 KO mice, indicating that the re-
moval of Srd5a1 does not further influence the AGD 
(Figure  S3B). Body weights were consistent amongst 
all genotypes with the exception of Hsd17b3 KO mice, 
which showed a slight but significant decrease compared 
to WT controls and dKO mice (Figure S3C); however, 
this has not previously been observed in the Hsd17b3 
single KO studies.20,22 There were no differences in 
testis, epididymis, or seminal vesicle weights between 
genotypes, which are biomarkers of intratesticular and 
circulating androgens (Figure  S3D–F). A reduction in 
kidney weight was observed in Hsd17b3 KO mice com-
pared to WT animals, however no other changes were 
seen among any other genotype (Figure S3G). Finally, 
the weight of gonadal fat in dKO mice was increased 
compared to dHet animals only, suggesting possible 
changes in peripheral testosterone or estrogen levels 
(Figure S3H). As no difference was observed in any of 
these endpoints between Hsd17b3+/+; Srd5a1+/+ and 
Hsd17b3+/−; Srd5a1+/+ mice, these groups were com-
bined for all further analyses on adult mice and are re-
ferred to as “controls.”

3.7  |  Ablation of Hsd17b3 and Srd5a1 
does not alter fertility in adult male mice

In the testis, the gross morphology of the seminiferous 
tubules and interstitial cells was normal across all groups 
(Figure 7A). Relative quantification of the mRNA tran-
script levels of Hsd3b6, a Leydig cell maturation marker, 
revealed a significant decrease in Hsd17b3 KO and dKO 
mice compared to controls and dHet mice (Figure 7C). 

The cauda epididymis had grossly normal morphology, 
and the lumen contained mature sperm (Figure  7B). 
There were no significant differences in the number of 
epididymal sperm (Figure  7D). Fertility in adult dKO 
male mice appeared normal, as dKO male mice were 
able to sire litters (n = 5 mice). dKO males sired normal-
sized litters, for example, an average 6.4 ± 2.5 pups per 
litter (n = 11 L) compared to dHet-sired litters 5.6 ± 1.9 
pups per litter (n = 42 L). The above data suggests that, 
like in Hsd17b3 KO males, postnatal male reproductive 
tract development is maintained and fertility is unaf-
fected in dKO males.

3.8  |  Testicular androgen biosynthesis is 
maintained in Hsd17b3 and Srd5a1 double 
knockout mice

Previous studies have demonstrated that testicular 
testosterone production is maintained in Hsd17b3 KO 
mice22 and therefore we analyzed testicular steroids 
in both Hsd17b3 KO and dKO mice. Pregnenolone, 
progesterone, 17-OH pregnenolone, 17-OH proges-
terone, and androstenedione were all significantly in-
creased in the testis of Hsd17b3 KO and dKO males 
(Figure  8A,B,D,E,H). Importantly, pregnenolone and 
androstenedione were further increased in the dKO tes-
tis compared to Hsd17b3 KO (Figure  8A,H). This data 
suggests that steroid precursors accumulate when the 
canonical pathway is impaired in Hsd17b3 KO and that 
there is a further accumulation of steroid precursors 
when both the canonical and alternate pathways are im-
paired in the testes of dKO mice.

As previously demonstrated, Hsd17b3 KO mice contin-
ued to synthesize normal basal levels of testosterone and 
DHT (Figure 8L,M).15,18 Normal intratesticular testoster-
one levels were also observed in dKO testes (Figure  8L) 
and, surprisingly, intratesticular DHT levels were also 
normal in the absence of SRD5A1 (Figure 8M).

Analysis of alternate pathway steroids revealed that 5α-
DHP levels were mostly below the limit of detection in the 
testis of all genotypes (Figure 8C) and allopregnanolone 
was not detectable (Figure 8F). In Hsd17b3 KO testes, there 
were no significant changes in alternate pathway steroids 
compared to controls, suggesting that this pathway in the 
testis is largely unaffected by the loss of HSD17B3. Levels 
of the alternate pathway steroid androsterone were < 1 ng/
mL in WT and dHet testes, but some Hsd17b3 KO and 
dKO mice exhibited high levels (Figure 8I), perhaps con-
sistent with increased alternate pathway activity in terms 
of androsterone production; however, the reason for the 
variation is not clear. Strikingly, alternate pathway ste-
roids that require SRD5A, including androsterone, 3α-diol 
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and 3β-diol, were not significantly altered by the loss of 
SRD5A1 in dKO mice (Figure 8I,J,N).

Taken together, the above data suggest that the produc-
tion of DHT and other steroids in the alternate pathway 
of androgen synthesis in the testis is preserved in the ab-
sence of SRD5A1 in dKO mice.

Finally, to investigate whether the levels of androstene-
dione and testosterone were influenced by conversion into 
estrogens via the aromatase enzyme, testicular estrone 
and estradiol were measured. Intratesticular estrone lev-
els were below the limit of detection (data not shown), 

and estradiol concentrations remained normal across the 
different genotypes (Figure 8O), suggesting that testicular 
aromatase activity is not altered in these mice.

3.9  |  The ablation of Hsd17b3 and 
Srd5a1 increases the expression of key 
steroidogenic genes in adult testes

The above data suggests that steroidogenesis is preserved 
in both Hsd17b3 KO and Hsd17b3 and Srd5a1 dKO mice, 

F I G U R E  7   Normal sperm production in adult Hsd17b3 and Srd5a1 double knockout (dKO) mice. (A) Hematoxylin and eosin (H&E) 
staining of day 80 adult testis from control (Hsd17b3+/+; Srd5a1+/+ [wild type]), Hsd17b3+/−; Srd5a1+/− (double heterozygous [dHet]), 
Hsd17b3−/−; Srd5a1+/− (Hsd17b3 knockout [KO]) and Hsd17b3−/−; Srd5a1−/− (dKO) mice. The black box indicates the further magnified 
section of the image. Black arrowheads indicate Leydig cells. Scale bar: 200 μm. (B) Representative H&E staining images of day 80 adult 
cauda epididymis from control, dHet, Hsd17b3 KO, and dKO mice. Scale bar: 200 μm. (C) mRNA transcript levels relative to a luciferase 
external control of 3β-hydroxysteroid dehydrogenase type 6 (Hsd3b6) in adult testis tissue. One-way ANOVA, Tukey's test where p ≤ .05, data 
shown as mean ± SEM with n = 5–8 per group. Significant differences between groups are indicated as **p ≤ .01, ***p ≤ .001, ****p ≤ .0001. (D) 
Epididymal sperm counts from the cauda epididymis. One-way ANOVA, Tukey's test where p ≤ .05, data shown as mean ± SEM with n = 5–9 
per group.
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and thus we next investigated the testicular expression of 
steroidogenic enzymes. As previously observed in mice 
lacking Hsd17b3,20,22 the Leydig cells of both Hsd17b3 

KO and Hsd17b3 and Srd5a1 dKO adult mice exhibited a 
phenotype of increased LH responsiveness and increased 
production of key steroidogenic enzymes, consistent 
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with a phenotype of steroidogenic compensation.20 
Hsd17b3 KO and dKO testes exhibited elevated expres-
sion of luteinizing hormone/choriogonadotropin recep-
tor (Lhcgr) and steroid biosynthetic enzymes, including 
StAR, Cyp11a1, and Cyp17a1 (Figure  9A–CE). Of note, 
Cyp17a1 is involved in both the canonical and alternate 
pathways of androgen biosynthesis (Figure  1). There 
were no differences between genotypes in testicular ex-
pression of Hsd3b1 (Figure 9D), as previously observed in 
Hsd17b3 KO mice.20,22 Hsd17b6, a steroidogenic enzyme 
involved in the alternate pathway, showed no changes in 
transcript levels between any of the groups (Figure 9F). 
Hsd17b5, another enzyme involved in the alternate an-
drogen pathway and known to produce testosterone, was 
also assessed; however, transcript levels were undetect-
able in all genotypes.

As mRNA expression of steroidogenic enzymes 
was increased in Hsd17b3 KO and dKO male mice 
(Figure  9A–CE), AR expression was also assessed to 
see if it was altered. However, testicular mRNA expres-
sion of the AR was unchanged across all genotypes 
(Figure 9G).

Strikingly, mRNA expression of the other steroid 
SRD5A enzyme, Srd5a2, was very low in the testes from 
control and dHet mice but was markedly and signifi-
cantly increased >40-fold in both Hsd17b3 KO and dKO 
mouse testes (Figure 9H). This data suggests that Srd5a2 
is switched on in both Hsd17b3 KO and dKO testes and 
therefore could maintain production of DHT in the adult 
testis to compensate for impaired androgen production in 
these models.

In summary, this data demonstrates that, as in 
Hsd17b3 KO testes, dKO also exhibits a phenotype of 
steroidogenic compensation. The demonstration that 
testicular Srd5a2 is switched on in both Hsd17b3 KO 
and dKO mice suggests that increased SRD5A2 is a 
compensatory response to ablation of the canonical 
pathway in the testis and is likely to be responsible for 
continued testicular production of the potent androgen 
DHT.

3.10  |  The testes of both Hsd17b3 KO and 
dKO mice produce basal levels  
of testosterone and DHT that are not 
responsive to hCG

The above studies were performed in mice with endog-
enous LHCGR activation in Leydig cells via the natural 
ligand, LH; however, it is known that Hsd17b3 KO mice 
show reduced responsiveness to the LHCGR agonist 
human chorionic gonadotrophin (hCG) and are unable 
to increase testosterone production in response to hCG.20 
Therefore, we also investigated testicular steroidogenesis 
under the conditions of maximal LHCGR stimulation 
using exogenous hCG. hCG treatment tests the maximal 
ability of the Leydig cells to produce androgens and also 
reduces natural variation in testosterone and the impact 
that alpha males may have in a cage of mice.38

After hCG stimulation, no differences were observed 
in canonical pathway steroids pregnenolone, 17-OH pro-
gesterone, and DHEA between Hsd17b3 KO or dKO mice 
and controls (Figure  10A,E,G). Testicular progesterone 
was not different between Hsd17b3 KO mice and controls 
but was significantly increased in dKO mice (Figure 10B). 
hCG-stimulated levels of 17-OH pregnenolone and andro-
stenedione were significantly increased in both Hsd17b3 
KO and dKO mice compared to controls and dHet mice 
(Figure  10D,H). These results are consistent with an up-
regulation of Cyp17a1 enzyme expression in the testis 
(Figure 9E), as previously observed, and a reduced ability 
to convert androstenedione to testosterone in the absence 
of Hsd17b3.20,22

Stimulation with hCG significantly increased testic-
ular testosterone and DHT levels in control and dHet tes-
tes, but the levels were low in Hsd17b3 KO and dKO mice 
(Figure 10L,M). This data supports previous observations in 
Hsd17b3 KO mice where hCG hyperstimulation is unable to 
increase testosterone production, consistent with a pheno-
type of steroidogenic compensation, the fact that HSD17B3 
is a rate-limiting step for testosterone production, and the 

F I G U R E  8   Analysis of intratesticular steroids in Hsd17b3−/− knockout (KO) and Hsd17b3−/−; Srd5a1−/− double knockout (dKO) adult 
(day 80) males. (A–N) Steroid quantification of testicular androgen precursors and active androgens involved in the canonical and alternate 
androgen production pathways. Steroids measured include (A) pregnenolone, (B) progesterone, (C) 5α-dihydroprogesterone (5α-DHP), 
(D) 17-OH pregnenolone, (E) 17-OH progesterone (F) allopregnanolone, (G) dehydroepiandrosterone (DHEA), (H) androstenedione, 
(I) androsterone, (J) 5α-androstane-3α, 17β-diol (3α-diol), (K) androstenediol, (L) testosterone, (M) dihydrotestosterone (DHT), (N) 5α-
androstane-3β, 17β-diol (3β-diol), and (O) estradiol. Blue arrows indicate the direction of the canonical androgen production pathway. 
Orange arrows indicate conversion occurring in the alternate androgen production pathway. Dotted arrows indicate an indirect conversion. 
Biological replicates that were below the limit of detection were recorded as 0 ng/mL. The limit of detection ranged from 2.5 pg/mL to 
0.05 ng/mL depending on the analyte and is indicated by a dotted black line on the y-axis. One-way ANOVA, Tukey's test, where p ≤ .05, 
data shown as mean ± SEM with n = 5–14 per group. Significant differences between groups are indicated as *p ≤ .05, **p ≤ .01, ***p ≤ .001, 
****p ≤ .0001.
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F I G U R E  9   Elevated expression of key steroidogenic enzymes in the adult testes of Hsd17b3 KO and Hsd17b3 and Srd5a1 double 
knockout (dKO) mice. mRNA transcript levels in the adult testis relative to a luciferase external control. Transcripts quantified include (A) 
Luteinizing hormone/choriogonadotropin receptor (Lhcgr), (B) steroidogenic acute regulatory protein (StAR), (C) cholesterol side-chain 
cleavage enzyme (Cyp11a1), (D) 3β-hydroxysteroid dehydrogenase type 1 (Hsd3b1), (E) cytochrome P450 family 17 subfamily A member 
(Cyp17a1), (F) 17β-hydroxysteroid dehydrogenase type 6 (Hsd17b6), (G) androgen receptor (AR), and (H) steroid 5α-reductase type 2 
(Srd5a2). One-way ANOVA, Tukey's test where p ≤ .05, data shown as mean ± SEM with n = 5–8 per group. Significant differences between 
groups are indicated as **p ≤ .01, ***p ≤ .001, ****p ≤ .0001.

Con
tro

ls

Hsd
17

b3
+/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

-/-
0.0

0.5

1.0

1.5

2.0

2.5

m
RN

A 
re

la
tiv

e 
to

Lu
ci

fe
ra

se

Hsd3b1

Con
tro

ls

Hsd
17

b3
+/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

-/-
0

1

2

3

m
RN

A 
re

la
tiv

e 
to

Lu
ci

fe
ra

se

******

*****

Cyp17a1

Con
tro

ls

Hsd
17

b3
+/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

-/-
0

10

20

30

40

50

m
RN

A 
re

la
tiv

e 
to

 L
uc

ife
ra

se

********

********

Srd5a2

Con
tro

ls

Hsd
17

b3
+/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

-/-
0

2

4

6
m

RN
A 

re
la

tiv
e 

to
Lu

ci
fe

ra
se

******

***
***

Lhcgr

Con
tro

ls

Hsd
17

b3
+/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

-/-
0

2

4

6

8

m
RN

A 
re

la
tiv

e 
to

Lu
ci

fe
ra

se

********

****
****

StAR

Con
tro

ls

Hsd
17

b3
+/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

-/-
0

1

2

3

4

5

m
RN

A 
re

la
tiv

e 
to

 L
uc

ife
ra

se

****
****

****
****

Cyp11a1

Con
tro

ls

Hsd
17

b3
+/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

-/-
0

1

2

3

m
RN

A 
re

la
tiv

e 
to

Lu
ci

fe
ra

se

Hsd17b6

Con
tro

ls

Hsd
17

b3
+/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

+/-

Hsd
17

b3
-/- ; S

rd5
a1

-/-
0.0

0.5

1.0

1.5

2.0
m

R
N

A 
re

la
tiv

e 
to

Lu
ci

fe
ra

se

AR

(B)(A) (C)

(E)

(D)
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F I G U R E  1 0   Intratesticular steroid analysis of Hsd17b3−/− knockout (KO) and Hsd17b3−/−; Srd5a1−/− double knockout (dKO) 
mice following luteinizing hormone/chorionic gonadotrophin receptor (LHCGR) activation. LHCGR signaling was activated by hCG 
administration, and androgen precursors and active androgens in the canonical and alternate androgen production pathways were 
measured in the testes of day 80 adults. Steroids quantified include (A) pregnenolone, (B) progesterone, (C) 5α-dihydroprogesterone (5α-
DHP), (D) 17-OH pregnenolone, (E) 17-OH progesterone, (F) allopregnanolone, (G) dehydroepiandrosterone (DHEA), (H) androstenedione, 
(I) androsterone, (J) 5α-androstane-3α, 17β-diol (3α-diol), (K) androstenediol, (L) testosterone, (M) dihydrotestosterone (DHT), and (N) 5α-
androstane-3β, 17β-diol (3β-diol). Blue arrows indicate the direction of the canonical androgen production pathway. Orange arrows indicate 
the alternate androgen production pathway. Dotted arrows indicate an indirect conversion. Biological replicates that were below the limit of 
detection were recorded as 0 ng/mL. The limit of detection ranged from 0.01 ng/mL to 0.05 ng/mL depending on the analyte and is indicated 
by a dotted black line on the y-axis. One-way ANOVA, Tukey's test, where p ≤ .05, data shown as mean ± SEM with n = 3–12 per group. 
Significant differences between groups are indicated as *p ≤ .05, **p ≤ .01, ***p ≤ .001, ****p ≤ .0001.
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18 of 25  |      LAWRENCE et al.

ability of KO Leydig cells to maintain testosterone via other, 
as yet unidentified, hydroxysteroid dehydrogenases.20

An investigation of alternate androgen pathway pre-
cursors following hCG treatment revealed that 5α-DHP 
levels were significantly decreased in dKO mice compared 
to control and dHet mice, and the majority of 5α-DHP 
measurements were below the limit of detection in dKO 
testes (Figure 10C). These data are consistent with a role 
for SRD5A1, but not SRD5A2, in 5α-DHP synthesis in the 
testis (Figure 1). Intratesticular levels of androsterone were 
significantly increased in dKO mice compared to controls 
and dHet animals (Figure 10I), likely reflecting increased 
Srd5a2 (Figure 9H), which can act via the alternate pathway 
(Figure 1); however, there were no significant differences 
among the genotypes in 3α-diol and 3β-diol (Figure 10J,N).

In summary, these data suggest that, in the absence of 
Hsd17b3 and Srd5a1, hCG-treated Leydig cells continue 
to produce abundant levels of androstenedione yet basal 
levels of testosterone that are likely produced by other, 
hitherto unidentified, hydroxysteroid dehydrogenases, 
similar to Hsd17b3 KO mice.20 Basal production of DHT 
continues (Figure 8M), likely via the increased testicular 
expression of Srd5a2 (Figure 9H), and thus is able to con-
tribute to sustained androgen action in dKO testes.

3.11  |  Both Hsd17b3 KO and dKO mice 
exhibit a phenotype of steroidogenic 
compensation

The data above details testicular steroid levels during ei-
ther basal (unstimulated) conditions (Figure  8) or stim-
ulation of Leydig cell LHCGR by hCG (Figure  10). We 
next investigated the hCG-responsiveness of Leydig cell 
steroidogenesis in each genotype by comparing steroid 
levels between basal and hCG-stimulated testis samples 
(Figure S4).

In control mice, hCG treatment significantly increased 
pregnenolone, progesterone, and 17-OH progesterone 
(Figure S4A,C,D), consistent with hCG activation of Leydig 
cell LHCGR stimulating steroidogenesis; however, hCG 

stimulation of pregnenolone and 17-OH progesterone was 
not observed in Hsd17b3 KO and dKO mice (Figure 4A,D). In 
terms of testicular androgens, hCG treatment significantly in-
creased testicular testosterone and DHT levels in control and 
dHet mice but not in Hsd17b3 KO or dKO mice (Figure S4F,K), 
consistent with a loss of responsiveness to LHCGR activation, 
as previously demonstrated in Hsd17b3 KO mice.20 Curiously, 
hCG stimulation in dKO mice led to a small but significant in-
crease in 17-OH pregnenolone and progesterone and a small 
but significant reduction in androstenedione compared to 
basal levels; however, this was not observed in Hsd17b3 KO 
mice (Figure  S4B,C,E), suggesting these changes could be 
unique to impairment of the alternate pathway.

Alternate pathway androgen precursors were also 
compared to determine the hCG-responsiveness of the 
alternate pathway of androgen production. Both 5α-
DHP and 3β-diol were increased by hCG in control testes 
(Figure S4G,J), suggesting that the alternate pathway can 
respond to hCG stimulation in wild-type mice; however, 
the levels in Hsd17b3 KO and dKO mice remained un-
changed (Figure S4G,J), consistent with reduced respon-
siveness to hCG.

Overall, the data are consistent with a phenotype of 
compensated steroidogenesis in both Hsd17b3 KO and 
dKO mice, whereby steroidogenesis is operating at a near-
maximal level of LHCGR stimulation to drive both the ca-
nonical and alternate pathways of androgen biosynthesis, 
and thus hCG treatment cannot induce further increases.

3.12  |  Analysis of steroids in the 
circulation reveals an increase in alternate 
pathway steroids in the absence of 
Hsd17b3, and that ablation of Srd5a1 reduces 
alternate androgen biosynthesis

The above data suggests that testicular SRD5A activity 
is preserved in Hsd17b3 and Srd5a1 dKO testes, likely 
because of a marked up-regulation of testicular Srd5a2 
expression. To investigate the impact of the loss of both 
Hsd17b3 and Srd5a1 on hormones in the circulation, we 

F I G U R E  1 1   Circulating hormone analysis of adult (day 80) male Hsd17b3−/− knockout (KO) and Hsd17b3−/−; Srd5a1−/− double 
knockout (dKO) mice. (A) The gonadotrophin luteinizing hormone (LH) was measured in the serum of adult mice. (B–O) Quantification 
of steroids involved in the canonical and alternate androgen biosynthesis pathways. Androgens and androgen precursors quantified by 
mass spectrometry include (B) pregnenolone, (C) progesterone, (D) 5α-dihydroprogesterone (5α-DHP), (E) 17-OH pregnenolone, (F) 17-OH 
progesterone (G) allopregnanolone, (H) dehydroepiandrosterone (DHEA), (I) androstenedione, (J) androsterone, (K) 5α-androstane-3α, 
17β-diol (3α-diol), (L) androstenediol, (M) testosterone, (N) dihydrotestosterone (DHT), and (O) 5α-androstane-3β, 17β-diol (3β-diol). Blue 
arrows indicate the direction of the canonical androgen production pathway. Orange arrows indicate conversion occurring in the alternate 
androgen production pathway. Dotted arrows indicate an indirect conversion. Biological replicates that were below the limit of detection 
were recorded as 0 ng/mL. The limit of detection ranged from 0.01 ng/mL to 0.05 ng/mL depending on the analyte and is indicated by a 
dotted black line on the y-axis. One-way ANOVA, Tukey's test, where p ≤ .05, data shown as mean ± SEM with n = 5–14 per group. Significant 
differences between groups are indicated as *p ≤ .05, **p ≤ .01, ***p ≤ .001, ****p ≤ .0001.
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      |  19 of 25LAWRENCE et al.

measured LH and steroids in the canonical and alternate 
pathways of androgen biosynthesis in the serum, with 
the latter determined using the same mass spectrometry 
method used to measure testicular steroidogenesis.

Circulating LH was significantly increased in 
Hsd17b3 KO, as previously described,20,22 and was also 
increased in dKO mice compared to control and dHet 
males (Figure 11A). The elevated serum LH, along with 
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increased testicular steroidogenesis, further confirms 
that, like Hsd17b3 KO mice,20,22 dKO mice show a pheno-
type of steroidogenic compensation, whereby mice exhibit 
elevated levels of LH, increased LH receptor expression 
(Figure  9A), and increased testicular steroidogenic en-
zyme expression (Figure 9B,C,E).

In terms of steroid precursors, circulating pregneno-
lone was not changed between genotypes (Figure  11B), 
and other precursor steroids prior to androstenedione 
formation were not detectable (Figure  11). Circulating 
androstenedione was significantly increased in Hsd17b3 
KO mice (Figure  11I), as observed previously.15,18 
Androstenedione levels were further increased in dKO 
mice compared to Hsd17b3 KO (Figure  11I), consistent 
with a further accumulation of this androgen precursor 
when both the canonical and alternate androgen biosyn-
thesis pathways are disrupted. No significant differences 
were detected in serum testosterone levels between con-
trol and Hsd17b3 KO mice; however, there was consid-
erable variation in the control cohort (Figure 11M), and 
previous studies have shown increased serum testosterone 
in this model.20,22 Serum testosterone was significantly in-
creased in dKO mice compared to controls (Figure 11M). 
Estrone and estradiol were not detected in the adult male 
circulation in all genotypes (data not shown).

In the alternate pathway, the androgen precursors an-
drosterone, 3α-diol, and 3β-diol in serum were all signifi-
cantly increased in Hsd17b3 KO mice compared to controls 
(Figure  11J,K,O), as was serum DHT (Figure  11N). These 
data suggest that the loss of HSD17B3 is associated with an in-
crease in androgen synthesis via the alternate pathway in pe-
ripheral tissues. Importantly, the loss of Srd5a1 in dKO mice 
caused a marked reduction in serum androsterone, 3β-diol, 
and DHT compared to Hsd17b3 KO mice (Figure 11J,N,O). 
These data confirm that the ablation of Srd5a1 in Hsd17b3 
KO mice reduces androgen biosynthesis via the alternate 
pathway in peripheral tissues but suggest that the alternate 
pathway is maintained in the testes, likely due to the com-
pensatory increase in testicular Srd5a2 expression.

3.13  |  Production of the androgen 
11-keto-dihydrotestosterone (11K-DHT) 
is increased in the circulation of Hsd17b3 
KO and dKO mice

The phenotypes of both Hsd17b3 KO and dKO mice 
suggest the existence of multiple mechanisms of 
compensation when the canonical and alternate pathways 
of androgen biosynthesis are reduced by the ablation of 
the major androgen biosynthetic enzymes. Therefore, 
we next considered whether the production of 11-keto 
androgens could be altered in these mice. This was deemed 

particularly relevant because observations in fetal mice 
with reduced testicular expression of Hsd17b1 and Hsd17b3 
showed elevated testicular 11-keto androstenedione and 
testosterone, suggesting that increased 11-keto-androgen 
production could be a compensatory response to reduced 
hydroxysteroid dehydrogenase activity.27

We therefore measured testicular and circulating lev-
els of 11-oxyandrogens and 11-keto androgens in adult 
Hsd17b3 KO and dKO mice. 11OH-androstenedione, 11OH-
testosterone, 11K-androstenedione, and 11K-testosterone 
(11K-T) were not detected in any testis or serum samples. 
11K-DHT was detectable in the testis but did not differ be-
tween genotypes (Figure  12A); however, circulating 11K-
DHT levels were significantly increased in Hsd17b3 KO and 
dKO mice (Figure 12B). The concentration of 11K-DHT in 
serum was similar to, and in some cases higher than, serum 
DHT levels (Figure  11M). These data suggest increased 
extra-gonadal synthesis of 11K-DHT when Hsd17b3 is 
ablated prior to birth, suggesting that 11-keto androgen 
production could be operating as another compensatory 
mechanism to preserve androgen bioactivity when the 
major androgen biosynthetic enzymes are ablated.

4   |   DISCUSSION

The canonical pathway of androgen biosynthesis in-
volves the production of testosterone via HSD17B3 and 

F I G U R E  1 2   (A) Intratesticular and (B) circulating levels of 
11-keto-dihydrotestosterone (11K-DHT) in adult (day 80) male 
Hsd17b3−/− knockout (KO) and Hsd17b3−/−; Srd5a1−/− double 
knockout (dKO) mice. The limit of detection was 0.05 ng/mL 
and is indicated by a dotted black line on the y-axis. One-way 
ANOVA, Tukey's test, where p ≤ .05, data shown as mean ± SEM 
with n = 5–14 per group. Significant differences between groups are 
indicated as *p ≤ .05, ****p ≤ .0001.
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the conversion of testosterone to DHT via the SRD5A 
enzymes, and the alternate pathway involves the pro-
duction of DHT via SRD5A independent of testosterone 
production (Figure  1).5,8,12,14,15 Both the canonical and 
alternate pathways are essential for normal human male 
sexual development.11–15,36 However, whether and how 
these pathways cooperate to regulate androgen bioactiv-
ity in mice is not understood. In mice, deletion of Hsd17b3 
or loss of function mutations in SRD5A enzymes do not 
affect male sexual development and fertility,20,22,31 sug-
gesting compensatory mechanisms maintain androgen 
production when 17-ketosteroid or SRD5A enzymes are 
ablated. The current study utilized mice lacking both 
Hsd17b3 and Srd5a1, the primary SRD5A enzyme acting 
in the testis, to address the hypothesis that the alternate 
pathway of androgen biosynthesis contributes to the 
maintenance of male sexual development and fertility 
in the absence of Hsd17b3. The results reveal multiple 
mechanisms of compensation in male mice to maintain 
androgen bioactivity.

The impact of the alternate pathway of androgen bio-
synthesis in adult Hsd17b3 KO mice was first investigated 
using dutasteride, a competitive inhibitor for the SRD5A1 
and SRD5A2 enzymes. In Hsd17b3 KO mice, alternate 
pathway precursors androsterone and 3β-diol were sig-
nificantly increased in circulation, suggesting that, when 
the canonical pathway is impaired, the alternate pathway 
is up-regulated to preserve androgen production. The up-
regulation of alternate pathway precursors in Hsd17b3 KO 
mice was reduced by dutasteride treatment, confirming 
that suppression of SRD5A reduces the entry of steroids 
into the alternate pathway. While dutasteride reduced cir-
culating DHT in wild-type mice, the levels were unaffected 
in Hsd17b3 KO mice, yet seminal vesicle weights were 
reduced, likely reflecting a local reduction in DHT pro-
duction in target tissues.39 No changes in testis weight or 
histology were seen, suggesting testicular testosterone acts 
directly to maintain androgen activity in the testis and/or 
an inability of dutasteride to compete with the high levels 
of testosterone for the SRD5A catalytic site. Nevertheless, 
this experiment revealed that alternate pathway precur-
sors are increased in Hsd17b3 KO mice, pointing to cross-
talk between the canonical and alternate pathways. These 
findings suggest that ablation of SRD5A in Hsd17b3 KO 
mice may be a useful model to investigate the contribution 
of the alternate pathway to androgen production in the ab-
sence of HSD17B3.

Thus, we developed mice in which both the canon-
ical and alternate androgen production pathways were 
impaired by deletion of Hsd17b3 and Srd5a1. We deleted 
SRD5A1 because it is a key gateway enzyme into the al-
ternate pathway of steroid biosynthesis (Figure 1) and the 
predominant SRD5A contributing to DHT production in 

the adult rodent testis.29 The phenotype of the Hsd17b3 
KO (Hsd17b3−/−; Srd5a1+/−) line generated in this study 
was entirely consistent with the phenotype of Hsd17b3 
KO mouse lines generated by us20 and others.22 In both 
Hsd17b3 KO and Hsd17b3 and Srd5a1 (dKO) mice, the 
ablation of HSD17B3 was functionally confirmed by a 
decreased AGD, increased serum androstenedione levels, 
and a reduced ratio of testicular testosterone to andro-
stenedione, which are hallmarks of HSD17B3 deficiency 
in humans13 and mice.15,18 dKO mice showed a similar 
phenotype of steroidogenic compensation as Hsd17b3 
KO mice20,22 and the knockout of the Srd5a1 allele was 
functionally validated by significant reductions in the 
ratio of circulating androsterone to androstenedione and 
in circulating alternate androgen pathway precursors and 
DHT compared to Hsd17b3 KO mice. The creation of dKO 
mice provides an opportunity to examine the contribution 
of the alternate pathway to the maintenance of androgen 
bioactivity in Hsd17b3 KO mice.

The role of the alternate androgen production path-
way in male prenatal sexual development was investi-
gated by assessing dKO mice on the day of birth. Sexual 
development appeared normal, and steroid analyses sug-
gested this pathway remained functional in the testes. 
Importantly, the expression of another SRD5A enzyme, 
Srd5a2, was significantly increased in the testes of neo-
natal dKO mice, suggesting it is up-regulated to compen-
sate for the loss of Hsd17b3 and/or Srd5a1. Srd5a2 is not 
up-regulated in the absence of Srd5a1 in female mice,35 
suggesting that mechanisms of cooperativity may be spe-
cific to the testis. Another explanation for normal testis 
development in dKO mice is the maintenance of testos-
terone production during fetal development by continued 
expression of HSD17B1 that is able to compensate for the 
loss of HSD17B3 during fetal development.33 Taken to-
gether, these observations suggest that androgen action 
during fetal testis development in dKO mice is supported 
by HSD17B1 and SRD5A2.

Adult dKO mice had grossly normal reproductive 
tracts but decreased testicular expression of the Leydig 
cell maturation marker Hsd3b6, consistent with altered 
Leydig cell maturation and function during Hsd17b3 
deficiency. The data suggested that the alternate path-
way operates in the adult mouse testis but that it is not 
up-regulated in the testis during HSD17B3 deficiency. 
Intratesticular testosterone levels were preserved in both 
Hsd17b3 KO and dKO, pointing to Hsd17b3-independent 
mechanisms of testosterone synthesis.20 Importantly, 
testicular DHT was maintained in dKO mice and the 
mRNA expression of another SRD5A enzyme, Srd5a2, 
showed a >40-fold increase. The data suggested that the 
marked up-regulation of Srd5a2 is a response to the loss 
of Hsd17b3, rather than the loss of Srd5a1. SRD5A2 is 
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particularly effective at catalyzing 5α-reduction at low 
levels of testosterone, such as is observed in the testis 
during puberty,29,40 and thus it is reasonable to hypoth-
esize that the testis responds to steroidogenic insuf-
ficiency by switching on SRD5A2. Studies in human 
prostate have shown that adult somatic cell suppression 
of SRD5A2 is regulated by DNA methyltransferase-
dependent epigenetic modifications of the SRD5A2 pro-
moter,41 raising the intriguing possibility that, during 
Hsd17b3 deficiency, demethylation of testicular Srd5a2 
could contribute to the increased expression of Srd5a2.

The testicular phenotype of dKO mice is one of 
steroidogenic compensation, similar to Hsd17b3 KO 
mice.20,22 dKO mice exhibited elevated circulating LH 
and testicular expression of Lhcgr and steroidogenic 
enzymes including Star, Cyp11a1, and Cyp17a1 consis-
tent with a phenotype of steroidogenic compensation 
by the Leydig cells.20,22 The expression of steroidogenic 
enzymes was not further increased in dKO compared 
to Hsd17b3 KO testes, and testicular steroids were not 
further stimulated by hCG, indicating that the Leydig 
cells are functioning to their maximum output in the ab-
sence of Hsd17b3. The preserved synthesis of testicular 
testosterone and DHT was not hCG-responsive in dKO 
mice, suggesting that the compensatory mechanisms in 
the testis are refractory to further LHCGR stimulation. 
Adult testes do not express HSD17B1, even in the ab-
sence of HSD17B3,33 and therefore this enzyme cannot 
be responsible for the maintenance of testicular testos-
terone production in both the Hsd17b3 KO and dKO 
testes, suggesting that other, as-yet unidentified, hydrox-
ysteroid dehydrogenase enzymes are capable of convert-
ing androstenedione to testosterone in the adult mouse 
testis.5,20,33

Our analyses revealed that Hsd17b3 deficiency is asso-
ciated with an increase in alternate pathway steroids and 
DHT in the circulation. However, this does not occur in 
the testes, likely due to the marked up-regulation of testic-
ular Srd5a2 expression, which can maintain DHT produc-
tion via the conversion from testosterone in the canonical 
pathway. We also showed that the loss of Srd5a1 in the 
dKO mice caused a marked reduction in circulating levels 
of androsterone, 3β-diol and DHT compared to Hsd17b3 
KO mice, indicating that Srd5a1 contributes to the mainte-
nance of androgen bioactivity in peripheral tissues in con-
ditions of steroidogenic insufficiency. Taken together, our 
findings suggest that the loss of HSD17B3 in the testis and 
the resulting phenotype of steroidogenic compensation is 
associated with an increase in the alternate pathway of an-
drogen biosynthesis in peripheral tissues. These observa-
tions point to the existence of compensatory mechanisms 
in extra-gonadal tissues that act to maintain DHT biosyn-
thesis when Leydig cell steroidogenesis is compromised.

We also assessed the levels of 11-keto steroids in the tes-
tis and circulation. These 11-keto steroids are synthesized 
from adrenal-derived 11-oxygenated steroids in target tis-
sues23 and are present at much lower levels than native an-
drogens in males.23 We were able to detect 11K-DHT, but 
not 11K-T, in the testis of adult mice, but the levels did not 
change in Hsd17b3 KO or dKO mice. Circulating 11K-T 
was undetectable in mice and 11K-DHT was lowly abun-
dant in WT mice; however, 11K-DHT was elevated in both 
Hsd17b3 KO and dKO mice, suggesting the synthesis of 
this bioactive androgen is an extra-gonadal compensatory 
response to the loss of Hsd17b3. 11-keto androgens are up-
regulated in castration-resistant prostate cancer42 and in 
the fetal mouse testis when Hsd17b1 and Hsd17b3 expres-
sion is reduced,27 suggesting that they can be increased in 
males when steroidogenesis is compromised. 11K-T can 
be efficiently converted to 11K-DHT by SRD5A2, but not 
by SRD5A1,43 and both 11K-T and 11K-DHT can bind to 
the AR to elicit androgen responses.28,44 Little is known 
about the androgenic potency of 11K-DHT in mouse tis-
sues, but it is important to note that androgen bioactivity 
relies on multiple factors, including mechanisms of local 
tissue production and inactivation, an ability to bind to 
carrier proteins and to elicit classic genomic and/or rapid 
non-genomic AR-dependent responses. The fact that 11K-
DHT, but not 11K-T, is up-regulated in the circulation, 
but not testes, of KO mice with a phenotype of andro-
gen biosynthetic enzyme insufficiency and steroidogenic 
compensation points to the existence of intriguing mech-
anisms of co-operativity between androgen biosynthetic 
pathways in mice.

Our finding that SRD5A and the alternate pathway 
can support androgen production in conditions of ste-
roidogenic insufficiency is relevant to the understanding 
of human male endocrine disorders. Masculinization of 
the human fetus involves both the canonical and alter-
nate pathways of androgen biosynthesis.12,17 Alternate 
pathway androgen precursors are not produced in the 
developing human testis and are instead synthesized 
predominantly in peripheral tissues and the placenta.14 
How the canonical and alternate pathways intersect and 
cooperate during human male sexual development is not 
clear, but our data suggest mechanisms of compensation 
between the two pathways to maintain androgen bioac-
tivity. Human XY individuals with HSD17B3 deficiency 
can develop male characteristics during puberty19,21; 
however, whether the synthesis of DHT via the alternate 
pathway could promote androgen-dependent pubertal 
masculinization in conditions of human HSD17B3 defi-
ciency is not known and yet is suggested by our findings 
in mice. Finally, ~10% of men with late-onset hypogo-
nadism exhibit a phenotype of compensated hypogonad-
ism, with high LH and normal testosterone,45 similar to 
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steroidogenic compensation in HSD17B3-deficient adult 
mice.20,22 Whether SRD5A and the alternate pathway, in-
cluding an up-regulation of SRD5A2 in the testis, con-
tribute to the maintenance of androgen bioactivity in this 
clinical setting is unknown.

In conclusion, observations from Hsd17b3 KO and 
Hsd17b3 and Srd5a1 dKO mice have revealed striking 
mechanisms of compensation to maintain androgen bio-
activity during fetal life and in adulthood in male mice. In 
the absence of Hsd17b3 and Srd5a1, fetal sexual develop-
ment and androgen production can be maintained by tes-
ticular HSD17B133 and there is a compensatory increase 
in testicular SRD5A2 expression at birth. In adult mice 
deficient in Hsd17b3 alone or Hsd17b3 and Srd5a1, the 
testes exhibit a phenotype of steroidogenic compensation, 
with elevated LH and precursor steroid production and 
continued testosterone production, likely via unknown 
enzyme(s) capable of synthesizing testosterone,20,22 and 
DHT, likely via the marked upregulation of the SRD5A2 
enzyme. In peripheral tissues, the absence of HSD17B3 
causes 11K-DHT production to be switched on, and there 
is an increase in steroids produced via the alternate path-
way of androgen production, suggesting that the canon-
ical, alternate, and 11-keto steroid androgen production 
pathways can cooperate to contribute to androgen pro-
duction. We conclude that mice have evolved multiple 
mechanisms, involving multiple pathways of androgen 
production, to maintain androgen biosynthesis through-
out development and adulthood.
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