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have been identified in  vivo: 11β‑HSD type  1  (11β‑HSD1) and 
type 2 (11β‑HSD2). 11β‑HSD1, an oxidoreductase that uses NADPH 
as a cofactor, is abundantly expressed in rat Leydig cells and we have 
previously shown that its capacity for oxidation increases during 
development of these cells.14,15 Testis expression of 11β‑HSD2, 
an exclusive oxidase that uses NAD+  as cofactor,16 is a matter of 
some controversy, with some studies failing to detect it and others 
demonstrating its expression in Leydig and Sertoli cells.17–19 These 
discrepant observations have been attributed to differences in the 
species studied, the sensitivity of the detection methods, and the 
sampling time selected. Moreover, in our initial report of the expression 
of 11β‑HSD2 in rat Leydig cells in 2005,20 we found that it was expressed 
at levels  ~1000‑fold lower than those of 11β‑HSD1, which might 
explain why other studies failed to detect it in the testis.

Given that both 11β‑HSD1 and 11β‑HSD2 are expressed in rat 
testis, and coordinately modulate testis GC concentrations, studying 
the developmental expression patterns of these enzymes throughout 
the testis may shed light upon the differential effects of GCs during 
testis development. Accordingly, in the present study, we carried out a 
comprehensive investigation of the gene expression levels, localization 

INTRODUCTION
The testis is a primary target for glucocorticoids  (GCs), which are 
produced both during normal physiology and in response to stress. 
For example, it has been demonstrated that GC deficiency impairs 
Leydig cell steroidogenesis, leading to a delay in the maturation of 
the testis.1–3 Moreover, elevated GC levels, arising either in response 
to stress or as a result of exogenous dosing, have been reported to 
suppress testosterone production,4–6 induce apoptosis and degeneration 
of Leydig cells,7–9 and promote testicular maturation.10 Interestingly, 
the effects of GC on testis have been shown to differ during distinct 
stages of postnatal development, such that plasma testosterone is 
increased by immobilization stress in prepubertal rats, but is lowered 
in adult rats under the same conditions.11 The effects of GCs in the 
testis are known to be mediated, at least in part, by the glucocorticoid 
receptor, which has been shown to be expressed in the testis during 
postnatal development.12,13 GC levels in the testis are regulated in 
part by 11β‑hydroxysteroid dehydrogenases  (11β‑HSDs), which 
catalyze the interconversion of active GCs and inert GC metabolites, 
namely, cortisol and cortisone in humans, and corticosterone and 
11‑dehydrocorticosterone in rodents. Two 11β‑HSD isoforms 
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11β‑hydroxysteroid dehydrogenase type 1 (11β‑HSD1) and type 2 (11β‑HSD2) are expressed in rat testis, where they regulate 
the local concentrations of glucocorticoids. Here, we investigated the expression and localization of 11β‑HSD in rat testis during 
postnatal development, and the regulation of these genes by luteinizing hormone (LH) and androgens. mRNA and protein levels 
were analyzed by quantitative real‑time‑polymerase chain reaction and western blotting, respectively, in testes collected from rats at 
postnatal day (PND) 7, 14, 21, 35, and 90, and from rats treated with LH, 7α‑methyl‑19‑nortestosterone (MENT) and testosterone 
at PND 21 and PND 90. Immunohistochemical staining was used to identify the localization of the 11β‑HSD in rat testis at PND 
7, 14, and 90. We found that 11β‑HSD1 expression was restricted to the interstitial areas, and that its levels increased during 
rat testis development. In contrast, whereas 11β‑HSD2 was expressed in both the interstitial areas and seminiferous tubules at 
PND 7, it was present only in the interstitial areas at PND 90, and its levels declined during testicular development. Moreover, 
11β‑HSD1 mRNA was induced by LH in both the PND 21 and 90 testes and by MENT at PND 21, whereas 11β‑HSD2 mRNA 
was induced by testosterone and MENT in the PND 21 testis and by LH in the PND 90 testis. In conclusion, our study indicates 
that the 11β‑HSD1 and 11β‑HSD2 genes have distinct patterns of spatiotemporal expression and hormonal regulation during 
postnatal development of the rat testis.
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and hormonal regulation of 11β‑HSD1 and 11β‑HSD2 in the testis of 
postnatal day (PND) 7 (infant), PND 14, PND 21 (prepubertal), PND 
35 (pubertal), and PND 90 (adult) rats.

MATERIALS AND METHODS
Materials
The luteinizing hormone releasing hormone (LHRH) antagonist [Ac-
D2Nal1, 4C1DPhe2, D3Pal3, Arg5, DGlu6 (anisole adduct), DAla10]-
GnRH (NalGlu) was kindly provided by Dr. Jean Rivier (Salk Institute, 
San Diego, CA, USA). Ovine luteinizing hormone (LH) was generously 
supplied by the NIH (oLH‑26 AFP‑5551B, NIH, Bethesda, MD, USA). 
7α‑methyl‑19‑nortestosterone (MENT) was kindly provided by the 
Upjohn Company (Kalamazoo, MI, USA). Mannitol and testosterone 
were purchased from Sigma Chemical Co.,  (St. Louis, MO, USA). 
Testosterone and MENT were dissolved in cottonseed oil containing 
5% ethanol.

Primary anti‑11β‑HSD1  (ab39364) and anti‑β‑actin  (ab1801) 
antibodies were purchased from Abcam, Inc.,  (Cambridge, MA, 
USA). Primary anti‑11β‑HSD2 antibody  (sc‑20176) was from 
Santa Cruz Biotechnology, Inc.,  (Dallas, TX, USA). The secondary 
antibody  (two‑step IHC detection reagent, pv 6001) was goat 
anti‑rabbit IgG antibody coupled to horseradish peroxidase, and was 
purchased from Beijing ZSBG Biotechnology Co., (Beijing, China).

Male Sprague‑Dawley rats were purchased from Charles River 
Laboratories (Salk Institute). The animal protocol was approved by 
the Institutional Animal Care and Use Committee of the Rockefeller 
University (protocol 91200). Studies performed in Wenzhou Medical 
University Laboratory Animal Center were carried out in an animal 
laboratory approved by Science and Technology Department of 
Zhejiang Province  (Certificate No. 2203001) using rats purchased 
from the Shanghai SLAC Laboratory Animal Co., Ltd., (Shanghai, 
China).

Tissue preparation
PND 7, 14, 21, 35, and 90  male rats were decapitated, after which 
testes were removed, frozen in liquid nitrogen and stored at  -70°C 
for reverse transcription‑polymerase chain reaction  (RT‑PCR), 
quantitative real‑time PCR (qPCR) or western blot detection. Six rats 
were analyzed at each age, and between 3 and 6 samples from different 
rats were analyzed by qPCR, western blot or immunohistochemistry 
at each time point indicated.

RT-PCR and qPCR
Total RNA was isolated by a single‑step method using the TRIzol 
Reagent  (Invitrogen, Grand Island, NY, USA) according to the 
manufacturer’s instructions. 50 mg testis was homogenized in 1 ml 
TRIzol and extracted with 0.2 ml chloroform. Total RNA was then 
precipitated with 0.5 ml isopropanol, washed with 70% ethanol, dried 
in a vacuum, and dissolved in 150 µl diethylpyrocarbonate‑treated 
water. The RNA concentration was measured spectrophotometrically 
by absorbance at 260 nm.

Primers were synthesized by Life Technologies Corporation 
(Carlsbad,  CA,  USA) using the appropriate  publ ished 
sequences.20 Forward and reverse primers were in different 
exons to minimize the effects of possible genomic DNA 
contamination. For Hsd11b1 (11β‑HSD1), the forward primer was 
5’‑GAAGAAGCATGGAGGTCAAC‑3’ and the reverse primer was 
5’‑GCAATCAGAGGTTGGGTCAT‑3’. For Hsd11b2  (11β‑HSD2), 
the forward primer was 5’‑CGTCACTCAAGGGGACGTAT‑3’ and 
the reverse primer was 5’‑CGTCACTCAAGGGGACGTAT‑3’. For the 
reference gene, Rps16 (ribosomal protein S16), the forward primer was 

5’‑AAGTCTTCGGACGCAAGAAA‑3’ and the reverse primer was 
5’‑GCAATCAGAGGTTGGGTCAT‑3’.

cDNA fragments were amplified by RT‑PCR using total RNA 
from testes. In brief, total testis RNA (2 μg) was used as the template 
for avian myeloblastosis virus reverse transcriptase in the presence of 
random primers, deoxyribonucleotides, RNasin (RNAase inhibitor) 
and M‑MLV reverse transcriptase (Promega Biosciences, Inc., San Luis 
Obispo, CA, USA) at 37°C for 60 min. The reaction was terminated by 
heating at 95°C for 15 min.

qPCR was carried out in a 22 µl volume using a 96‑well plate format 
and SYBR Green PCR core reagents  (Invitrogen) purchased from 
Life Technologies Corporation. Fluorescence was detected on an ABI 
7700 system (Applied Biosystems, Foster City, CA, USA). Target and 
reference mRNA levels were expressed as the threshold cycle value (Ct) 
determined using their standard curves. Standard curves were created 
using serial dilutions of genes detected in the same plate. The relative 
mRNA levels of 11β‑HSD1 and 11β‑HSD2 were expressed as the Ct 
normalized using Rps16.

Western blotting
Testis tissue was homogenized in 0.5–1 ml phosphate buffered saline 
(PBS)‑sucrose buffer (0.01 mol l‑1, pH 7.4 PBS + 0.25 mol l–1 sucrose) and 
centrifuged at 700 g for 30 min at 4°C. The supernatant was collected 
and the protein concentration was detected spectrophotometrically 
by absorbance at 595 nm using a Bio‑Rad Protein Assay kit (catalog 
No. 500–0006; Bio‑Rad, Hercules, CA, USA).

Testis protein (60 μg) was mixed with loading buffer (3:1) and boiled 
for 10 min. SDS polyacrylamide gel electrophoresis was performed at 
a constant voltage of 60–80 volts, after which proteins in the gel were 
electrophoretically transferred onto nitrocellulose membranes. After 
30 min immersion in 5% nonfat milk to block nonspecific binding, 
membranes were incubated with a 1:1000 dilution of the primary 
antibody. Membranes were then washed and incubated with a 1:2000 
dilution of secondary antibody conjugated to horseradish peroxidase. 
The washing step was repeated, after which immunoreactive bands were 
visualized by chemiluminescence using enhanced chemiluminescence 
western blot detection reagents  (Invitrogen). The protein levels for 
11β‑HSD1 and 11β‑HSD2 were quantified by analyzing luminosity 
after normalization to β‑actin.

Immunohistochemistry
Eighteen male rats  (6 each at PND 7, 14 or 90) were used for 
immunohistochemistry experiments. Rats were anesthetized by chloral 
hydrate, perfused with PBS and 4% paraformaldehyde, after which the 
testes were removed. Testes were fixed in 4% paraformaldehyde for at 
least 24 h, cut into 2–3 cm sections, and then washed and embedded 
in paraffin wax. Paraffin wax sections were cut into 3–5 μm slices and 
treated according to the immunohistochemistry protocol recommended 
by the manufacturer. Anti‑11β‑HSD1 and anti‑11β‑HSD2 antibodies 
were used at dilutions of 1:400 and 1:100, respectively, in primary 
antibody diluent, and incubated with tissue slices overnight at 4°C, 
followed by 30 min incubation in secondary antibody.

Hormonal manipulation
Hormonal regulation of 11β‑HSD gene expression was analyzed in 
PND 21 and 90 rats. For each age, five groups of six rats each were 
established as follows:  (a) CON (control). Animals received a daily 
ip injection of 8% mannitol and a sc daily injection of cottonseed oil 
containing 5% ethanol; (b) NG. Animals received a daily ip injection 
of NalGlu  (0.3  mg kg–1) plus sc vehicle.  (c) NG  +  LH. Animals 
received daily ip injections of NalGlu and 0.2  mg kg–1 LH plus sc 
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vehicle. (d) NG + T. Animals received a daily ip injection of NalGlu 
and testosterone (7.5 mg kg–1) by daily sc injection. (e) NG + MENT. 
Animals received NalGlu plus MENT (0.7 mg kg–1) by daily sc injection. 
Treatments commenced on PND 17 or PND 86, and the animals 
were killed on PND 21 and 90 by asphyxiation with CO2. Testes were 
collected and processed as described above.

Statistics
All data are expressed as the means  ±  standard error of the mean 
statistical analyses were performed using SPSS version  17.0  (SPSS 
Inc., Chicago, IL, USA). Data from the mRNA and protein analysis of 
spatiotemporal changes in 11β‑HSD expression during development 
were analyzed by repeated measures in the general linear model. 
Mauchly’s test of sphericity confirmed the relationships among data 
from different ages (P < 0.05) and Greenhouse‑Geisser <0.7, therefore 
Bonferroni was used to compare results between different ages. Data 
from mRNA and protein analysis of hormonal regulation of 11β‑HSD 

expression were analyzed by one‑way ANOVA with Tukey’s post‑hoc 
test. Data were normally distributed. Differences were regarded as 
statistically significant at P < 0.05. Measurements were repeated 3 times.

RESULTS
mRNA and protein analysis levels of 11β-HSD1 and 11β-HSD2 in 
rat testis during development
First, we carried out analysis of 11β‑HSD1 and 11β‑HSD2 in 
rat testis during development at both the mRNA  (Figure  1) and 
protein (Figure 2) levels.

11β‑HSD1 testis mRNA levels increased between PND 21 and 
35 (P < 0.01) and between PND 35 and 90 (P < 0.001)  (Figure 1). 
Similarly, 11β‑HSD1 testis protein levels increased with age, with 
the exception that statistical significance  (P  <  0.05) was initially 
observed between PND 14 and 21 (Figure 2). In contrast, 11β‑HSD2 
testis mRNA levels decreased between PND 7 and 90, with statistical 
significance (P  <  0.001) initially observed between PND 7 and 14 
(Figure  1). While 11β‑HSD2 testis protein levels were comparable 
between PND 7 and 35 (P > 0.05), they were markedly decreased at 
PND 90 (P < 0.01) (Figure 2).

Localization of 11β-HSD1 and 11β-HSD2 during development in 
rat testis
Results of immunohistochemical staining for 11β‑HSD1 and 
11β‑HSD2 in the testis of PND 7, 14, and 90 rats are shown in Figure 3.

While 11β‑HSD1‑positive cells were sparse in the interstitial 
areas at PND 14 (white arrow, Figure 3a), they were abundant in the 
interstitial areas at PND 90. 11β‑HSD1 expression was undetectable in 
the seminiferous tubule at PND 90 (black arrow, Figure 3c).

Figure 1: qPCR analysis of developmental fluctuations in 11β-HSD1 and 
11β-HSD2 levels in rat testis. Testicular samples from rats at PND 7, 14, 
21, 35 and 90 were subjected to qPCR analysis. Relative mRNA levels of 
11β-HSD1 (a) and 11β-HSD2 (b) are expressed as the threshold cycle values 
(Ct) normalized to the reference gene, Rps16 (means ± s.e.m. n = 3–6). 
Superscript asterisks show the statistical difference (*P < 0.05, **P < 0.01, 
***P < 0.001, the repeated measures in the general linear model, Mauchly’s 
test of sphericity followed by pairwise comparisons with Bonferroni). 
PND: postnatal day; 11β-HSD1: 11β-hydroxysteroid dehydrogenase type 1; 
11β-HSD2: 11β-hydroxysteroid dehydrogenase type 2; qPCR: quantitative 
real-time polymerase chain reaction; Rps16: ribosomal protein S16; 
s.e.m.: standard error of the mean.

b

a

Figure 2: Western blot analysis of developmental fluctuations in 11β-HSD1 
and 11β-HSD2 levels in rat testis. Testicular samples from rats at PND 7, 
14, 21, 35 and 90 were subjected to western blotting analysis. For each 
sample, 60 μg protein was loaded. Relative protein levels of 11β-HSD1 
(a) and 11β-HSD2 (b) were normalized to β-actin (means ± s.e.m. n = 3–6). The 
superscript asterisks show the statistical difference (*P < 0.05,**P < 0.01, 
the repeated measures of the general linear model, Mauchly’s test of 
sphericity followed by pairwise comparisons with Bonferroni). (c) The pattern 
of immunoreactive proteins for each antibody. C1: 11β-HSD1 at 34 kDa; C2: 
11β-HSD2 at 41 kDa; C3: β-actin at 42 kDa. PND: postnatal day; 11β-HSD1: 
11β-hydroxysteroid dehydrogenase type 1; 11β-HSD2: 11β-hydroxysteroid 
dehydrogenase type 2; s.e.m.: standard error of the mean.

b

a
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In contrast, while 11β‑HSD2‑positive cells were abundant 
around  (black star, Figure  3b) and inside  (white star, Figure  3b) 
the seminiferous tubules at PND 7, by PND 90, 11β‑HSD2‑positive 
cells were restricted to the interstitial areas (black arrow, Figure 3d). 
Based on their morphological characteristics and localization, we 
speculate that the 11β‑HSD2‑positive cells at PND 7 are spindle shape 
mesenchymal stem cells, spermatogonial stem cells or primordial germ 
cells, although further studies will be required for a more accurate 
conclusion.

Hormonal regulation on 11β-HSD1 and 11β-HSD2 in developing 
testis
To enable us to analyze the effect on 11β‑HSD gene expression in 
PND 21 and 90 testes of treatment with exogenous LH, testosterone 
or MENT, rats were treated with the LHRH antagonist NalGlu to 
suppress endogenous LH and testosterone concentrations. Figures 4–6 
show the effects of treatment with these hormones on 11β‑HSD1 and 
11β‑HSD2 expression.

While NalGlu had no effect on expression of 11β‑HSD1 at PND 
21 (Figures 4a and 5a), it decreased 11β‑HSD1 expression at PND 
90  (Figure  4b). Compared with controls, 11β‑HSD1 mRNA levels 
were induced by exogenous LH  (P  <  0.01) at PND 21  (Figure  4a) 
and PND 90 (Figure 4b), and by MENT but not testosterone at PND 
21 (P < 0.05) (Figure 4a). Similar results were observed at the protein 
level (P < 0.01) (Figure 5b). NalGlu reduced 11β‑HSD2 at the mRNA 
and protein levels (Figures 4c and 6a) at PND21, whereas at PND 90, 
it stimulated expression of 11β‑HSD2 (Figure 4d). Relative to controls, 
mRNA levels of 11β‑HSD2 at PND 21 were induced by exogenous 
testosterone (P < 0.05) and MENT (P < 0.05) (Figure 4c), but not by 
exogenous LH (P > 0.05) (Figure 4c). In contrast, at PND 90, 11β‑HSD2 
mRNA levels were increased by exogenous LH (P < 0.01) (Figure 4d), 
but not by exogenous testosterone or MENT (P > 0.05, Figure 4d). 

Protein levels of 11β‑HSD2 were comparable  (P  >  0.05) in each 
group (Figure 6b).

DISCUSSION
GCs have distinct effects on rat testis that vary both with postnatal 
development stage, as well as with specific physiological contexts, such 
as stress. In this context, 11β‑HSDs play important roles in modulating 
the production of testosterone in response to GC signaling.21 For 
example, during the prepubertal stage, when circulating levels of GC 
are low,22 the reducing activity of 11β‑HSD1 maintains local GCs 
at levels required by normal testicular development. Moreover, the 
oxidative activity of 11β‑HSD1 and 11β‑HSD2 suppress GC levels to 
facilitate aldosterone signaling, and to avoid stress‑related disruption 
of testis physiology. These data imply that developmental fluctuations 
in 11β‑HSD1 and 11β‑HSD2 expression are linked to age‑dependent 
effects of GC signaling in the testis.

We found that 11β‑HSD2 expression declines during postnatal 
testis development of testis, falling from mRNA and protein level 
peaks at PND 7 and PND 35, respectively, to their lowest levels at 
PND 90 for both mRNA and protein. These data are in conflict with 
our previous results in Leydig cells, which showed that 11β‑HSD2 
mRNA and activity were higher in adult Leydig cell (ALC) compared 
with progenitors Leydig cell (PLC) or immature Leydig cells (ILC).23 
This discrepancy can be resolved in part by our immunolocalization of 
11β‑HSD2 expression in the seminiferous tubules at PND 7, implying 
that Leydig cells are not the sole source of 11β‑HSD2 in infant rat testis. 
The elevated and ubiquitous expression of 11β‑HSD2 in rat testis at 
this stage is in striking contrast to 11β‑HSD1, which is undetectable 
until PND 14 (Figure 3) and consistent with our previous report in 
Leydig cells,15 is restricted to the ALC. Collectively, these data indicate 

Figure 4: Hormonal regulation of 11β-HSD1 and 11β-HSD2 mRNA levels. 
The samples were from rats treated with vehicle (CON), NalGlu (NG), NalGlu 
plus testosterone (NG + T), NalGlu plus LH (NG + LH), or NalGlu plus MENT 
(NG + MENT). (a) shows the mRNA levels of 11β-HSD1 at PND 21; (b) shows 
the mRNA levels of 11β-HSD1 at PND 90; (c) shows the mRNA levels of 
11β-HSD2 at PND 21; (d) shows the mRNA levels of 11β-HSD2 at PND 
90. Relative mRNA levels are expressed as the threshold cycle values (Ct) 
normalized to Rps16 (means ± s.e.m., n = 3–6). The superscript asterisks 
show the statistical difference between two groups (*P < 0.05, **P < 0.01, 
***P < 0.001, one-way ANOVA with Tukey’s post-hoc analysis). PND: postnatal 
day; 11β-HSD1: 11β-hydroxysteroid dehydrogenase type 1; 11β-HSD2: 
11β-hydroxysteroid dehydrogenase type 2; CON: control; NalGlu: [Ac-D2Nal1, 
4C1DPhe2, D3Pal3, Arg5, DGlu6 (anisole adduct), DAla10]-GnRH; T: 
testosterone; LH: luteinizing hormone; MENT: 7α-methyl-nortestosterone; 
Rps16: ribosomal protein S16; s.e.m.: standard error of the mean.

dc

ba

Figure  3: Immunohistochemical analysis of 11β-HSD1 and 11β-HSD2 
expression in rat testis. (a) Rat testis at PND 14 (×400). Brown staining 
represents 11β-HSD1. White arrow points to 11β-HSD1-positive cells 
in the interstitial areas. (b) Rat testis at PND 7 (×400). Brown staining 
represents 11β-HSD2. The black stars point to 11β-HSD2-positive cells 
in interstitial areas and the white stars point to 11β-HSD2-positive cells in 
the seminiferous tubules. (c) Rat testis at PND 90 (×200). Brown staining 
represents 11β-HSD1. Black arrow points to the seminiferous tubule, 
which was 11β-HSD1-negative. (d) Rat testis at PND 90 (×200). Brown 
staining represents 11β-HSD2. Black arrow points to the seminiferous 
tubule which was 11β-HSD2-negative. Scale bars = 25 μm. PND: postnatal 
day; 11β-HSD1: 11β-hydroxysteroid dehydrogenase type 1; 11β-HSD2: 
11β-hydroxysteroid dehydrogenase type 2.

dc
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that of the two isoforms, 11β‑HSD2 plays the major role in modulating 
the effects of GC in the infant testis. Furthermore, given that GC 
production is very low during the rat stress hyporesponsive period 
between PND 4 and 12,24 and since 11β‑HSD2 is a unidirectional 
oxidase that catalyzes only the inactivation of GC, we conclude that 
11β‑HSD2 plays a critical role in strictly limiting the exposure of the 
infant rat testis to GCs to ensure normal testicular development.

NalGlu, a LHRH antagonist, has been reported to cause reductions 
in testis weight, seminiferous tubule diameter, Leydig cell volume and 
testosterone production, as well as repressing expression of LH and 
LH receptor  (LHR).25,26 In this study, NalGlu was used to suppress 
endogenous LH and testosterone levels to enable us to investigate 
the effects of exogenous LH, testosterone or the synthetic androgen 
MENT, on expression of 11β‑HSD1 and 11β‑HSD2 during postnatal 
testis development. Testosterone is metabolized by 5α‑reductase 
1 and 3α‑HSD, which is highly active during early stages of rat testis 
development. Accordingly, the use of MENT, which resists metabolism 
by to 5α‑reductase 1 and which has a higher affinity than testosterone 
for the androgen receptor (AR),27–29 enabled us to evaluate the role of 
androgen signaling on regulating 11β‑HSD expression. Indeed, while 
11β‑HSD2 mRNA were suppressed at PND 21 by both testosterone and 
MENT, at a ten‑fold lower dose, only MENT suppressed 11β‑HSD1 
expression (Figure 4a), suggesting that while both ligands are active 
in rat testis of PND 21, MENT is the more potent of the two.

While the differentiation of mesenchymal precursor cells into 
PLC between PND 10 and 13 is independent of LH and inhibited by 

testosterone, both hormones are essential for subsequent processes, 
including proliferation, preliminary steps in steroidogenesis, and 
differentiation into of PLC into ILC.30,31 Our experiments on hormonal 
regulation of 11β‑HSD were carried out at PND 17–21, during the 
prepubertal stage, or PND 86–90, during the adult stage, at which 
times Leydig cells exist as PLC or ALC, respectively. Relative to PLC, 
LHR is expressed lower levels in ALC, while AR is expressed at a higher 
level.32 We found that while 11β‑HSD1 in rat testis of PND 21 is not 
affected by NalGlu, it is repressed by NalGlu and restored by exogenous 
LH at PND 90 (Figure 4a), indicating that 11β‑HSD1 expression in 
the testis is more sensitive to LH in adults than in prepubertal rats. 
Moreover, we found that 11β‑HSD1 is primarily distributed in ALC 
and increases during testis development. These data, along with 
our recent demonstration that Leydig cell numbers are reduced by 
NalGlu and partially restored by LH or MENT,33 lead us to speculate 
that fluctuations in 11β‑HSD1 levels in adult rat testis in response to 
NalGlu, LH or androgens, may be secondary effects to the effects of 
these factors on Leydig cell number.

We found that 11β‑HSD2 was robustly expressed in both the 
interstitial areas and seminiferous tubules in infant rat testis and 
decreased with increasing age. In contrast to hormonal regulation 
of 11β‑HSD1 expression, 11β‑HSD2 levels were reduced by NalGlu 
and restored by testosterone or MENT at PND 21, and increased by 
both NalGlu and LH at PND 90 (Figure 4c–4d). These data suggest 

Figure 5: Hormonal regulation of 11β-HSD1 protein levels. The samples were 
from rats treated with vehicle (CON), NalGlu (NG), NalGlu plus testosterone 
(NG + T), NalGlu plus LH (NG + LH), or NalGlu plus MENT (NG + MENT). 
(a) Shows the protein levels of 11β-HSD1 relative to β-actin at PND 21, and (b) 
shows the protein levels of 11β-HSD1 relative to β-actin at PND 90 (means ± 
s.e.m., n = 3–6). The superscript asterisks show the statistical difference 
between two groups (**P < 0.01, one-way ANOVA with Tukey’s post-hoc 
analysis). (c) Shows the pattern of immunoreactive proteins recognized by 
the specific antibodies. C1: 11β-HSD1 of PND 90 at 34 kDa; C2: β-actin 
of PND 90 at 42 kDa; C3: 11β-HSD1 of PND 21 at 34 kDa; C4: β-actin 
of PND21 at 42 kDa. PND: postnatal day; 11β-HSD1: 11β-hydroxysteroid 
dehydrogenase type 1; 11β-HSD2: 11β-hydroxysteroid dehydrogenase type 2; 
CON: control; NalGlu: [Ac-D2Nal1, 4C1DPhe2, D3Pal3, Arg5, DGlu6 (anisole 
adduct), DAla10]-GnRH; T: testosterone; LH: luteinizing hormone; MENT: 
7α-methyl-nortestosterone; s.e.m.: standard error of the mean.

b

a

c

Figure 6: Hormonal regulation of 11β-HSD2 protein levels. The samples were 
previously treated by vehicle (CON), NalGlu (NG), NalGlu plus testosterone 
(NG + T), NalGlu plus LH (NG + LH), or NalGlu plus MENT (NG + MENT) (a) 
shows the protein levels of 11β-HSD2 relative to β-actin at PND 21, and (b) 
shows the protein levels of 11β-HSD2 relative to β-actin at PND 90 (means ± 
s.e.m., n = 3–6). The superscript asterisk shows the statistical difference 
between two groups (*P < 0.05, one-way ANOVA with Tukey’s post-hoc 
analysis). (c) Shows the pattern of immunoreactive proteins recognized by 
the specific antibodies. C1: 11β-HSD2 of PND 90 at 41 kDa; C2: β-actin 
of PND 90 at 42 kDa; C3: 11β-HSD2 of PND 21 at 41 kDa; C4: β-actin 
of PND21 at 42 kDa. PND: postnatal day; 11β-HSD1: 11β-hydroxysteroid 
dehydrogenase type 1; 11β-HSD2: 11β-hydroxysteroid dehydrogenase type 2; 
CON: control; NalGlu: [Ac-D2Nal1, 4C1DPhe2, D3Pal3, Arg5, DGlu6 (anisole 
adduct), DAla10]-GnRH; T: testosterone; LH: luteinizing hormone; MENT: 
7α-methyl-nortestosterone; s.e.m.: standard error of the mean.
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that 11β‑HSD2 is more sensitive to testosterone than LH in the 
prepubertal rat testis. It has been previously shown that NalGlu reduces 
seminiferous tubules diameter in rat testis at PND 90,26 during the 
window of sensitivity of the testis to LH. It may be speculated that 
development of seminiferous tubules was delayed in NalGlu‑treated 
rats, and that 11β‑HSD2‑positive cells remained in these animals, 
which would explain why 11β‑HSD2 mRNA levels were unexpectedly 
increased after treatment with NalGlu. With the exception of the 
reduction of 11β‑HSD2 protein levels by NalGlu at PND 21, our 
observations at the mRNA level were not recapitulated at the protein 
level  (Figure 6). We attribute the discrepancies between our qPCR 
and western blot data to the greater sensitivity of qPCR in detecting 
changes at the transcription level.

In summary, we have shown that 11β‑HSD1 and 11β‑HSD2 have 
contrasting expression in rat testis after birth: an age‑dependent 
increase in 11β‑HSD1 and an age‑dependent decrease in 
11β‑HSD2. The 11β‑HSD1 is mainly expressed in Leydig cells and 
is more responsive to LH in the adult stage, whereas the 11β‑HSD2 
is expressed widely in interstitial areas and seminiferous tubules 
and is more sensitive to testosterone in prepubertal stage. The 
distinct developmental changes in 11β‑HSD2 make it possible to 
function as a gatekeeper for rat testis in the prepubertal stage of 
development.
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