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Abstract

Steroid hormones regulate various aspects of physiology, from reproductive functions to metabolic 

homeostasis. Steroidogenic factor-1 (NR5A1) plays a central role in the development of 

steroidogenic tissues and their ability to produce steroid hormones. Inactivation of Nr5a1 in the 

mouse results in a complete gonadal and adrenal agenesis, absence of gonadotropes in the pituitary 

and impaired development of ventromedial hypothalamus, which controls glucose and energy 

metabolism. In this study, we set out to examine the consequences of NR5A1 over-expression 

(NR5A1+) in the NR5A1-positive cell populations in female mice. Ovaries of NR5A1+ females 

presented defects such as multi-oocyte follicles and an accumulation of corpora lutea. These 

females were hyperandrogenic, had irregular estrous cycles with persistent metestrus and became 

prematurely infertile. Furthermore, the decline in fertility coincided with weight gain, increased 

adiposity, hypertriglyceridemia, hyperinsulinemia and impaired glucose tolerance, indicating 

defects in metabolic functions. In summary, excess NR5A1 expression causes hyperandrogenism, 

disruption of ovarian functions, premature infertility, and disorders of metabolic homeostasis. This 

NR5A1 overexpression mouse provides a novel model for studying not only the molecular actions 

of NR5A1, but also the crosstalk between endocrine, reproductive and metabolic systems.
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Introduction

Female reproductive functions rely on a tightly regulated production of hormones and timely 

communication within the hypothalamic-pituitary-gonadal axis. Defects in steroidogenic 

hormone production can impair follicular development, estrous cycle and fertility. Elevated 

levels of androgens are associated with the development of polycystic ovarian syndrome 

(PCOS). Polycystic ovarian syndrome is the most common endocrine disorder that affects 

women in reproductive age (6–20% incidence depending on the diagnosis criteria used) (1, 

2). PCOS is characterized by hyperandrogenism, irregular cycles, defects in ovulation or 

infertility and polycystic ovaries (2, 3). PCOS is also associated with obesity, insulin 

resistance, and higher risk of developing type II diabetes and cardiovascular diseases. This is 

a complex syndrome with a broad spectrum of clinical presentation amongst women. While 

the exact pathogenesis of PCOS remains unclear, it is assumed that both genetic traits and 

environmental factors could contribute to the phenotype variability. Genetic predisposition to 

PCOS is thought to be partially mediated by enhanced steroidogenic activity in the ovary in 

response to stimulus, such as LH or insulin.

Steroidogenesis and development of gonads require the orphan nuclear receptor NR5A1 

(nuclear receptor subfamily 5 group A member 1), also known as Steroidogenic factor 1 or 

SF-1 (4, 5). NR5A1 is crucial for the formation of steroidogenic tissues such as gonads and 

adrenals and important for the function of pituitary and hypothalamus (6–8). In the mouse, 

NR5A1 is expressed in somatic cells of undifferentiated gonads of both XX and XY 

embryos and loss of Nr5a1 results in gonadal agenesis (6, 9). NR5A1 expression is 

maintained in differentiating testes, where it plays a key role as a co-factor of testis-

determining factors SRY and SOX9 (10) as well as a master regulator of steroidogenesis 

(11). In the fetal ovary, on the other hand, NR5A1 expression is downregulated and will only 

be detected again close to birth, before follicles start to form (9). In the mature ovary, 

NR5A1 is expressed in theca cells, granulosa cells and luteal cells (12). In humans, 

mutations in NR5A1 gene lead to disorders of sex development in both XX and XY 

individuals, with a wide spectrum of phenotypes, spanning from gonad dysgenesis, sex 

reversal, to reduced fertility (13). In XX individuals, mutations in NR5A1 are associated 

with ovo-testicular development as well as primary ovarian insufficiency (14, 15). Beyond 

its role in gonad formation and differentiation, NR5A1 also plays key roles in ovarian 

physiology: granulosa-cell specific Nr5a1 KO in postnatal ovary causes abnormal estrous 

cycles and infertility (16, 17). In differentiated steroidogenic cells, NR5A1 is a master 

regulator of steroidogenesis by controlling the expression of key steroidogenic enzymes and 

promoting cholesterol metabolism (4, 5, 11).

The functions of NR5A1 highlight the importance of a properly tuned expression of NR5A1 

for gonad development as well as endocrine functions of the individual. In this study, we set 

out to investigate the consequences of increased NR5A1 expression on ovarian development, 

female fertility and metabolism by generating a mouse model that overexpresses NR5A1 

specifically in the NR5A1-positive cell populations.
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Materials and Methods

Mouse models

To induce over-expression of NR5A1, Rosa26-LSL-Nr5a1 +/f mice (18, 19) were mated with 

Nr5a1-CreTg/+ mice (20). This strategy resulted in overexpression of NR5A1 specifically in 

cells that normally express NR5A1. The mouse genetic background was mixed 

C57BL/6/129SvEv. The presence of a Myc-tag fused in-frame to the 5’ end of Nr5a1 coding 

sequence allowed for the immuno-detection of NR5A1 specific of the transgene (18). For 

timed mating, noon on the day when the vaginal plug was observed was considered E0.5. 

All animal studies were conducted in accordance with the NIH Guide for the Care and Use 

of Laboratory Animals and approved by the National Institute of Environmental Health 

Science (NIEHS) Animal Care and Use Committee.

RNA extraction and quantitative real-time PCR

Total RNA was isolated from tissues using the Arcturus PicoPure RNA isolation kit (Thermo 

Fisher) for E16.5 (n=7/genotype) and newborn P0 ovaries (n=6/genotype). For adult tissues, 

total RNA was isolated using RNeasy Mini kit (Qiagen) (n=4–5/genotype for ovaries and 

hypothalami, n=8/genotype for pituitaries). RNA quality and concentration were determined 

using the Nanodrop 2000c. First-strand cDNA synthesis was performed using the 

Superscript II cDNA synthesis system using the manufacturer’s protocol (Invitrogen). Gene 

expression was analyzed by real-time PCR using either SYBR green (Applied Biosystems) 

or Taqman (Bio-rad) assays. Taqman probes and primer sequences used in qPCR are listed 

in Supplemental Table 1. Cycle threshold (Ct) values were obtained using the Bio-Rad 

CFX96TM Real-Time PCR Detection system. The relative fold change of each transcript 

was normalized to Gapdh or Rps29 as endogenous references.

Histological analysis, immunohistochemistry and immunofluorescence

Tissues from control and NR5A1+ females were collected fixed in 4% paraformaldehyde in 

PBS at 4°C from 2h to overnight. These samples were dehydrated through an ethanol 

gradient, embedded in paraffin wax and sectioned to 5 μm thickness. Slides were dewaxed 

and rehydrated in a series of decreasing gradients of alcohol. For immunohistochemistry, 

slides were pretreated in citric acid–based Antigen Unmasking Solution (Vector Labs) 

followed by blocking endogenous peroxidase activity using Bloxall Peroxodase Blocking 

solution (Vector Labs). Sections were blocked for 1 hour in blocking buffer composed of 5% 

normal donkey serum in PBS-Triton X-100 solution. Slides were then incubated with 

primary antibodies against either NR5A1 (1:500; a kind gift from Ken-ichirou Morohashi) 

or Myc-Tag (1:200; #71D10, Cell Signaling) in blocking buffer overnight at 4°C. The 

sections were then washed PBS-Triton X-100 and incubated for 1 hour in Biotin-SP-

conjugated anti-Rabbit antibody (1:400; #711-066-152, Jackson Immuno Research) in 

blocking buffer. Signal was detected using the chromogenic Vector ABC kit coupled with 

HRP and DAB (Vector Labs) according to manufacturer’s instructions. Slides were 

counterstained with Mayer’s hematoxylin, dehydrated and embedded in Permount. For 

histological analysis, sections were stained with hematoxylin and eosin. Histological and 

immunohistochemical slides were scanned using an Aperio ScanScope XT Scanner (Aperio 

Technologies/Leica Microsystems) for digital image analysis. For immunofluorescence 
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experiments, slides were pretreated in citric acid–based Antigen Unmasking Solution 

(Vector Labs) followed by blocking for 1 hour in blocking buffer. Slides were then incubated 

with primary antibodies against Myc-Tag, NR5A1 (1:200, KO610, CosmoBio), or 

CYP17A1 (1:100; sc-46081, Santa Cruz) in blocking buffer overnight at 4°C. The sections 

were then washed PBS-Triton X-100 and incubated for 1h in corresponding Alexa Fluor 

fluorescent secondary antibodies (Invitrogen) in blocking buffer. Slides were washed and 

incubated in quenching buffers TrueView (Vector Labs) and TrueBlack (Biotium) according 

to manufacturers’ instructions to remove autofluorescence from blood cells and lipofuscin. 

Following counterstaining with DAPI, slides were mounted in ProLong Diamond Antifade 

Mountant (Invitrogen) and imaged under a Leica DMI4000 confocal microscope.

Follicle quantification

Follicles were quantified as described previously (21). Briefly, ovaries from P21, 3 and 7-

month-old control and NR5A1+ mice were sectioned serially at 8μm and stained with 

hematoxylin and eosin. Follicle number were counted in every 10th section. Follicles were 

classified as primordial follicles when only a single layer of squamous granulosa cells was 

present and as primary follicles when the single layer of granulosa cells was cuboidal. Pre-

antral follicles correspond to follicles with at least two layers of cuboidal granulosa cells, 

and antral follicles in the presence of a fluid-filled antral space. Multi-oocyte follicles 

correspond to follicles with more than one oocyte. To avoid double counting, pre-antral and 

antral follicles were only counted when the nucleus was present. Corpora lutea (CL) were 

counted every 200 μm and the average number of CL per section was calculated for each 

ovary (n=4 ovaries/genotype/age).

Fertility Study and estrous cyclicity analysis

Control (n=8) and NR5A1+ (n=9) females were mated with males with proven fertility from 

10-weeks (2 months) to 37 weeks of age (9 months). The litter size was recorded on the day 

of birth. Total number of litters and total number of pups per dam was recorded. The 

percentage of fertile females was determined based on the age of the last litter. Estrous cycle 

was monitored in 3- and 7-month-old females by flushing the vagina with 50 μl of sterile 

0.9% NaCl daily for 18 consecutive days (n=8–9/genotype). Vaginal smears were 

immediately fixed on glass slides (Safetex; Andwin Scientific) and stained with hematoxylin 

and eosin (H&E). Phases of the estrous cycle were determined based on vaginal cytology as 

previously described (Cora et al., 2015). Females were considered cycling irregularly if they 

had less than 2 cycles over a period of 15 days.

Superovulation

Three-month old females (n=8 per genotype) were injected intraperitoneally with pregnant 

mare serum gonadotropin (PMSG, 5 IU; Calbiochem) followed by injection of human 

chorionic gonadotropin (hCG) 46 hours later (5 IU; Calbiochem). Animals were euthanized 

14 hours after the hCG injection. Ovulated oocytes were collected from the ampulla of the 

oviduct and counted.
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Steroid hormones and gonadotropin assays

Serum from 7-month-old control and NR5A1+ female mice were collected (n= 6 per 

genotype) in metestrus and stored at −80°C prior to analyses. Serum levels of estradiol, 

progesterone, testosterone and androstenedione were measured using LC-MS/MS by the 

Pharmacology Department at University of Eastern Finland as described earlier (Häkkinen 

et al., 2018). Gonadotropins LH/FSH were analyzed by the University of Virginia Center for 

Research in Reproduction Ligand Assay and Analysis Core using the Pituitary Panel 

Multiplex kit (EMD Millipore), with a reportable range of 0.24–30.0 ng/mL for LH and 2.4 

– 300.0 ng/mL for FSH, intra-assay CV of 5.1% and inter-assay CV of 9.6%. Serum from 3-

month-old control and NR5A1+ females in proestrus (n=6 per genotype) were analyzed by 

the University of Virginia Center for Research in Reproduction Ligand Assay and Analysis 

Core. Competitive enzyme immunoassay ELISA was performed in duplicates to measure 

Testosterone (IB79174; IBL), Estradiol (ES180S-100; Calbiotech) and Progesterone 

(IB79183; IBL).

Body weight and body composition analysis

Body weight was measured at 1, 2, 3, 6, 8 and 12 months of age for control and NR5A1+ 

females (n= 10–16 per genotype). Body composition was assessed from 5-month-old control 

and NR5A1+ mice (n=8–9 per genotype) using an MRI-based device LF90 MiniSpec 

(Bruker).

Intraperitoneal glucose tolerance test

Adult female mice (5-month-old) were fasted for 6 hours in the morning (n= 8–9 per group). 

The mice were then given an intraperitoneal bolus of 2,000 mg/kg glucose in sterile 0.9M 

NaCl. Serum glucose level was measured from whole blood sampled via tail snip using 

Alphatrak 2 Veterinary Point-of-Care glucometer before and after 20, 40, 60 and 120 min of 

glucose administration.

Clinical chemistry assays

Seven-month-old control and NR5A1+ females (n=6 per genotype). were fasted for 8 h and 

sacrificed between 3–5 pm in the afternoon to minimize biological variability due to 

preanalytical factors. Sera were collected and frozen in −80C. Serum glucose and liver panel 

were measured on a Beckman Coulter Olympus AU 400e Clinical Chemistry Analyzer 

(Beckman Coulter Inc.) using reagents from the manufacturer Beckman Coulter. 

Adiponectin was measured using the adiponectin mouse ELISA kit and leptin and insulin 

were assayed with Mouse Metabolic Kit according to the manufacturer’s instructions (Meso 

Scale Discovery).

Statistical analyses

Statistical analyses were performed using the GraphPad Prism 7 software. Results are 

presented as the mean of biological replicates ± standard error of the mean (SEM). The 

normal distribution of biological replicates was determined using the Shapiro–Wilk test. 

Depending on whether the data had a normal distribution, statistical significance was tested 

using unpaired Student t-test or non-parametric Mann-Whitney test. Follicle quantification, 
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estrous cycles, glucose tolerance test were analyzed by 2-way analysis of variance ANOVA. 

All values are presented as mean ± S.E.M. ns: non-significant; *: p<0.05; **: p<0.01; ***: 

p<0.001and ****: p<0.0001.

Results

Generation of NR5A1 overexpression model

To induce a constitutive over-expression of NR5A1 in the ovary, we took advantage of the 

Rosa26-LSL-Nr5a1+/f mice (18, 19), in which Nr5a1 transgene expression is induced by the 

presence of Cre recombinase. By crossing it with Nr5a1-CreTg/+ mice (20) (Fig. 1A), we 

specifically targeted cells that normally express NR5A1. The genotypes of the NR5A1 

overexpressing mice (or NR5A1+ thereafter) and their control littermates were Nr5a1-
CreTg/+; Rosa26-LSL-Nr5a1+/f and Nr5a1-CreTg/+; Rosa26-LSL-Nr5a1+/+ or Nr5a1-Cre+/+; 
Rosa26-LSL-Nr5a1+/f, respectively. The biological outcome and phenotypes of these two 

controls were statistically identical. We first confirmed Nr5a1 transgene expression in the 

NR5A1+ fetal ovary at E16.5 by RT-PCR (Fig. 1B). We also detected an increased 

expression of total Nr5a1 that includes both endogenous Nr5a1 and the transgene at E16.5, 

P0, P21, and 3 months (Fig. 1C). At birth or P0, when endogenous Nr5a1 became 

upregulated (9), expression of total Nr5a1 (endogenous + transgene) was 2 times higher in 

NR5A1+ ovaries compared to control ovaries (Fig. 1C). Total Nr5a1 expression tended to be 

higher in NR5A1+ ovaries at P21, albeit not statistically significant, and was significantly 

higher in NR5A1+ ovaries at 3 months of age (Fig. 1C). To identify the cellular location of 

NR5A1 expression coming from the transgene in the ovary, we performed 

immunohistochemical detection for both MYC Tag (specific to the transgene) and NR5A1 

protein (Fig. 1D–E). While no MYC tag expression was detected in control ovaries at any 

time, some somatic cells were MYC+ in NR5A1+ ovaries at P0, 2 weeks, and 3 months of 

age (Fig. 1D). At P0, a few of these MYC+ cell presented a strong expression while most 

had a weak MYC expression (insets in Fig. 1D). This difference likely represented the two 

waves of NR5A1 expression, with the strong MYC+ cells representing cells for which the 

transgene was induced several days ago in the undifferentiated gonads and the weak MYC+ 

cells representing the cells for which the transgene was only induced close to birth. At 2 

weeks of age (2w), most somatic cells presented a strong MYC expression in NR5A1+ 

ovaries, particularly granulosa cells and theca cells (Fig. 1D, arrow and arrowhead). At 3 

months of age (3m), in addition to its expression in granulosa and theca cells, MYC tag was 

detected in corpora lutea (Fig. 1D). As a consequence of NR5A1 expression from the 

transgene, NR5A1 protein staining appeared to be stronger in NR5A1+ ovaries at P0 

compared to control ovaries (Fig. 1E). NR5A1 protein was only weakly detected in somatic 

cells of control newborn ovaries as a result of its recent neonatal activation (9). In 2-week-

old ovaries, no clear difference was observed in NR5A1 expression as the pattern of NR5A1 

transgene expression followed that of the endogenous NR5A1 at this age (Fig. 1D–E). At 3 

months, a clear difference in NR5A1 expression pattern appeared, with a stronger expression 

in corpora lutea of NR5A1+ ovaries compared to control ovaries (Fig. 1E, inset). These 

results indicated that our mouse model resulted in a mild over-expression of NR5A1 in 

somatic cells of the ovary where most of the Nr5a1 transgene activation occurred neonatally 

and postnatally as folliculogenesis starts.
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Overexpression of NR5A1 leads to ovarian defects

Histological analyses of the ovaries at P21 revealed the increased presence of multi-oocyte 

follicles (MOF) in NR5A1+ ovaries (Fig. 2A, arrowheads). While follicle quantification at 

P21 did not show any significant difference in the number of primordial, primary, preantral 

and antral follicles (Fig. 2B), the number of MOF was 6 times higher in NR5A1+ than 

control ovaries (Fig. 2C). The number of MOF also tended to be higher at 3m and 7m, 

although not statistically significant (Fig. 2C; Fig. D arrowheads). The most apparent 

morphological change in the NR5A1+ ovaries was the increased presence of corpora lutea 

(CL) at 3m (Fig. 2D, asterisks) and at 7m (Fig. S1A). The number of CL was significantly 

higher in NR5A1+ ovaries and increased overtime (Fig. 2E). This CL accumulation led to an 

increase in ovarian size and the NR5A1+ ovaries were twice as heavy and large as the 

control ovaries at 7-month-old (Fig. 2F and Fig. S1A). Gene expression analyses revealed 

that genes expressed in hormonally active CL, such as Star and prolactin receptor (Prlr), 
were strongly upregulated, likely due to the high number of CL present in the ovary. 

Similarly, there was a strong upregulation in expression of genes involved in CL functional 

regression, such as Ptgfr, and Akr1c18, encoding 20αHSD, the enzyme that catabolizes 

progesterone (Fig. S1A), suggesting that the accumulated CL would eventually become 

hormonally inactive. On the other hand, there was no upregulation of genes involved in the 

structural regression of CL, i.e. luteal cell death, despite the large number of CL present. For 

instance, Tnfr2 was significantly downregulated, while Fas expression was similar to control 

ovaries (Fig. 2G). Similar phenotype of CL accumulation associated with impaired structural 

regression was observed in Inhba/Inhbb double knockout ovaries (22). Interestingly, both 

Inhba and Inhbb were strongly downregulated in NR5A1+ ovaries (Fig. S1B), suggesting a 

role of Activins in CL structural regression. Taken together, NR5A1 overexpression leads to 

progressive accumulation of corpora lutea in adult ovaries due to impaired structural 

regression of luteal cells.

NR5A1+ females exhibit impaired fertility and abnormal estrus cycles

Next, we examined whether overexpression of NR5A1 in NR5A1+ cells affected female 

fertility (Fig. 3A). Ten-week-old control and NR5A1+ females were mated with control 

males until the females reached the age of 9 months (n=8 controls and n=9 NR5A1+ 

females). While the time to first litter was not significantly different between control and 

NR5A1+ females (Fig. S1C), fertility of NR5A1+ females progressively declined over the 

testing period. By the age of 25 weeks (5.5 months), 50% of NR5A1+ females already 

became infertile and by 34 weeks (8 months), only 30% of NR5A1+ females remained 

fertile (Fig. 3A). The mean litter size was comparable between NR5A1+ and control 

females, but the mean number of litters per female and consequently the cumulative number 

of pups per female were significantly lower in the NR5A1+ females (Fig. 3B). At the end of 

the fertility study, ovarian histology was performed to compare the ovarian phenotype of 

control females, NR5A1+ females that had a litter within a month of the end of the study 

(“fertile”), and NR5A1+ females that stopped breeding early on (“infertile”). NR5A1+ 

ovaries tended to be larger than control ovaries, particularly those of females that became 

infertile early on. Ovaries from infertile females still contained growing follicles, indicating 

that the loss of fertility was not caused by an exhaustion of the ovarian reserve (Fig. 3C). 

However, these ovaries contained retained oocytes surrounded by luteinized cells, suggesting 
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an ovulatory dysfunction and premature luteinization of granulosa cells (Fig. 3C arrowheads 

and insets).

To determine whether the decline in fertility could be a result of endocrine dysfunction and 

impaired estrus cyclicity, we monitored estrous cycles in 3m old control and NR5A1+ 

females (Fig. 3D). NR5A1+ females spent significantly longer time in metestrus and less 

time in estrus (Fig. 3D & E). At 3m, 25% of NR5A1+ females exhibited irregular cycles, 

defined by less than 2 cycles over a period of 15 days (Fig. 3F). By 7m, this number rose to 

45% of NR5A1+ females. Normal estrous cycles rely on timely communication between 

hypothalamus, pituitary and ovary. To determine whether NR5A1+ females had ovulation 

defects, we performed superovulation experiments on 3-month-old females, an age for 

which some NR5A1+ females start to present changes in their estrous cycle (Fig. 3D). 

However, the mean number of ovulated eggs was not significantly different between control 

and NR5A1+ females (Fig. S1D). Administration of exogenous gonadotropins allowed us to 

bypass the hypothalamus-pituitary signaling to the ovary in order to induce superovulation. 

The hypothalamus and pituitary are both targets of Nr5a1-Cre and the transgene expression 

was induced in both tissues (Fig. S2A–D). Despite significant upregulation of Nr5a1 in both 

tissues, gene expression analysis in hypothalamus and pituitary of 3-month-old females in 

proestrus showed no significant change of expression for key endocrine-related genes. For 

instance, expression of gonadotropin releasing hormone 1 (Gnrh1) and Kisspeptin 1 (Kiss1) 

in the hypothalamus (Fig. S2B) and follicle stimulating hormone subunit beta (Fshb) in the 

pituitary (Fig. S2D) was not significantly changed, although all three genes tended to show 

lower expression in NR5A1+ females. Meanwhile, luteinizing hormone subunit beta Lhb 
was significantly downregulated in NR5A1+ pituitaries. However, no difference in 

gonadotropin serum levels was detected at 7m (Fig. S2F). Gene expression analyses in both 

3m and 7m ovaries showed that Fshr, encoding FSH receptor, was significantly 

downregulated in NR5A1+ ovaries, suggesting that NR5A1+ ovaries may not fully respond 

to FSH signal from the pituitary (Fig. S2E). On the other hand, Lhcgr, encoding LH 

receptor, was not changed. In summary, NR5A1+ females have increased numbers of multi-

oocyte follicles at P21 and accumulation of CL in mature ovaries, and developed progressive 

infertility associated with abnormal estrous cycles.

NR5A1+ females become hyperandrogenic

NR5A1 is known to be a key regulator of steroidogenesis (4, 5, 11); therefore, we examined 

whether NR5A1 overexpression altered steroidogenic gene expression in the ovary and 

hormone production (Fig. 4 and Fig. S3). Expression of Star, Cyp11a1 and Cyp17a1 was not 

significantly changed at birth and P21 (Fig S3A–B). In 3m proestrus NR5A1+ ovaries, 

expression of steroidogenic genes was not significantly changed apart from Star, which was 

strongly upregulated (Fig. S3C). Serum levels of testosterone and estradiol tended to be 

higher in 3m old NR5A1+ females in proestrus, although not significantly (Fig. S3D). 

Meanwhile, progesterone levels were significantly higher, likely due to the increased 

presence of CL. At 7m old, an age for which many NR5A1+ females have cycle 

irregularities and fertility issues (Fig. 3), steroidogenic genes Star, Cyp11a1 and Hsd3b1 
were upregulated (Fig. 4A). In addition, Hsd17b3, which is normally expressed in the testis 

and converts androstenedione into testosterone, was significantly upregulated in NR5A1+ 
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ovaries. Along with this upregulation of multiple steroidogenic genes, the levels of 

testosterone and androstenedione were significantly elevated in the 7m NR5A1+ mice in 

metestrus compared to the controls (Fig. 4B). Serum progesterone in NR5A1+females was 

also increased compared to the controls, albeit not statistically significant. As expected in 

metestrus, estradiol levels were very low in control females. Despite high levels of 

androgens, NR5A1+ females had similar levels of estradiol to controls (Fig. 4B). While 

there was no significant change in Cyp17a1 gene expression in adult NR5A1+ ovaries (Fig 

4A and S3), immunofluorescence for CYP17A1 revealed abnormal distribution of 

CYP17A1+ cells in NR5A1+ ovaries (Fig. 4C). In 3m and 9m old control ovaries, 

CYP17A1 was exclusively expressed in the theca layer surrounding growing follicles 

(arrowheads). While CYP17A1 was detected in theca cells of 3m NR5A1+ ovaries, it was 

not the case anymore at 9m of age. Moreover, a few CYP17A1+ cells were present in the 

interstitium of 3m NR5A1+ ovaries (arrowhead), and by 9m, the interstitium became the 

main source of CYP17A1. Altogether, these results indicated that adult NR5A1+ females 

progressively developed hyperandrogenism, likely caused by the abnormal appearance of 

steroidogenic cells in the interstitium.

NR5A1+ females become overweight and present metabolic defects

Hyperandrogenism in females is often associated with impaired metabolic functions and 

occurs in women suffering from polycystic ovarian syndrome and in post-menopausal 

women (23). By the age of 6 months, NR5A1+ females were significantly heavier than their 

control littermates and this weight gain continued as the mice aged (Fig. 5A–B). Analyses of 

body composition by MRI-based scanner revealed that the body fat percentage was 

significantly higher in 5m NR5A1+ females compared to controls (Fig. 5C). Both 

perigonadal fat pads and retroperitoneal fat were significantly heavier in 7m NR5A1+ 

females compared to control females (Fig. 5D).

We next examined serum levels of leptin and adiponectin to gain insight into the endocrine 

aspects of weight gain (Fig. 6A). Consistent with the increased body fat percentage, serum 

levels of leptin, produced by adipocytes, were increased over 20-fold in 7m fasting NR5A1+ 

females compared to the controls. On the other hand, serum levels of adiponectin, which is 

also produced by adipocytes, remained unchanged in NR5A1+ females (Fig.6A). To further 

assess potential insulin sensitivity, we measured serum levels of insulin and glucose in the 

fasting state (Fig. 6A). Fasting blood glucose was not altered in 7m NR5A1+ females; 

however, insulin was significantly elevated. In addition to the hyperinsulinemia phenotype, 

intraperitoneal glucose tolerance test on 5-month-old female mice revealed a mild 

impairment of glucose tolerance in NR5A1+ females compared to controls (Fig. 6B).

Metabolic syndrome and hyperandrogenism in mice are often coupled with hepatic steatosis 

(24). However, NR5A1+ female mice developed no signs of fatty liver disease: serum 

activities of liver enzymes alanine aminotransferase (ALT), aspartate aminotransferase 

(AST), Alkaline phosphatase (ALP) as well as serum level of total bile acid (TBA) at 7m 

and liver histology at 12m were not significantly different between NR5A1+ and control 

females (Fig. S4). Because hypertriglyceridemia is common in hyperandrogenism, we 

measured lipids in the serum. NR5A1+ females exhibited significantly elevated serum levels 
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of triglycerides while total cholesterol, HDL and LDL levels were unchanged (Fig. 6C and 

Fig. S4). Taken together, the physiological phenotypes of NR5A1+ females, such as 

increased adiposity, impaired glucose tolerance, hyperinsulinemia and hypertriglyceridemia 

largely recapitulate the metabolic phenotype commonly associated with exposure to excess 

androgens in the female. However, increased androgen levels in these mice were not 

associated with liver steatosis and decreased adiponectin.

Discussion

In this study, we demonstrated that overexpression of NR5A1 impairs female reproductive 

functions and metabolic homeostasis (Fig. 6D). Ovaries of NR5A1+ females contained 

multi-oocyte follicles and accumulated corpora lutea. These NR5A1+ females had irregular 

cycles, became prematurely infertile, and were hyperandrogenic. Beyond the defects in 

reproductive functions, these females presented metabolic defects such as increased body 

weight, increased adiposity, hyperinsulinemia, hyperleptinemia, glucose intolerance and 

hypertriglycemia, which are features commonly observed in women with hyperandrogenic 

syndromes.

NR5A1 is required for the morphogenesis of the gonads (9) and loss- or gain-of-function 

mutations lead to disorders of sex development in both XX and XY individuals (25). XX 

individuals with a gain-of-function mutation of NR5A1 developed ovo-testes instead of 

ovaries (14, 26); therefore, we suspected that our mouse model of NR5A1 overexpression 

could result in masculinization of XX fetal gonads. However, we did not observe such 

phenotype in the NR5A1+ females. Nr5a1-Cre mouse model has been extensively used by 

our lab and other labs to efficiently induce gene knockout or overexpression around the time 

of sex determination (20, 27–30). Nevertheless, in the NR5A1+ model that we generated, 

Nr5a1 transgene induction was only partial in fetal gonads and most of the activation of 

Nr5a1 transgene expression occurred in the neonatal and postnatal ovary (Fig.1C–E). It is 

therefore possible that overexpression of Nr5a1 in this model occurred too late to impact sex 

determination of the embryonic gonads. Another possibility is that expression of Nr5a1 
alone is insufficient to masculinize the fetal mouse ovary. In fact, another model of Nr5a1 
overexpression in the mouse fetal ovary was recently generated by Nomura et al (31). In that 

study, the authors used a transgenic Wt1-BAC system, a strategy that targets somatic cells of 

the gonads at the time of sex determination (32). Similar to our findings, overexpression of 

Nr5a1 in the mouse model by Nomura et al did not cause masculinization of XX gonads 

either, suggesting that NR5A1 alone is insufficient to masculinize mouse XX gonads, 

contrary to some human NR5A1 mutations (14, 31). Ovaries from the model by Nomura et 
al. also had a significant increase in multi-oocyte follicles, and the authors showed that it 

was likely caused by impaired Notch signaling (31). Other than the multi-oocyte phenotype, 

however, the ovarian phenotypes in our model are drastically different from this study. 

Nomura et al reported that NR5A1+ females presented a significant decrease in antral 

follicle numbers and fertility was already compromised in young females. These 

discrepancies are likely caused by the differences in activation of Nr5a1 transgene 

expression between the two models in terms of the timing of induction, the cell populations 

targeted (Wt1+ vs. Nr5a1+ cell populations) and the level of transgene expression. 

Rotgers et al. Page 10

FASEB J. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Unfortunately, there is no information regarding androgen levels in adult females, estrous 

cycles and potential metabolic aspects in the model by Nomura et al (31).

The constellation of phenotypes in our NR5A1 overexpression mouse model, irregular 

cycles, impaired fertility, increased body weight, hyperinsulinemia and other metabolic 

defects (Fig. 6D), could be attributed to hyperandrogenism. Androgen exposure can indeed 

alter endocrine homeostasis, resulting in both reproductive and metabolic dysfunctions (33). 

In our model, hyperandrogenism seem to appear relatively late, between 3 and 7m of age, 

which corresponds to the time mice develop irregular cycles, become overweight, and some 

of them become infertile. Similar to models of exogenic androgen exposure, NR5A1+ mice 

developed abnormal cycles, weight gain, increased adiposity, hyperinsulinemia, and glucose 

intolerance. However, NR5A1+ mice maintained normal adiponectin levels, which likely 

contributed to the relative metabolic health of the mice without liver steatosis despite obesity 

(34). Androgens can act directly through the androgen receptor (AR) as well as indirectly 

through its aromatized product estrogens via estrogen receptor (ER). Studies of testosterone 

and non-aromatizable dihydrotestosterone (DHT) treatments in control and AR knockout 

mice demonstrated that an indirect action of androgen through ER could contribute to 

reproductive defects such as irregular cycles (35). On the other hand, a direct action through 

androgen receptor was required to induce the metabolic defects, and global AR knockout 

can prevent the development of metabolic defects in mice exposed to DHT (35, 36). Our 

results support that excess androgen in our mouse model is directly due to NR5A1 

overexpression in the ovary. NR5A1 can indeed directly control the expression of 

steroidogenic enzymes (5), and various steroidogenic enzymes, including known direct 

targets of NR5A1 (37), were significantly upregulated in the ovary, concomitant with the 

significant upregulation of androgen serum levels. Most surprisingly, NR5A1+ ovaries 

expressed Hsd17b3, a gene that is normally expressed in the Leydig cells of the testis where 

it permits the conversion of androstenedione into testosterone. Ectopic Hsd17b3 expression 

was previously found in ovaries of αERKO mutant females, where it was associated with 

appearance of Leydig-like steroidogenic cells in the ovarian interstitium, and consequently, 

with hyperandrogenism (38). Here, we detected the growing presence of CYP17A+ 

steroidogenic cells in the interstitium of NR5A1+ ovaries, whereas in normal conditions 

CYP17A1 was only detected in theca cells surrounding growing follicles. This suggests the 

abnormal appearance of steroidogenic cells in the interstitium of the adult ovary that could 

contribute to the hyperandrogenism phenotype. Hyperandrogenism could also be secondary 

to hyperinsulinemia since insulin induces increased androgen production in theca cells (39). 

Obesity and hyperinsulinemia can exacerbate hyperandrogenism and reproductive and 

metabolic defects (40).

Hyperandrogenism is considered a predominant feature of PCOS and is commonly coupled 

with impaired fertility (41, 42). This excess of androgens is even considered a potential 

causative factor of PCOS as anti-androgen flutamide treatment restores cycle irregularity 

and ovulation in PCOS patients and in a PCOS mouse model (43, 44). The Rotterdam 

criteria for PCOS diagnosis in women require the presence of two of the following three 

clinical findings: 1) hyperandrogenism, 2) ovarian dysfunction characterized by oligo- or 

anovulation, or 3) polycystic ovaries (3, 45). Pre- or post-natal exposure of rodents to 

androgens are known to induce PCOS-like phenotype that recapitulates all 3 criteria (for 
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review: 23, 24). Mouse models for exogenous exposure to androgens and patients with 

hyperandrogenism caused by either congenital adrenal hyperplasia or testosterone treatments 

develop polycystic ovaries (23). On the contrary, while NR5A1+ mice were hyperandrogenic 

and had impaired fertility, there was no accumulation of antral follicles and appearance of 

polycystic ovaries. Instead, there was accumulation of corpora lutea and appearance of 

retained oocytes surrounded by luteinized granulosa cells. It is possible that the relatively 

late and progressive increase in androgens levels, after 3m of age, leads to a different 

phenotype than the rodent PCOS models with pre/post-natal androgen exposure. Another 

possibility could be that the ovarian phenotype is at least partially driven by a direct action 

of NR5A1 in granulosa cells. Indeed, beyond its role as a key transcriptional regulator for 

steroidogenic enzymes, NR5A1 also acts as co-transcription factor for other genes in 

granulosa cells (46). NR5A1 is required for proper function of granulosa cells during 

folliculogenesis and its conditional loss specifically in granulosa cells results in infertility, 

abnormal estrus cycles and absence of corpora lutea (16, 17). It is therefore possible that 

NR5A1 overexpression in granulosa cells alters their function independent of the 

hyperandrogenism. For instance, NR5A1 overexpression leads to strong downregulation of 

both Inhba and Inhbb in the ovary. The similarities in phenotype between our model of 

NR5A1+ overexpression and Inhba/Inhbb conditional KO in the ovary, with defects in CL 

structural regression as well as presence of retained oocytes surrounded by luteinized 

granulosa cells (22) suggests that similar pathways are at play and low levels of Activins 

contribute to this ovarian phenotype.

NR5A1+ females showed some difference in timing of phenotype progression and in 

phenotype severity. For instance, some females became infertile by 4m of age while others 

remained fertile at 9m of age. We suspect that this difference is the result of variation in 

transgene activation. Indeed, not all granulosa cells and theca cell expressed the transgene. 

This is in contrast with other mouse models we and others previously developed using 

Nr5a1-Cre, which resulted in 100% recombination in somatic cells of the fetal gonads (20, 

27–30).

Finally, both reproductive and metabolic defects could be the results of extragonadal action 

of androgens on the neuroendocrine system. Neuronal-specific knockout of AR protects 

against development of PCOS characteristics in mice exposed to androgens (36). In addition 

to being a target of hyperandrogenism, the development and functions of pituitary and 

hypothalamus depend on NR5A1 itself. Without Nr5a1, gonadotropes in the mouse pituitary 

failed to be produced and the function of hypothalamus is impaired (7, 8, 47, 48). 

Expression of NR5A1 in the hypothalamus is restricted to the ventromedial hypothalamic 

nucleus, which regulates body weight homeostasis. Interestingly, loss of Nr5a1 alters the 

cellular topography within and around the ventromedial hypothalamic nucleus, and results in 

obesity, a phenotype similar to that of mice with lesions in the ventromedial hypothalamic 

nucleus (49–51). Moreover, conditional KO of Nr5a1 in the hypothalamus impairs female 

reproductive functions, including irregular estrous cycles and impaired expression of steroid 

receptors near the ventromedial hypothalamic nucleus (52). All these findings suggest that 

NR5A1 in the hypothalamus is required for both reproductive and metabolic functions. Our 

mouse model targets cells that normally express NR5A1, which can be found in the ovary, 

pituitary and hypothalamus. While we did not detect significant changes in expression of 
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genes involved in hypothalamic functions, it remains possible that overexpression of NR5A1 

in the ventromedial hypothalamic nucleus impairs neuro-endocrine functions and contributes 

to both reproductive and metabolic phenotypes. Despite no clear pituitary and hypothalamus 

phenotype, the reproductive and metabolic defects observed in our mouse model could be 

the result of compound effects on the finetuned signaling between gonads and the central 

nervous system. The development of organ-specific models for NR5A1 over-expression 

would help deciphering the specific effects of NR5A1 activation within each compartment 

of the hypothalamic-pituitary-gonad axis.

In summary, we explored the effects of constitutive overexpression of NR5A1 in NR5A1+ 

cells in female mice. Overexpression of NR5A1 disrupted female fertility and metabolism, 

highlighting the importance of a fine-tuned control of NR5A1 in female reproductive 

function and regulation of body weight homeostasis. This NR5A1 overexpression mouse 

provides a novel model for studying not only the molecular actions of NR5A1, but also the 

crosstalk between endocrine, reproductive and metabolic systems.
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ALP alkaline phosphatase
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ALT alanine aminotransferase

TBA total bile acid

HDL high-density lipoprotein

LDL low-density lipoprotein

SEM standard error of the mean

AR androgen receptor

ER estrogen receptor

DHT dihydrotestosterone
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Figure 1: Constitutive induction of NR5A1 in somatic cells of the ovary.
(A) Mouse model for constitutive induction of NR5A1 in the ovarian somatic cells. The 

Rosa26-LSL-Nr5a1+/f mice were crossed with Nr5a1-CreTg/Tg mice to produce control and 

mutant NR5A1+ mice. (B) qPCR analysis of Nr5a1 transgene in control and NR5A1+ 

ovaries at embryonic day E16.5. Bar graphs represent mean ± SEM (n=7/genotype); Student 

t-test ***P<0.001. (C) qPCR analysis of total Nr5a1 (endogenous and transgene) in control 

and NR5A1+ ovaries at embryonic day E16.5 (n=7/genotype), birth P0 (n=6/genotype), P21 

(n=4/genotype) and 3-month-old (n=4/genotype). Expression is relative to E16.5 control. 

Bar graphs represent mean ± SEM; Student t-test *P<0.05; **P<0.01; ns: not significant. 

(D-E) Immunohistochemistry for MYC-tag (D) and for NR5A1 (E) in control and NR5A1+ 

ovaries at birth (P0), 2 weeks (2w) and 3 months (3m) of age. Insets represent higher 

magnification images of the outlined areas. Arrows and arrowhead respectively indicate 

granulosa cells and theca cells with MYC-tag expression. Scale bar: 100 μm, n= 4 /

genotype.
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Figure 2: Overexpression of NR5A1 results in formation of multi-oocyte follicles and 
accumulation of corpora lutea.
(A) H&E of control and NR5A1+ ovaries at P21. Higher magnification images of the 

outlined areas are represented below. Arrowheads represent multi-oocyte follicles. Scale bar: 

250 μm, n= 4 /genotype. (B) Quantification of primordial, primary, preantral and antral 

follicles in control and NR5A1+ ovaries at P21 (n=4/genotype). 2-way ANOVA test; ns: 

non-significant. (C) Quantification of multi-oocyte follicles (MOF) in control and NR5A1+ 

ovaries at P21, 3m and 7m of age (n= 4 /genotype/age). Bar graphs represent mean ± SEM; 

Mann-Whitney test, *P<0.05; ns: not significant. (D) H&E of control and NR5A1+ ovaries 

at 3m. Asterisks represent corpora lutea. Arrowheads represent multi-oocyte follicles. Scale 

bar: 500 μm, n= 4 /genotype. (E) Average number of corpora lutea per section in control and 

NR5A1+ ovaries at 3m and 7m (n= 4 / genotype). Bar graphs represent mean ± SEM; 

Student t-test; *** P<0.001; ****P<0.0001. (F) Weight of 7-month-old control (n=13) and 

NR5A1+ (n=11) ovaries. Bar graphs represent mean ± SEM; Student t-test ****P<0.0001. 
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(G) qPCR analysis of genes associated with active corpora lutea, functional regression and 

structural regression of corpora lutea in 3-month-old ovaries. Bar graphs represent mean ± 

SEM (n=4 /genotype); Student t-test; ns: non-significant; **P<0.01; *** P<0.001.
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Figure 3: Overexpression of NR5A1 impairs fertility and estrous cycle.
(A) Fertility study of control (n=8) and NR5A1+ (n=9) females from 10 weeks to 38 weeks 

of age. The percentage of fertile females is based on the age at the time of the last litter. (B) 

Mean litter size, total number of litters per dam and total number of pups per dam for control 

(n=8) and NR5A1+ (n=9) females. Bar graphs represent mean ± SEM; Student t-test, 

*P<0.05; ns: not significant. (C) H&E of ovaries collected the end of the fertility study. 

Arrowheads and outlined area indicate retained oocytes surrounded by luteinized cells. 

Insets represent higher magnification images of the outlined areas. Scale bar: 500 μm. (D) 

Analysis of estrous cycle in control (n=9) and NR5A1+ (n=8) females at 3m of age. E: 

Estrus; M: Metestrus; D: Diestrus; P: Proestrus. Bar graphs represent mean ± SEM; 2-way 

ANOVA; *P<0.05; **P<0.01; ns: not significant. (E) Representative examples of estrous 

cycle of 3-month-old control and NR5A1+ females over a period of 15 days. (F) Percentage 

of females with irregular cycles at 3m and 7m of age for control and NR5A1+ females 
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(n=8–9/genotype). Females were considered not cycling regularly if they had less than 2 

cycles over a period of 15 days.
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Figure 4: Overexpression of NR5A1 leads to hyperandrogenism.
(A) qPCR analysis of steroidogenic genes in 7-month-old control and NR5A1+ ovaries in 

metestrus. Bar graphs represent mean ± SEM (n=5/genotype); Student t-test; ns: non-

significant; *P<0.05, **P<0.01. (B) LC-MS/MS analysis of hormone serum levels in 7-

month-old control and NR5A1+ females in metestrus. Bar graphs represent mean ± SEM 

(n=6/genotype); Mann-Whitney test; **P<0.01; ***P<0.001; ns: not significant. (C) 

Immunofluorescence for CYP17A1 in 3- and 9-month-old control and NR5A1+ ovaries. 

Arrowheads show CYP17A1+ theca cells, arrows show CYP17A1+ interstitial cells. Scale 

bar: 250 μm.
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Figure 5: NR5A1+ females are overweight.
(A) Body weight of control and NR5A1+ females from 1m to 12m of age. Each time point is 

represented by mean ± SEM (n=10–16/genotype); Student t-test; *P<0.05. (B) 

Representative image of control and NR5A1+ females at 12m of age. (C) Percentage of 

body fat measured MRI-based device LF90 MiniSpec in control and NR5A1+ females at 

5m. Bar graphs represent mean ± SEM (n=8/genotype); Student t-test; **P<0.01. (D) 

Perigonadal and retroperitoneal fat weight in control and NR5A1+ females at 7m. Bar 

graphs represent mean ± SEM (n=16/genotype); Student t-test; *P<0.05; ***P<0.001.
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Figure 6: NR5A1+ females present metabolic defects.
(A) Fasting serum levels of leptin, adiponectin, insulin and glucose in control and NR5A1+ 

females at 7m. Each bar is represented by mean ± SEM (n=6/genotype); Student t-test; ns: 

non-significant *P<0.05, ****P<0.0001. (B) Glucose tolerance test of control (n=8) and 

NR5A1+ (n=9) females at 5m. Each time point is represented by mean ± SEM; 2-way 

ANOVA; **P<0.01. For all graphs, controls data are represented in black color and NR5A1+ 

data are represented in gray. (C) Fasting serum levels of Triglycerides and Cholesterol in 

control and NR5A1+ females at 7m. Each bar is represented by mean ± SEM (n=6/

genotype); Student t-test; ns: non-significant *P<0.05. (D) Summary of the phenotypes 

resulting from excess NR5A1 expression in female mice.
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