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ABSTRACT OF THE THESIS 

 

 

 

The Effect of Androgens on Male and Female Fertility 

 

 

 

 

by 

 

Shaddy Malik 

 

Master of Science in Biology 

 

University of California San Diego, 2018 

 

Dr. Pamela Mellon, Chair 

 

Dr. Douglass Forbes, Co-Chair 

 

 Androgens and androgen receptor (AR) play an important role in the feedback 

mechanism of the Hypothalamic-Pituitary-Gonadal (HPG) axis controlling fertility. Males with 

mutations in AR are infertile, resistant to androgens, and fail to undergo male-typical 

development. Although cell-specific roles of AR have been studied in the testis, roles of AR in 

neuroendocrine tissues have yet to be determined. Herein, we show that a loss of AR from 

kisspeptin neurons results in decreased inhibitory action of the HPG axis, leading to advanced 

puberty and dysregulated pituitary gene expression. We have also shown that a loss of AR from 

pituitary gonadotropes results in decreased circulating levels of follicle-stimulating hormone 

(FSH). Androgens have previously been thought important only for male fertility; however, 

decreased or increased androgens affect female health. Polycystic ovary syndrome (PCOS) is the 
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most common reproductive disorder in women and is characterized by hyperandrogenism, 

anovulation, and polycystic ovaries. Although excess androgens are thought to play a role in its 

etiology, specific roles of AR in PCOS are largely unknown. We show that flutamide, an AR 

antagonist, reverses many metabolic and reproductive phenotypes in the letrozole mouse model 

of PCOS. In the future we would like to utilize tissue-specific AR knockout mice to determine 

the location androgens are acting to bring about PCOS phenotypes.  
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INTRODUCTION 

HPG Axis and fertility 

 Male and female fertility is largely regulated by the hypothalamic-pituitary-gonadal 

(HPG) axis. The HPG axis is dependent on the pulsatile firing of gonadotropin-release hormone 

(GnRH) neurons in the hypothalamus. GnRH neurons project axons to the median eminence to 

release GnRH to stimulate the pituitary to release luteinizing hormone (LH) and follicle-

stimulating hormone (FSH) (1). LH and FSH cause the release of the sex steroids testosterone 

from the testis and estrogen and progesterone from the ovaries (1). Production and release of sex 

steroids then produce a feedback loop that regulates the HPG axis at the level of the 

hypothalamus and the pituitary (1). Some feedback effects of sex steroids involve kisspeptin 

neurons in the hypothalamus. When sex steroids are released into the circulation, they can 

mediate a negative feedback loop through kisspeptin neurons located in the arcuate (ARC) 

nucleus within the hypothalamus in both male and females (2). In proestrus females, these sex 

steroids can also mediate a positive feedback mechanism through kisspeptin neurons located in 

the anteroventral periventricular (AVPV) nucleus within the hypothalamus to cause the LH surge 

(3). Kisspeptin neurons in both populations then stimulate GnRH neurons via kisspeptin 

receptors on GnRH neurons (2).  

Androgens and Androgen Receptor in Male Development and Reproduction  

Androgens are sex steroids that exert feedback control on the HPG axis to control the 

secretion of LH and FSH and are crucial for male development and fertility. The gene encoding 

AR is X-linked and mutations within this gene in humans can lead to androgen insensitivity 

syndrome, characterized by individuals resistant to male hormones that are genotypically males, 
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but phenotypically female to various degrees (4). Complete androgen insensitivity syndrome is 

characterized by testicular feminization (Tfm) and the development of female genitalia (4). 

Similarly, full-body androgen receptor knockout (ARKO) male mice exhibit female-typical 

external appearance, and disrupted germ cell development (5). Global ARKO males fail to 

undergo male-typical development, including a reduction in anogenital distance similar to female 

mice, and drastic reductions in AR-dependent tissues such as the testis, epididymis and seminal 

vesicles (4). The utilization of Cre-LoxP technology has allowed the study of tissue-specific 

contributions of AR to male reproduction. Within the testis, deletion of AR from Sertoli and 

Leydig cells results in infertile mice with defective spermatogenesis, atrophied testis and 

epididymis, low levels of circulating testosterone, and high levels of serum LH and FSH (6). 

Although the role of AR in the testis is well known, its roles in neuroendocrine tissues remain 

unknown. 

Androgens and Androgen Receptor in Male Development and Reproduction  

While androgens are typically thought of as being male hormones, both excess androgens 

as well as androgen deficiencies have been shown to have considerable effects on female 

reproduction. Full body ARKO female mice have been shown to exhibit longer estrus cycles, 

decreased fertility, and reduced numbers of corpora lutea in mature ovaries, suggesting a 

reduction in ovulation (7). These effects, however, do not seem to stem from knocking AR out of 

cells at the level of the ovaries. Full-body ARKO female mice transplanted with wild type (WT) 

ovaries remain sub-fertile, while WT females transplanted with ARKO ovaries do not show 

fertility defects compared to WT (8). Similar to full-body ARKO female mice, brain-specific 

ARKO female mice exhibited similar dysfunctions, including impaired ovarian follicle 
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dynamics, increased follicular atresia, and impacts on the kisspeptin/GnRH/LH cascade (9). In 

brain-specific ARKO female mice, kisspeptin, GnRH, and LH levels are altered, and seem to be 

important in fertility. Furthermore, these effects could be mediated by kisspeptin neuron 

populations. This seems to be the case, as androgens in pituitary ARKO female mice have been 

shown to elaborate the LH surge and normal reproductive function by regulating LH and FSH 

expression and secretion (9). Although androgens are known to affect reproduction in females, 

the extent of their roles in neuroendocrine regulation of reproduction are unknown. 

Polycystic Ovary Syndrome (PCOS) 

Polycystic Ovary Syndrome (PCOS) is the most prevalent reproductive disorder affecting 

reproductive-aged women with an incidence of approximately 10% (10-13). PCOS is clinically 

diagnosed via two criteria: NIH 1991 and the Rotterdam 2003 criteria. The Rotterdam 2003 

criteria are characterized by two of the following: excess androgen levels, polycystic ovaries, and 

chronic anovulation; however, the NIH 1991 criteria require hyperandrogenism to be present 

(11). Hyperandrogenism tends to be associated with more severe reproductive and metabolic 

phenotypes in women with PCOS (14). Women with PCOS have an increase in GnRH pulsatility 

and decreased sensitivity to progesterone negative feedback. As GnRH pulsatility is elevated, the 

synthesis and secretion of LH is favored over that of FSH, and increased LH in turn promotes 

excess androgen production. These excess androgens may contribute to decreased progesterone 

negative feedback sensitivity in the hypothalamus, further increasing GnRH pulsatility and 

downstream PCOS phenotypes. It has been previously shown that flutamide, an androgen 

receptor antagonist, can reverse this phenotype, suggesting that excess androgens may directly 

contribute to progesterone resistance (15). Although evidence points toward excess androgens 
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playing key roles in PCOS, little is known about the locations or mechanisms of actions through 

with androgens may drive PCOS phenotypes.   
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Chapter 1: The Role of Androgens Within Kisspeptin Neurons and Pituitary Gonadotropes 

in Male Mice 

Introduction 

Androgens are crucial for male fertility as they exert feedback control on the HPG axis 

and their absence can lead to impaired male development. Full-body androgen receptor knockout 

(ARKO) male mice exhibit female-typical external appearance, and disrupted germ cell 

development (5). Furthermore, global ARKO males fail to undergo male-typical development, 

including a reduction in anogenital distance more similar to female mice, and a drastic reduction 

in AR dependent tissues such as the testis, epididymis and seminal vesicles (4). The 

determination of tissue-specific contributions of AR to male fertility has been studied with the 

use of Cre-LoxP technology. The deletion of AR from the testis, specifically from Sertoli and 

Leydig cells, results in infertile mice with defective spermatogenesis, atrophied testis and 

epididymis, low levels of circulating testosterone, and high levels of serum LH and FSH (6). 

Although the role of AR in the testis is well known, its role in neuroendocrine tissue remains 

unknown. 

AR is expressed at every level of the HPG axis, including kisspeptin neurons, pituitary 

gonadotropes, and the gonads (1). In mice, kisspeptin neurons exist in two primary populations 

located in the hypothalamus, the anteroventral periventricular (AVPV) and arcuate (ARC) nuclei 

(2). Although both of these neuronal populations exist in male mice, the AVPV population does 

not seem to mediate feedback control of the HPG axis (2). Furthermore, the AVPV has been 

shown to be insensitive to androgens, suggesting that sex steroids primarily mediate feedback 

control in male mice through the kisspeptin population in the ARC nucleus (2). In male, both 

estrogen and testosterone seem to regulate kisspeptin, suggesting that both estrogen receptor 
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(ER) and androgen receptor (AR) play a role in T-mediated regulation of kisspeptin (16). 

Kisspeptin signaling from the ARC population then stimulates GnRH neurons to allow for the 

secretion of LH and FSH in normal fertility (1).  

Similar to kisspeptin neurons, pituitary gonadotropes express AR and are sensitive to 

androgens. It has been shown that androgens regulate gonadotropin-releasing hormone receptor 

(Gnrhr) expression in male mice after castration and testosterone replacement (17). Through 

similar studies, it became apparent that AR in the pituitary is necessary to see this regulatory 

effect of androgens and thus became a target of study to determine if this change in Gnrhr 

expression has on fertility. Through the use of luciferase assays, it has been shown that 

androgens stimulate expression of the Gnrhr in mice, and that this mechanism may be dependent 

on the induction of GnRH receptor in gonadotropes (18). This regulatory effect that androgens 

have on pituitary gonadotropes revolves around Gnrhr expression, and therefore, this became a 

candidate to study.  

To test whether the loss of androgen receptor from either kisspeptin neurons, or pituitary 

gonadotropes affects fertility, we determined pubertal abnormalities in both kisspeptin and 

pituitary ARKO males. Based on any differences, we then studied male sex behaviors, and male 

fertility in kisspeptin ARKO mice. We also looked at any irregularities in spermatogenesis 

through sperm motility and total sperm count assays. Based on any differences, we examined 

gene expression of both the pituitary and the testis.  
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Methods 

Animals 

Mice lacking AR exclusively in kisspeptin cells and pituitary gonadotropes were generated by 

crossing AR flox mice with Kiss1-Cre and GnRHR-Cre mice, respectively (19-21). Offspring 

were backcrossed with AR flox mice to generate KissCre+ ARfl/y mice, termed herein as KARKO 

and GnRHRCre+ ARfl/y mice, termed herein as GARKO. Cre− ARfl/y mice from either mouse line 

were used as controls (WT). Mice were genotyped via PCR analysis of tail DNA. All mice were 

tested for germline recombination and germline-recombined mice excluded from the study. Mice 

were housed two to four per cage under a 12-hour light, 12-hour dark cycle (lights off at 

6:00 PM) with ad libitum standard chow and water. All experiments were approved by the 

University of California, San Diego Institutional Animal Care and Use Committee. 

 

Determination of pubertal onset  

Male mice were observed for pubertal onset every day starting from the day of weaning, 

approximately 23-25 days of age. Pubertal onset was determined in male mice by the observation 

of preputial separation. 

 

Fertility assessment 

At 10-12 weeks of age, virgin WT and KARKO mice were housed in pairs. The number 

of days to plug, litters produced, days to first litter, and number of pups per litter was recorded 

for 90 days.   

 



 8 

Tissue Collection and Histology 

After 3 to 5 months (for KARKO) and 10-12 weeks (for GARKO), mice were weighed 

before euthanasia by isoflurane (USP) inhalation. Blood was then taken from the abdominal 

aorta, followed by the collection of the pituitary, and one testis per animal. These tissues were 

immediately placed on dry ice and stored at -80°C. In addition to the collection of these tissues 

for later analysis, one testis per animal was weighed and fixed in 10% glacial acetic acid, 30% 

formaldehyde, and 60% ethanol for histological analysis.  

 

Sperm count and sperm motility  

Sperm was collected from cauda epididymis of male mice in M2 media (Sigma #M7167). 

Epididymis was cut in half and sperm were expelled by gently pressing down on the epididymis 

and then left in M2 media at room temperature for 15 min. The numbers of total and motile 

sperm were counted from a 1:10 dilution of the M2 media containing sperm by using a 

hemocytometer. The second epididymis was cut into small pieces and left 15 min at room 

temperature in M2 media. The solution was filtered using a cell streamer (70 μm, Falcon 

#352350) and sperm were diluted 1:10 with MQ water before counting total numbers of sperm. 

 

Hormone Assay 

Abdominal aorta blood was taken from GARKO mice at the end of the time of sacrifice 

for analysis of LH and FSH. Serum was collected and stored at -20°C. LH and FSH were 

measured in-house on MILIPLEX (#MPTMAG-49K, Millipore) from 5 µL serum per sample. 

LH: lower detection limit: 5.7 pg/mL, intra-ACOV 16.8, and inter ACOV 7.05%. FSH: lower 
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detection limit: 24.5 pg/mL, intra-ACOV 13.8, and inter-ACOV 5.84%. For each hormone assay, 

all data shown are above the level of detection of the assay. 

 

Quantitative Real-Time PCR of Tissue 

Total RNA was isolated from collected pituitaries and testes using Qiagen RNeasy Mini 

Plus kit, which also removes genomic DNA. Complementary DNA (cDNA) was created via 

reverse transcription of total RNA using iScript cDNA synthesis kit (Bio-Rad Laboratories). 

SYBR Green Supermix (Bio-Rad Laboratories) was used to detect cDNA products on a Bio-Rad 

CFX Connect quantitative real-time PCR (qRT-PCR) system (Bio-Rad Laboratories). Data were 

analyzed via the 2-ΔΔCt method by normalizing the gene of interest to Gapdh and Ppia in the 

pituitary and the testis respectively, and are represented as mean fold change compared to control 

± SEM. 

 

Results 

Puberty is advanced in KARKO males  

Male KARKO and WT mice were monitored daily for preputial separation (PPS) from 

time of weaning (21 days of age) to determine if a loss of AR from kisspeptin neurons affects 

pubertal onset. KARKO males appeared to undergo puberty at an earlier date in comparison to 

WT males, suggesting that knocking out AR from kisspeptin neurons results in an earlier onset 

of puberty (Figure 1.1A, p= 0.0438). We also recorded body weight on the day of PPS and 

observed a nearly significant trend toward decreased in body weight at PPS in KARKO males 

compared to WT (Fig. 1.1B), suggesting that the early onset of puberty in KARKO male mice is 

independent of body weight.  
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Expression of key pituitary mRNA is affected in KARKO males 

 Having identified early onset puberty, expression of important reproductive pituitary 

genes was examined by qRT-PCR to determine if a loss of AR from kisspeptin neurons affects 

gene expression at the level of the pituitary. Total RNA from the pituitary was isolated and 

expression levels of Gnrhr, Lhb, and Fshb mRNAs were measured. We observed a trend towards 

a significant increase in Gnrhr expression in KARKO males in comparison to WT males (Figure 

1.2A, p= 0.0721). Lhb expression was shown to significantly increase in KARKO males in 

comparison to WT males (Figure 1.2B, p<0.001). There was no difference in expression of Fshb 

mRNA between KARKO males and WT males (Figure 1.2C), suggesting that FSH is 

independent of AR in kisspeptin neurons. 

 

Expression of testis mRNA is unaffected in KARKO males 

In addition to pituitary gene expression, expression of important reproductive testis genes 

was examined by qRT-PCR to determine if a loss of AR from kisspeptin neurons affects gene 

expression at the level of the gonads. Total RNA from the testis was isolated and levels of 

Cyp17a1 mRNA, the gene that encodes 17α-hydroxylase, an enzyme required for androgen 

synthesis, was measured. We observed a significant increase in pituitary Lhb, which implies an 

increase in circulating testosterone levels. Due to this, we tested for Cyp17a1, as it is responsible 

for androgen synthesis. We observed no difference in expression of Cyp17a1 mRNA between 

KARKO males and WT males (Figure 1.3). 
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KARKO males exhibit normal spermatogenesis but have larger sized testes  

We then sought to determine if a loss of AR from kisspeptin neurons has effects on 

normal testis functions including spermatogenesis. There was no difference in sperm motility 

(Figure 1.4A) or total sperm count (Figure 1.4B) between KARKO males and WT males, 

suggesting KARKO males have normal spermatogenesis. We also measured body weight and 

testis weight at the time of sacrifice. We observed no significant differences in body weights 

between KARKO males and WT males (Figure 1.5A), but we did observe a significant increase 

in KARKO testis weight in comparison to WT testis weight (Figure 1.5B, p= 0.0237). We then 

normalized the testis weights to body weights and found that KARKO males exhibited 

significantly higher testis weight even normalized to body weight, compared to WT males 

(Figure 1.5C, p= 0.0201).  

 

KARKO males exhibit normal fertility 

Fertility in KARKO male mice was then assayed. We observed no statistical differences 

between KARKO males and WT males in regard to plugging over a 10-day period (Figure 1.6B), 

time to first litter over an 80-day period (Figure 1.6A), number of litters (Figure 1.6C), or 

number of pups per litter produced during that time (Figure 1.6D) suggesting that kisspeptin 

neuron AR is not required for normal mating behaviors or fertility in males.  

 

Puberty is normal in GARKO males  

Male GARKO and WT mice were monitored daily for preputial separation (PPS) from 

time of weaning (21 days of age) to determine if pituitary gonadotrope AR affects pubertal onset. 

GARKO males did not appear to undergo puberty at a different age in comparison to WT males, 
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suggesting that knocking-out AR from pituitary gonadotropes does not results in a change in the 

onset puberty (Figure 1.7A). We also recorded body weight on the day of PPS and similarly 

observed no significant difference in body weight at PPS in GARKO males compared to WT 

(Fig. 1.7B), suggesting that the onset of puberty in GARKO male mice is independent of both 

AR and body weight.  

 

Expression of pituitary mRNA is affected in GARKO males 

 Expression of important reproductive pituitary genes was examined by qRT-PCR to 

determine if a loss of AR from pituitary gonadotropes affects gene expression level of the 

pituitary. Total RNA from the pituitary was isolated and the levels of Gnrhr, Lhb, and Fshb were 

measured. We observed a significant decrease in Gnrhr expression in GARKO males in 

comparison to WT males (Figure 1.8, p= 0.0162). There was no difference in expression of 

either Lhb (Figure 1.8B) or Fshb (Figure 1.8C) mRNA between GARKO males and WT males 

(Figure 1.2C), suggesting that LH and FSH in are independent of AR in pituitary gonadotropes, 

however, this was not the case.  

 

Serum levels of FSH are significantly reduced in GARKO males  

Serum luteinizing hormone (LH) and follicle-stimulating hormone (FSH) were measured 

from blood taken from the abdominal aorta at the time of sacrifice. Although pituitary expression 

of Fshb was not significantly different when comparing GARKO mice to WT mice, we observed 

a significant reduction in serum FSH in GARKO mice in comparison to WT mice (Figure 1.9, 

p= 0.0425). Serum LH remained unchanged in GARKO males, consistent with the observation 
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that pituitary expression of Lhb was not different between the GARKO and WT male groups 

(Figure 1.9). 

 

GARKO males exhibit normal spermatogenesis and testis size  

We then determined if pituitary AR has affects on normal testis functions including 

spermatogenesis. There was no difference in sperm motility (Figure 1.10A) or total sperm count 

(Figure 1.10B) between GARKO males and WT males, suggesting GARKO males had normal 

spermatogenesis. We also measured body weight and testis weight at the time of sacrifice. We 

observed no significant differences in body weights (Figure 1.11A) or testis weights (Figure 

1.11B) between KARKO males and WT males. This lack of statistical significance also held true 

when we then normalized the testis weights to body weights. Altogether, we found that GARKO 

males had no significant difference in normalized testes weights compared to WT males (Figure 

1.11C).  

 

Discussion 

 Although deletion of testicular AR has been previously studied and linked to infertility 

and dysregulated hormone levels in male mice (6), the roles of AR at other levels of the HPG 

axis have not yet been investigated. AR has been shown to be expressed at the level of the 

hypothalamus, within kisspeptin neurons located in the ARC nucleus, and at the level of the 

pituitary, in pituitary gonadotropes. Thus, we aimed to determine if AR in neuroendocrine tissue 

has in role in fertility in male mice. To study this, we utilized Cre-LoxP technology to generate 

kisspeptin neuron-specific and pituitary gonadotrope-specific ARKO mice, dubbed KARKO and 

GARKO respectively. 
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 Within male mice, the HPG axis primarily plays an inhibitory role. As androgens are 

produced in the testis, they feedback at the level of the hypothalamus to negatively regulate 

kisspeptin firing on GnRH neurons, effectively decreasing the production of testosterone (1). We 

have shown that KARKO males undergo puberty about 3 days earlier than WT males, supporting 

an impairment of the normal inhibitory feedback loop seen in WT males. Because puberty is 

closely linked to body weight; puberty is often delayed or accelerated based on weighing too 

little or too much, respectively (22). We also observed that KARKO and WT mice did not 

significantly differ in size, further suggesting that this early onset of puberty within KARKO 

males is caused by a loss of a loss of AR from kisspeptin neurons rather than being a weight-

dependent effect. However, this effect was not seen in GARKO males, as they did not 

significantly differ in time to puberty, nor body weight at PPS. 

 To further investigate the discrepancy in days to PPS between WT and KARKO males, 

we then tested for changes in mRNA levels of three important reproductive genes of the 

pituitary: Gnrhr, Lhb, and Fshb. We have shown that KARKO mice have significantly increased 

Lhb levels and nearly significantly increase Gnrhr levels in comparison to WT males, and no 

differences in Fshb were observed between the two groups. These differences in gene expression 

further support the observation that KARKO males have a dysregulated HPG axis and suggests 

an increase in circulating LH levels as well. We have shown that GARKO mice have 

significantly reduced Gnrhr levels in comparison to WT levels, but no significant difference in 

Lhb or Fshb between groups. Previous data have shown that androgens seem to regulate Gnrhr 

expression in male mice after castration and testosterone replacement (17). Our findings support 

these data, as GARKO males no longer express pituitary AR, resulting in a downregulation of 

Gnrhr. Although no differences in Fshb levels were observed, we have shown a significant 
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decrease in serum FSH levels in GARKO males, suggesting a loss of pituitary AR results in 

some sort of hormonal dysregulation. Female gonadotrope-specific ARKO females have been 

shown to be subfertile and have low levels of circulating FSH (23). 

 Similarly, the testes of KARKO males were analyzed to determine if a loss of AR from 

kisspeptin neurons results in a change in testicular gene expression of Cyp17a1, the cytochrome 

p450 enzyme necessary for androgen synthesis (24,25). Because pituitary Lhb mRNA levels 

were elevated, this would imply that there is also an elevation in serum testosterone levels. 

Cyp17a1 is responsible for androgen synthesis and its expression levels were therefore tested. 

Kiss1-Cre is also expressed in the testis; however, testis-specific ARKO mice have low Cyp17a1 

(6). Because no differences were observed between KARKO and WT males, this then 

demonstrates that the effects we see are most likely due to AR being deleted from kisspeptin 

neurons rather than the testis. It also suggests that the dysregulation of the HPG axis in this 

mouse line does not contribute to an increase in androgen production, implying circulating 

testosterone levels should not be altered as well. 

 To determine the effects of knocking out kisspeptin neuron and pituitary gonadotrope AR 

has on male fertility, sperm motility assays were performed on both KARKO and GARKO mice. 

In addition to percent motile sperm, total sperm counts were also measured. Both Kiss1-Cre and 

GnRHR-Cre are expressed in the testis; however, testis-specific ARKO mice have been shown to 

fail to undergo normal spermatogenesis resulting in non-motile sperm (6). Through our work, we 

have shown that both KARKO and GARKO mice have normal sperm motility as well as normal 

total sperm counts when compared to WT males, contrasting the effects seen in testis-specific 

ARKO mice, suggesting that these effects are most likely due to the loss of AR from 
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neuroendocrine tissues rather than the gonads. Furthermore, this suggests that neither kisspeptin 

neuron AR nor pituitary gonadotrope AR is required for normal spermatogenesis.  

The testes of both mouse lines were also weighed and analyzed. Although 

spermatogenesis was unaffected in both mouse lines, we have shown that KARKO males have 

significantly increased testis weights, while GARKO testis weights were comparable to WT 

testis. Again, both Kiss1-Cre and GnRHR-Cre are expressed in the testis; however, testis-

specific ARKO mice have been shown to exhibit significantly reduced testis sizes (6). The 

contrast between the data we generated, and the data found with testis-specific ARKO mice 

further supports the notion that these effects are due to a loss of AR from neuroendocrine tissues, 

and not from a loss of AR from the gonads. To determine if this effect was independent of body 

weight, mice were also weighed at the time of testis collection and used to normalize the testis 

weights. Normalized KARKO testis values remained significantly increased, while normalized 

GARKO testis weights remained comparable to the WT males. This increase in testis weight, in 

addition to the advanced puberty in these KARKO mice, further suggests a decreased inhibition 

of the HPG axis. These data also suggest that kisspeptin neuron AR, but not pituitary 

gonadotrope AR, is important in testicular size, and neither have a role in sperm production or 

motility. 

 Given the increased testis weights observed in KARKO males, we then conducted 

fertility assays to determine if a loss of AR from kisspeptin neurons is necessary for normal 

fertility or sex behaviors. Kiss1-Cre is expressed in the testis; however, testis-specific ARKO 

mice have been shown to be completely infertile (6). KARKO males were placed in matings and 

monitored for 80 days to measure the time it took to produce a first litter. For the duration of the 

experiment, no differences were seen in the time for KARKO males to produce a first litter in 
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comparison to WT males. Additionally, KARKO mice were monitored over a 10-day period for 

the presence of a copulatory plug to assay sex behavior. Although there was no significant 

difference in days to plug, two KARKO males and one WT male failed to plug during the 

duration of the assay, suggesting the possibility of an incompletely penetrant phenotype in the 

KARKO males. Numbers of litters over a 3-month period were also measured, along with 

average pups per litter. We have shown that KARKO males do not differ from WT males in 

either of these measurements. Because these results drastically differ from those seen in testis-

specific ARKO mice, it is safe to assume that our findings are directly linked to the loss of AR 

from kisspeptin neurons and suggests that a loss kisspeptin neuron AR does not affect normal 

male fertility, nor normal sex behaviors in mice.  

 Through this study, we have demonstrated that a loss of AR from kisspeptin neurons 

leads to a decrease in regulation of the HPG axis in male mice, seen in dysregulated pituitary 

gene expression and an advanced puberty. Although we have shown that KARKO mice have 

enlarged testes, these mice do not seem to have any changes in spermatogenesis, fertility, or sex 

behaviors. For a future direction, we intend to increase the sample size for gene expression 

analyses of the KARKO pituitary and testis as the data presented herein are preliminary and 

representative of 5 animals per group. Similar to KARKO males, the loss of pituitary 

gonadotrope AR does not seem to have effects on male fertility. Aside from a decreased level of 

Gnrhr mRNA in the pituitary and decreased circulating FSH, we have shown that GARKO mice 

have a normally regulated HPG axis evidenced by normal puberty and spermatogenesis. 

Chapter 1, in part, is currently being prepared for submission for publication of this 

material. Ryan, Genevieve E.; Malik, Shaddy; Mellon, Pamela L. The thesis author assisted with 

sperm analyses, RNA isolations, cDNA synthesis, and qRT-PCR. Genevieve Ryan is the primary 
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investigator and author of this material. Pamela L. Mellon supervised the project and provided 

advice.  
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Figure 1.1: Puberty occurs days early in mice with a loss of AR in kisspeptin neurons. (A) 

Average days and to reach preputial separation and (B) average weight at PPS are presented with 

bars indicating mean and standard error of the mean for each group; n=4-7 per group. Asterisks 

represent significant differences between groups via unpaired t-test. 
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Figure 1.2: KARKO pituitary gene expression measured by qRT-PCR. Average expression 

of (A) Lhb, (B) Fshb, and (C) Gnrhr pituitary mRNA isolated after 3-5 month of age; n= 5 per 

group. Data are presented as average fold change in comparison to the WT group  the standard 

error of the mean. Asterisks represent significant differences between groups via unpaired t-test. 
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Figure 1.3: KARKO testis gene expression measured via qRT-PCR. Average testis 

expression of Cyp17a1 mRNA isolated mice after 3-5 months of age; n= 5 per group. Data are 

presented as average fold change in comparison to the WT group  the standard error of the 

mean.  
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Figure 1.4: Sperm count and motility are unaffected by a loss of AR in kisspeptin neurons. 

(A) Average percent motile sperm and (B) average total sperm counts taken in units of million 

per ml of are presented with bars indicating mean and standard error of the mean for each group; 

n=3-5 per group.  
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Figure 1.5: Testis weight is significantly increased with a loss of AR in kisspeptin neurons. 

(A) Average body weights and (B) average testis weights are presented with bars indicating 

mean and standard error of the mean for each group; n=9-10 per group. (C) Testis weights were 

also normalized to the body weights per animal; n=12-13 per group. Asterisks represent 

significant differences between groups via unpaired t-test. 
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Figure 1.6: Male fertility is unaffected by a loss of AR in kisspeptin neurons. (A) Individual 

days to first litter (B) and number of days to plug over a 10-day span of data points are presented 

with bars indicating mean and standard error of the mean for each group; n=5- 6 per group. (C) 

Number of litters over a 3-month span and (D) average number of pups per litter; n=5 per group.  
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Figure 1.7: Puberty is not advanced nor delayed in mice with a loss of AR in pituitary 

gonadotropes. (A) Average days and to reach preputial separation and (B) average weight at 

PPS are presented with bars indicating mean and standard error of the mean for each group; n=9-

18 per group. 
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Figure 1.8: GARKO pituitary gene expression measured via qRT-PCR. Average expression 

of (A) Lhb, (B) Fshb, and (C) Gnrhr pituitary mRNA isolated after 10-12 weeks of age; n= 12-

14 per group. Data are presented as average fold change in comparison to the WT group  the 

standard error of the mean. Asterisks represent significant differences between groups via 

unpaired t-test. 
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Figure 1.9: Serum luteinizing hormone (LH) was unaffected while follicle-stimulating 

hormone (FSH) decreased in mice with a loss of AR in pituitary gonadotropes (A) Serum 

LH and (B) FSH at 10-12 weeks of age; n=11-12 per group. Asterisks represent significant 

differences between groups via unpaired t-test. 
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Figure 1.10: Sperm count and motility are unaffected by a loss of AR in pituitary 

gonadotropes. (A) Average percent motile sperm and (B) average total sperm counts taken in 

units of million per ml of are presented with bars indicating mean and standard error of the mean 

for each group; n=11-12 per group.  
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Figure 1.11: Body and testis weights are unaffected by a loss of AR in pituitary 

gonadotropes. (A) Average body weights and (B) average testis weights are presented with bars 

indicating mean and standard error of the mean for each group; n=11-12 per group. (C) Testis 

weights were also normalized to the body weights per animal; n=11-12 per group.  

 

 

 



 30 

Chapter 2: Excess Androgens Drive PCOS Phenotypes in the Letrozole Mouse Model 

Introduction 

Polycystic Ovary Syndrome (PCOS) is the most prevalent reproductive disorder affecting 

reproductive-aged women with an incidence of approximately 10% (10-13). PCOS is clinically 

diagnosed via two criteria: NIH 1991 and the Rotterdam 2003 criteria. The Rotterdam 2003 

criteria are characterized by two of the following: excess androgen levels, polycystic ovaries, and 

chronic anovulation; however, the NIH 1991 requires hyperandrogenism to be present (11). 

Hyperandrogenism tends to be associated with more severe reproductive and metabolic 

phenotypes in women with PCOS (14). Women with PCOS have an increase in GnRH pulsatility 

and decreased sensitivity to progesterone negative feedback. As GnRH pulsatility is elevated, the 

synthesis and secretion of LH is favored over that of FSH, and increased LH in turn promotes 

excess androgen production. These excess androgens may contribute to decreased progesterone 

negative feedback sensitivity in the hypothalamus, further increasing GnRH pulsatility, and 

downstream PCOS phenotypes. It has been previously shown that flutamide, an androgen 

receptor antagonist, can reverse this phenotype, suggesting that excess androgens may directly 

contribute to progesterone resistance (15). Although evidence points toward excess androgens 

playing key roles in PCOS, little is known about the locations and mechanisms of actions 

through with androgens may drive PCOS phenotypes.  

Letrozole models of PCOS are based on the findings that genetic variants of Cyp19a1, 

the gene that encodes aromatase, an enzyme necessary for conversion of androgens to estrogens, 

are associated with PCOS in women (26,27). Female mice treated with LET from 4 weeks of age 

have been shown to be hyperandrogenic and display many PCOS phenotypes, including elevated 

T and LH, polycystic ovaries, and acyclicity after five weeks of treatment (28). LET females also 
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exhibit increased body weight and adiposity. Altogether, LET successfully recapitulated many 

reproductive and metabolic features of human PCOS. Although the LET mouse model exhibits 

hyperandrogenemia, it is still unknown if these PCOS phenotypes in the LET model are cause 

directly by androgens. To determine the specific contributions of androgens in the LET model of 

PCOS we treated LET mice with flutamide, a nonsteroidal AR antagonist, and found that many 

PCOS phenotypes were ameliorated with flutamide treatment, further establishing the 

importance of the LET mouse as a model of androgen excess.  

 

Methods 

Animals and Treatment 

Female C57BL/6 mice (Harlan Laboratories) were kept on a 12-hour light, 12-hour dark 

cycle with ad libitum standard chow diet and water. All experimental procedures performed were 

approved by the University of California San Diego Institutional Animal Care and Use 

Committee. Two females were housed together per cage according to treatment. Based on 

previous studies, 4-week old females were implanted subcutaneously with custom-made 

continuous release pellets (Innovative Research of America) containing 50 μg/day LET 

(Fitzgerald) or placebo control (CON) (n=20 per treatment). Mice were weighed weekly from the 

time of LET or CON pellet implantation, and 2.5 weeks after implantation, mice were 

subcutaneously implanted with a second pellet containing 20 mg flutamide or an empty pellet 

(n=10 per group). These flutamide pellets were made in-house by packing 1.5 cm flutamide 

(Sigma cat # F9397) into 2 cm Silastic tubing (1.47 mm inner diameter, 1.96 mm outer diameter) 

and sealing with silicone sealant. Validation of flutamide dosage was done via implantation in 

intact male mice for three weeks, after which it was observed that both serum LH and Lhb 
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expression in the pituitary was significantly increased, indicating that 20 mg flutamide was 

sufficient enough to block the negative feedback effects of endogenous androgens. 

 

Estrus Cycle Assessment 

Vaginal smears were taken at 2.5 weeks of exposure to LET and weekly thereafter at 3, 4, 

and 5 weeks of exposure to LET. Mice were not cycled daily in order to reduce stress. Estrous 

cycle stage was evaluated for these time points via light microscopic analysis of the predominant 

cell type in vaginal smear samples. Diestrus was characterized by the presence of predominantly 

leukocytes, proestrus by the presence of mostly nucleated cells, estrus by the presence of 

cornified epithelial cells, and metestrus by the presence of leukocytes with some cornified 

epithelial cells.  

 

Tissue Collection and Histology 

After 5 weeks following LET or CON implantation, mice were weighed, and a vaginal 

smear was taken before euthanasia by CO2 inhalation. Blood was then taken from the abdominal 

aorta, followed by the collection of the pituitary, and one ovary per animal. These tissues were 

immediately placed on dry ice and stored at -80°C. In addition to the collection of these tissues 

for later analysis, the parametrial fat pad and one ovary per animal were fixed in 10% glacial 

acetic acid, 30% formaldehyde, and 60% ethanol for histological analysis.  

These fixed ovaries were then paraffin-embedded and sectioned at 10 µm before staining 

with hematoxylin and eosin (H&E; Sigma-Aldrich). Sections were evaluated by an investigator 

blind to treatment groups for corpora lutea, atretic cyst-like follicles, and hemorrhagic cysts from 

a total of seven sections per ovary. Fixed parametrial adipose tissue samples were embedded in 
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paraffin and sectioned at 5 µm before H&E staining, and adipocyte number and area were the 

quantified via ImageJ Fiji software with the Adiposoft plugin from two sections per sample. 

 

Hormone Assay 

Tail bleeds were performed to analyze serum LH and FSH at 2.5 weeks of LET or CON 

implantation, and abdominal aorta blood was taken at the end of the 5-week study for analysis of 

LH, FSH, T, estradiol (E2), P4, dehydroepiandrosterone (DHEA), and androstenedione (A4). For 

both time points, serum was collected and stored at -20°C. LH and FSH were measured in-house 

on MILIPLEX (#MPTMAG-49K, Millipore) from 5 µL serum per sample. LH: lower detection 

limit: 5.7 pg/mL, intra-ACOV 16.8, and inter ACOV 7.05%. FSH: lower detection limit: 24.5 

pg/mL, intra-ACOV 13.8, and inter-ACOV 5.84%. Serum T, E2, and P4 were measured by the 

University of Virginia Ligand Core Facility using mouse enzyme-linked immunosorbent assays 

(range 10-1600 ng/dL, 3-300 pg/mL, and 0.15-40 ng/uL, respectively). DHEA and A4 were 

measured by the University of Virginia Ligand Core Facility using human enzyme-linked 

immunosorbent assays (range 0.37-30 ng/mL and 0.1-10 ng/mL, respectively). For each 

hormone assay, all data shown are above the level of detection of the assay. 

 

Quantitative Real-Time PCR of Tissue 

Total RNA was isolated from collected pituitaries and ovaries using Qiagen RNeasy Mini 

Plus kit, which also removes genomic DNA. Complementary DNA (cDNA) was created via 

reverse transcription of total RNA using iScript cDNA synthesis kit (Bio-Rad Laboratories). 

SYBR Green Supermix (Bio-Rad Laboratories) was used to detect cDNA products on a Bio-Rad 

CFX Connect quantitative real-time PCR (qRT-PCR) system (Bio-Rad Laboratories). Data were 
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analyzed via the 2-ΔΔCt method by normalizing the gene of interest to Gapdh and Ppia in the 

pituitary and the ovary respectively, and are represented as mean fold change compared to 

control ± SEM. 

 

Statistical Analysis 

All data are shown as mean ± SEM unless otherwise stated. Data collected before 

flutamide or empty pellet implantation were analyzed by two-way ANOVA to ensure that there 

were no preexisting differences between animals that would go on to receive flutamide or empty 

pellet treatment within the LET or CON group. Because no preexisting differences within LET 

or CON were detected, only the main effects of LET are reported prior to flutamide or empty 

pellet treatment. When significant LET x flutamide interactions were detected, two-way 

ANOVA was followed by Tukey post hoc analysis. For all analyses, p<0.05 was considered 

statistically significant. One animal was found to be a statistical outlier with circulating T 4.3 

standard deviations (SD) above the mean, and 2.63 to 3.72 times higher than animals with 

similar LH concentrations. This animal was excluded from all subsequent analysis. 

 

 

Results 

Serum hormones levels are returned to normal levels in response to flutamide in LET mice  

To determine the effects flutamide treatment has on hyperandrogenism in LET mice, 

serum testosterone (T) was measured. Flutamide had no significant effect on serum T within 

either group without LET (termed CON). Serum T was significantly increased in LET mice in 

comparison to both CON groups (Fig. 1.2A; p<0.0001). However, in the flutamide treated LET 

mice, serum T was significantly decreased compared to their empty pellet counterparts 
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(p=0.0028) and was comparable to either CON group in testosterone (T) concentration. Serum 

estradiol (E2), progesterone (P4), dehydroepiandrosterone (DHEA), and aldosterone (A4) levels 

were also measured, however, most samples fell below the level of detection of these assays 

across all treatment groups and thus we lacked sufficient power to detect any differences 

between groups.  

Serum luteinizing hormone (LH) and follicle-stimulating hormone (FSH) were measured 

before flutamide treatment (2.5 weeks after LET or CON implantation) and again 2.5 weeks after 

flutamide treatment (5 weeks after LET or CON implantation). Before flutamide treatment (week 

2.5), LH was significantly increased in LET mice in comparison to the CON groups (Fig. 1.2B; 

p<0.0001) while there were no significant effects on FSH regardless of treatment group (Fig. 

1.2C). After flutamide treatment (week 5), LH levels remained high in the LET mice that 

received an empty pellet in comparison to either CON group (Fig. 1.2D; CON with empty pellet, 

p=0.0001; CON with flutamide, p=0.019). Following flutamide treatment in LET mice, we 

observed a nearly significant downward trend in comparison to LET mice that received and 

empty pellet (p=0.052). Serum FSH remained unaffected across all treatment groups (Fig. 1.2E). 

 

Expression of pituitary mRNA is affected by flutamide treatment in LET mice 

 Just as serum LH was significantly elevated in LET mice in comparison to both CON 

groups, expression of Lhb in the pituitary significantly increased in LET mice compared to both 

CON groups (Fig. 1.3A; p<0.0001). This effect was reduced back to normal expression levels 

with flutamide treatment in LET animals (p=0.005). Flutamide had no significant effect on Lhb 

expression within either CON group. There were no significant effects on Fshb expression levels 

regardless of treatment group (Fig. 1.3B). Expression of Gnrhr in the pituitary significantly 
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increased in the LET mice in comparison to the CON groups (Fig. 1.3C; p<0.0001). However, 

flutamide treatment did not affect expression levels of Gnrhr in LET mice (p=0.9602).  

  

Estrus cyclicity and ovarian morphology are improved in response to flutamide in LET mice 

 We previously demonstrated that LET treatment results in constant diestrus in female 

mice (28). In the present study, before flutamide treatment, (2.5 weeks after LET or CON 

implantation), LET mice primarily displayed diestrus while CON animals exhibited many 

different cycle stages (Fig. 1.4A). After 2.5 weeks of flutamide treatment (5 weeks after LET or 

CON implantation), CON mice again exhibited various different estrus cycle stages (diestrus, 

proestrus, estrus, or metestrus), regardless of flutamide treatment (Fig 1.4B). Within in the LET 

groups, however, flutamide-treated mice displayed various different estrus cycle stages (diestrus, 

proestrus, estrus, or metestrus) similar to the CON mice, while LET mice that received empty 

pellets still primarily showed diestrus. This result suggests that flutamide might rescue estrus 

cyclicity in LET mice. 

 To determine if ovulation was restored in flutamide-treated LET mice, ovaries were 

examined for corpora lutea. CON ovaries showed several corpora lutea, regardless of flutamide 

treatment (Fig 1.4C and 1.4D), while LET mice that received an empty pellet displayed no 

corpora lutea. Several (4 of 9) LET mice that received flutamide treatment, however, were able 

to ovulate, as shown by the presence of a corpora lutea. Ovaries were also examined for the 

presence of atretic cyst-like follicles and hemorrhagic cysts. In both cases, LET mice that 

received empty pellets showed significantly more atretic cyst-like follicles (Fig. 1.4C and 1.4E; 

p<0.0001) and hemorrhagic cysts (Fig. 1.4C and 1.4F; p<0.0001) in comparison to both CON 

groups. Although flutamide-treated LET mice did show an increase in atretic cyst-like follicles 
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compared to CON mice that received either an empty pellet (p=0.0053) or flutamide (p=0.0041), 

numbers of cystic follicles were significantly decreased in comparison to LET mice that received 

an empty pellet (Fig 1.4E; p=0.0006). Flutamide treatment had no significant effect on the 

number of hemorrhagic cysts in LET mice (Fig 1.4F). 

  

Expression of ovarian mRNA is returned to normal levels in response to flutamide in LET mice 

 Expression of Fshr in the ovaries was significantly increased in LET mice compared to 

both CON groups (Fig. 1.5A; p<0.0001). Flutamide-treated LET mice showed a trend toward 

decreased Fshr expression, although this decrease did not reach statistical significance 

(p=0.0812). LET also significantly increased Cyp19a1 expression, which encodes aromatase (the 

enzyme inhibited by LET), in comparison to both CON groups (Fig. 1.5B; p<0.0001). While 

flutamide treatment did not significantly affect expression of Cyp19a1 in LET mice, there was a 

trend toward decreased expression of this gene with flutamide treatment (p=0.0682). Ovarian 

expression of Cyp17a1, an essential gene in the synthesis of androgens, significantly increased in 

the LET mice in comparison to the CON groups (Fig. 1.5C; p<0.0001). After flutamide 

treatment, however, Cyp17a1 expression levels in LET mice were restored back to control levels 

(p<0.0203 in comparison to LET, empty pellet; p=0.4275 in comparison to CON, empty pellet).  

  

Weight gain and adipocyte size are returned to normal in response to flutamide treatment in LET 

mice 

 Over the 5-week study, body weight was measured weekly, including at the 2.5-week 

time point (time of flutamide treatment). At 1 week after initial LET or CON implantation, LET 

mice weighed significantly more than CON mice (Fig. 1.6A; p<0.0001). At the end of the study 

(week 5), the final body weight of the flutamide treated LET mice had significantly decreased in 
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comparison to LET mice that received an empty pellet (p=0.0419); however, these flutamide 

treated LET mice still weighed significantly more than CON mice in either group. 

 Parametrial adipose tissue was also analyzed to determine effects of flutamide treatment 

in LET and CON mice. LET mice that received empty pellets exhibited significantly increased 

mean adipocyte area in comparison to both CON groups (Fig. 1.6B and 1.6C; p<0.01). Flutamide 

had no significant effect on adipocyte size in CON mice. However, LET mice treated with 

flutamide had significantly decreased mean adipocyte area compared to LET mice that received 

and empty pellet (p=0.0215), and mean adipocyte area that was comparable to either CON 

group.   

 

Discussion 

 Although the etiology of PCOS is largely unknown, excess androgens are believed to be 

a main component driving the pathophysiology of this endocrine disorder. Previously, many 

models have utilized treatment with exogenous androgens to induce certain features of PCOS; 

however, these models do not fully recapitulate both the reproductive and metabolic phenotypes 

commonly observed in women with PCOS. LET treatment in mice 4 weeks of age has been 

shown to reproduce both reproductive and metabolic phenotypes similar to those seen in human 

PCOS. This included elevated T levels, an increased LH to FSH ratio, anovulation, obesity, and 

enlarged adipocyte cells of the abdominal fat pad. Because letrozole is an aromatase inhibitor 

that effectively increases endogenous androgens, it is unknown whether these phenotypes seen in 

LET mice were specifically due to excess androgens. To determine if androgens play a role in 

the development of these phenotypes, LET mice were treated with flutamide, an AR antagonist. 

We discovered that this tends to ameliorate many of the features seen in the LET induced mouse 
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model of PCOS by effectively counteracting the effects hyperandrogenemia has in this model. 

By directly linking the LET phenotypes to AR actions, we have demonstrated that the LET 

model is a useful tool for studying excess androgens in PCOS.  

 In human PCOS, women have a dysregulation of sex steroid feedback (29,30) which 

leads to an increase in LH pulse frequency, subsequently elevating T levels (15,31,32). We have 

found that LET-treated mice that have been treated with flutamide had significantly decreased 

serum T, decreased Lhb mRNA, and nearly significant decreased serum LH. LH is thought to 

promote ovarian production of androgens through the positive regulation of Cyp17a1, the 

cytochrome p450 enzyme necessary for androgen synthesis (24,25). Women with PCOS show an 

increase in CYP17a1 expression (25,33-35), which was also observed in LET mice. Thus, the 

decrease in serum T observed in LET mice treated with flutamide is likely caused by this 

decrease in ovarian expression of Cyp17a1. Androgens and AR are also known to be involved in 

the positive regulation of Cyp19a1 and Fshr; however, LET mice treated with flutamide showed 

no significant change in ovarian expression of these genes.  

 Along with improved serum hormone levels, we have shown that flutamide treatment of 

LET mice ameliorates the changes seen in serum gonadotropin levels, and expression levels of 

important reproductive genes found in the pituitary, caused by LET treatment alone. Just prior to 

flutamide treatment, we observed that LET mice had significantly elevated serum LH in 

comparison to CON mice, similar to women with PCOS. After flutamide treatment, LET mice 

exhibited a nearly significant decrease in serum LH compared to their empty pellet counterparts. 

Similarly, both Lhb mRNA, as well as Gnrhr mRNA expression were significantly increased in 

mice following LET exposure. However, only Lhb mRNA expression was observed to 

significantly decrease following flutamide treatment while Gnrhr mRNA expression was 
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unaffected by flutamide treatment, suggesting that increased Gnrhr is not an AR-dependent 

phenotype within this model. Neither serum FSH levels, nor Fshb mRNA expression in the 

pituitary, were affected after the 5-week experiment. This is most likely due to variability within 

treatment groups, as mice were euthanized after 5 weeks of LET or CON treatment regardless of 

cycle stage. Furthermore, it has also been previous shown that mice treated with LET exhibit a 

significant decrease in both serum FSH and pituitary Fshb expression in comparison to CON 

mice. 

 In addition to disrupted serum hormone levels, we observed that LET mice were acyclic, 

evidenced by persistent diestrus and a lack of corpora lutea, an indicator of ovulation, in the 

ovary similar to women with PCOS (28,36). Following histological analysis of the ovary, it was 

found that several LET mice treated with flutamide possessed corpora lutea, and thus have 

ovulated while none of the LET mice given an empty pellet seemed to ovulate. Additionally, 

most of the LET mice that received an empty pellet were primarily in found to be in diestrus 

while LET mice treated with flutamide displayed various cycle stages similar to CON mice. 

Therefore, the blockage of AR is suggested to restore estrous cyclicity and ovulation in this 

mouse model of PCOS. In addition, histological analysis was also done to determine the 

prevalence of atretic cyst-like follicles and hemorrhagic cysts in ovaries from these mice. It was 

found that LET treatment resulted in an increase in the number of both atretic cyst-like follicles 

and hemorrhagic cysts in comparison to CON mice. Flutamide treatment of these LET mice 

seemed to result in fewer atretic cyst-like follicles while the number of hemorrhagic cysts did not 

change with flutamide treatment, indicating that this phenotype is not AR-dependent in this 

model. 
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 Reproductive endocrine phenotypes in these LET mice were not the only PCOS features 

that improved with flutamide treatment. Excess weight gain in flutamide treated LET mice was 

observed to halt, indicating that obesity in these mice is androgen dependent. Furthermore, the 

decreased body weight in these flutamide treated LET mice may have contributed to the 

previously observed decrease in serum T, as obesity promotes increased androgen secretion in 

women and in female mice on high-fat diets (22,37). Although the specific roles of androgens in 

affecting body weight has not yet been explained, neuroendocrine AR appears to be involved 

(38). LET mice have been shown to have increased adipocyte cell size, similar to the metabolic 

features of PCOS seen in women (39,40). Although the effect of antiandrogen treatment on 

adipocyte size in women with PCOS has not previously been studied, it has been seen that 

flutamide treatment of LET mice results in a significant decrease in mean adipocyte size, 

suggesting that it is an androgen-dependent phenotype in this model. 

Through this study, we have demonstrated that elevated endogenous androgens in mice 

leads to many of the reproductive and metabolic phenotypes of PCOS seen in the letrozole 

mouse model, such as elevated T, anovulation, obesity, and enlarged adipocyte cells. The 

treatment of these LET mice with the AR antagonist flutamide was shown to ameliorate many of 

these PCOS phenotypes, furthering the utility of this mouse model as a tool to study androgen 

contributions to PCOS.  

 

Chapter 2 has been published in Endocrinology (Ryan, Genevieve E.; Malik, Shaddy; 

Mellon, Pamela L. 2018. Antiandrogen treatment ameliorates reproductive and metabolic 

phenotypes in the letrozole-induced mouse model of PCOS. Endocrinology 159(4):1734-1747). 

The thesis author assisted with histological analyses of ovaries and parametrial adipose tissue. 
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supervised the project and provided advice.  
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Figure 2.1: Experimental Design. At 4 weeks of age, time 0, the mice were weighed and 

received either a LET or CON subcutaneous pellet. After 2.5 weeks, a vaginal smear, body 

weight, and tail blood was taken from the mice, and they received a subcutaneous pellet 

containing either flutamide or an empty pellet, dividing the original 40 mice into 4 groups of 

about 10 each. All mice were sacrificed at 5 weeks of exposure to LET, and a vaginal smear was 

taken, tissue was collected, and blood was used to quantify LH, FSH, and T levels. 
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Figure 2.2: Serum testosterone (T) levels and luteinizing hormone (LH) decreased in 

response to flutamide in LET mice, while follicle-stimulating hormone was unaffected. (A) 

Individual T concentration data points are presented with bars indicating mean and standard error 

of the mean for each group; n=8- 10 per group. Serum (B) LH and (C) FSH at 2.5 weeks after 

initial LET implantation; n=8- 10 per group. Serum (D) LH and (E) FSH at 5 weeks after initial 

LET implantation; n=8- 10 per group. Different letters represent significant differences between 

groups via Tukey post hoc analysis. 
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Figure 2.3: Pituitary gene expression measured via qRT-PCR. Average expression of (A) 

Lhb, (B) Fshb, and (C) Gnrhr pituitary mRNA isolated after 5 weeks of LET implantation; n= 7- 

10 per group. Data is presented as average fold change in comparison to the CON + empty pellet 

group  the standard error of the mean. Different letters represent significant differences between 

groups via Tukey post hoc analysis. 
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Figure 2.4: Estrus Cycling and Histological Analysis of LET and CON Ovaries Before and 

After Flutamide Treatment. (A) Estrus cycle stage determined via samples taken 2.5 weeks 

after initial LET implantation; n= 9- 10 per group. (B) Estrus cycle stage determined via samples 

taken 5 weeks after initial LET implantation; n=9- 10 per group. (C) H&E stained ovaries from 

representative LET and CON mice before and after flutamide treatment. (D) Total number of 

ovaries with corpora lutea. Average number of (E) atretic cyst-like follicles and (F) hemorrhagic 

cysts counted in ovaries of each group  the standard error of the mean. Different letters 

represent significant differences between groups via Tukey post hoc analysis. 
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Figure 2.5: Ovarian gene expression measured via qRT-PCR. Average expression of (A) 

Fshr, (B) Cyp19a1, and (C) Cyp17a1 ovary mRNA isolated mice after 5 weeks of LET 

implantation; n= 7- 10 per group. Data is presented as average fold change in comparison to the 

CON + empty pellet group  the standard error of the mean. Different letters represent 

significant differences between groups via Tukey post hoc analysis. 
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Figure 2.6: Average body weight and mean adipocyte cell size decreased in response to 

flutamide in LET mice. (A) Average body weights for each group was plotted with the standard 

error of the mean over a 5-week period following LET implantation; n=9- 10 per group. LET 

mice weighed significantly more than CON mice at the 1-week mark, and flutamide reduced the 

body weights of LET mice after exposure. (B) H&E stained parametrical adipose tissue from 

representative LET and CON mice before and after flutamide treatment; n=5- 7 per group. (C) 

Average adipocyte cell size quantified from H&E stained adipose tissue; n=5- 7 per group. Fiji 

software with the adiposoft plugin was used to quantify images of adipose tissue. Different 

letters represent significant differences between groups via Tukey post hoc analysis. 
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Conclusion 

 In the current body of literature concerning the field of reproduction, there have been 

many tissue-specific mouse models that have been used to determine AR roles in male and 

female fertility. In males, global knock-outs fail to undergo normal male development, exhibit 

testicular feminization (Tfm), and are largely infertile. Furthermore, testis-specific ARKO males 

exhibit atrophied testis and epididymis along with infertility. Although the roles of AR have been 

determined in the testis, their roles in neuroendocrine tissue have yet to be determined.  

In females, global knock-out mice exhibit subfertility and impaired LH/FSH secretion 

levels. Furthermore, brain and ovary-specific ARKO females exhibit many of the same 

phenotypes seen in the global ARKO females. Additionally, PCOS is characterized by 

anovulation, the presence of polycystic ovaries, and hyperandrogenism. Although excess 

androgens are thought to be important in the etiology of this disorder, their specific roles remain 

rather unknown.  

 In chapter 1, we have shown that a loss of AR from kisspeptin neurons resulted in a 

decreased inhibition of the HPG axis, leading to advanced puberty and enlarged testis size. We 

have also shown that a loss of AR from pituitary gonadotropes resulted in impaired circulating 

FSH levels. Both Cre lines are also expressed in the testis; however, compared to phenotypes 

observed in testis-specific ARKO mice, the data presented herein suggest that the effects we 

have seen are due to the loss of AR from either kisspeptin neurons or pituitary gonadotropes 

rather than from the testis.  

 In chapter 2, we have shown that androgens directly contribute to many of the 

reproductive and metabolic phenotypes seen in the letrozole (LET) model of PCOS in mice. We 

have shown that LET mice that received flutamide treatment had decreased serum T and LH 
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levels in comparison to LET mice that did not receive flutamide. LET mice that received 

flutamide also had decreased pituitary Lhb and ovarian Cyp17a1 mRNA levels, suggesting that 

both of these genes are androgen-dependent within this mouse model. Furthermore, LET mice 

that received flutamide treatment also had improved estrus cyclicity and ovarian morphology in 

comparison to LET mice that did not receive flutamide treatment. Lastly, LET mice that received 

flutamide treatment exhibited a decrease in body weight and abdominal adipocyte size in 

comparison to LET mice that did not receive flutamide treatment. Through the use of flutamide, 

an AR antagonist, we have demonstrated that many of the reproductive and metabolic 

phenotypes within the LET mouse model are due in part to the presence of excess androgens.  
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