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ABSTRACT 

Follicle-stimulating hormone (FSH) is one of the glycoprotein hormones synthesized and 

secreted by the gonadotropic cells of the anterior pituitary gland. In females, FSH stimulates 

ovarian follicular development and estradiol synthesis. Human FSH exists as three major forms. 

The fully-glycosylated FSH24 possesses two α-subunit and two β-subunit oligosaccharides. Two 

hypo-glycosylated variants, FSH18 and FSH21, possess only one of the two FSHβ glycans and 

both of the a-subunit oligosaccharides. Human pituitary FSH21 exhibits reduced relative 

abundance with increasing age in women. FSH glycoform concentrations vary in serum during the 

human menstrual cycle. As FSH21 exhibits greater FSH biologic activity than does FSH24, age- 

and cycle-related changes in glycoform abundance may contribute to fertility regulation. The goal 

of this project was to evaluate the relative abundance of FSH glycoforms in female urine samples. 

Human FSH and other urinary proteins were ethanol-precipitated and immune-captured using the 

anti-FSHβ monoclonal antibody, 46.3H6.B7. Automated Western blotting of FSH samples was 

employed to measure the relative abundance of both FSH glycoforms based on the density of the 

21kDa- and 24kDa-FSHb subunit bands.  

Preliminary studies involved antibody selection and improvements to urinary FSH 

purification procedures. Evaluation of six post-menopausal urine samples demonstrated 

consistency with glycoform abundance in previously published Western blot studies (Bousfield, 

Butnev et al. 2014). Evaluation of FSH in 18 of 30 urine samples obtained from post-menopausal 

subjects before and after estrogen treatment revealed unexpected variability in glycoform 

abundance. This variability prevented firm conclusions, however, the estrogen treatment had no 

effect on FSH secretion and did not appear to reduce FSH24 abundance. 
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1. INTRODUCTION 

Follicle-stimulating hormone (FSH) is a gonadotropin member of the glycoprotein 

hormone family, and is part of the cystine knot growth factor superfamily (Hearn and Gomme 

2000).  The other hormones that belong to the glycoprotein hormone family are luteinizing 

hormone (LH), thyroid-stimulating hormone (TSH) and chorionic gonadotropin (CG). FSH is 

secreted by gonadotrope cells present in the anterior pituitary gland and plays a key role in 

regulating reproduction in both males and females. During testicular development FSH stimulates 

Sertoli cell proliferation. After puberty, FSH plays a key role in induction and maintenance of 

normal sperm production (Simoni, Weinbauer et al. 1999). In females, FSH is necessary for follicle 

growth and maturation as well as estradiol production. In mono-ovulatory species, such as humans, 

FSH stimulates the induction, growth, selection, and maturation of antral follicles to produce only 

one mature oocyte at the time of ovulation (Ulloa-Aguirre, Midgley et al. 1995, Arslan, Zeleniuch-

Jacquotte et al. 2003) Both LH and FSH are necessary for ovarian follicular maturation and they 

regulate ovarian production of androgens and estrogens, respectively (Barnes, Rosenfield et al. 

2000). According to the two-cell gonadotropin theory (Fevold 1941, Kobayashi, Nakano et al. 

1990, Hillier, Whitelaw et al. 1994), LH promotes production of androgens by stimulating theca 

cell steroidogenesis. Androgens diffuse across the basement membrane to mural granulosa cells 

where aromatase converts them into estrogens (Fig. 1). Aromatase expression is under the direct 

control of FSH (Erickson, Magoffin et al. 1985, Richards 1994). 

FSH does not exist as a single molecular form because many different glycans are attached 

to each of the four potential N-glycosylation sites (Dalpathado, Irungu et al. 2006, Bousfield and 

Harvey 2019).  FSH preparations can be fractionated into various isoforms by charge-separation 
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techniques such as zone electrophoresis, isoelectric focusing and chromato-focusing that separate 

isoforms based on differences in their overall charge (Ulloa-Aguirre, Midgley et al. 1995). For 

many years charge differences were assumed to result from the number of terminal sialic acid 

residues on the non-reducing terminal ends of glycan branches. Overall FSH charge reflects the 

number of negative charges conferred by the combination of four glycans, as the polypeptide 

charge is assumed to remain constant.  Alterations in the relative abundance of FSH isoforms were 

observed in association with changing endocrine conditions associated with the female 

reproductive cycle (Zambrano, Olivares et al. 1995). Gonadal feedback to gonadotropes mediated 

by changes in ovarian hormone secretion are hypothesized to regulate FSH glycosylation. Our 

laboratory identified a novel form of hFSH that appeared to lack both FSHβ subunit N-glycans 

based on mass spectrometry and protein sequence analysis (Walton, Nguyen et al. 2001). This was 

initially referred to as di-glycosylated FSH (Bousfield, Butnev et al. 2007). Expression of di-

glycosylated FSH in transgenic mice revealed that the non-glycosylated FSHb recovered from 

pituitary extracts does not appear to form a stable heterodimer with the a-subunit (Davis, Kumar 

et al. 2014, Wang, Butnev et al. 2016). Currently, two physiologically relevant hypo-glycosylated 

FSH glycoforms are recognized. FSH18 lacks FSHb Asn7 glycans and FSH21 lacks FSHb Asn24 

glycans. Both glycoforms possess two FSHa N-glycans. The fully glycosylated FSH possesses 

both FSHb glycans as well as both FSHa glycans and is designated FSH24, based on the 

electrophoretic mobility of its b-subunit in Western blots. 

An age-related difference in the abundance of hFSH glycoforms has been observed during 

analysis of individual human pituitary glands (Bousfield, Butnev et al. 2014). Hypo-glycosylated 

FSH21 was more abundant than FSH24 in pituitaries from 22–23-year-old cadavers. Glycoform 

abundance was roughly equivalent in 39–42-year-old pituitaries and FSH24 was more abundant 



 3 

in the 63-77-year-old group. Circulating levels of two FSH glycoforms assumed to be fully- and 

hypo-glycosylated FSH have been reported to vary differentially during the menstrual cycle (Wide 

and Eriksson 2013). The hypo-glycosylated FSH secretion pattern was characterized by a steep 

rise beginning at day 27 of the previous cycle and continuing until day 6 of the current cycle, 

followed by a decrease in concentration from day 7 to 11. A mid-cycle FSH surge was observed 

followed by a rapid decrease from day 17-19. In contrast, fully-glycosylated FSH24 concentrations 

were maintained at a constant, high level from day 3 to day 15, without exhibiting a midcycle peak 

(Wide and Eriksson 2013). Taken together, these data support our hypothesis that both age- and 

cycle-related changes in physiology. While factors responsible for age-related changes in FSH 

glycoform abundance, a number of cycle-related changes affect FSH. For example, circulating 

estradiol, progesterone, inhibin B and inhibin A act on the hypothalamus to alter GnRH secretion. 

All these factors affect gonadotropes, and somehow appear to alter FSH glycoform abundance. 

The goal of this project is to develop a non-invasive assay to measure FSH glycoform abundance 

in urine samples in order to expand our studies of age-related changes in these FSH variants. 

2. LITERATURE REVIEW 

2.1. Human Menstrual Cycle 

The human menstrual cycle results from systemic effects of ovarian steroids on the female 

reproductive system, particularly the uterine endometrium. The menstrual cycle results from the 

monthly ovarian hormonal cycle that primarily affects the uterus to prepare it for pregnancy. The 

ovarian follicle is the functional unit that produces first estradiol followed by progesterone that are 

the hormones directly responsible for driving the menstrual cycle. Mammalian ovarian 

folliculogenesis, begins in-utero (Barnett, Schilling et al. 2006) . A maximum of 7 million oocytes 
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are present in human ovaries at the 5th month of pregnancy (Arroyo, Kim et al. 2020). At the time 

of birth, the number decreases to 0.5-1 million primordial follicles through the process of atresia 

(Hansen, Knowlton et al. 2008). Atresia results from a controlled cell death process, called 

apoptosis, that particularly causes granulosa cells in follicles to degenerate. FSH inhibits this 

process and stimulates follicle development. At regular intervals groups of resting follicles 

spontaneously enter the initial growth phase, but their development is arrested, and they do not 

proceed beyond the secondary follicle stage until puberty. At the time of puberty, increased 

circulating FSH stimulates antrum formation permitting follicles to develop into dominant 

follicles, which ovulate in response to the LH surge. At this stage approximately 400,000 to 

500,000 primordial follicles remain. For the first 35 years or so, follicles are lost at the same rate. 

After 35 years of age, the rate of follicular loss increases (Hirshfield 1997, Macklon and Fauser 

1998, Macklon and Fauser 2001, Barnett, Schilling et al. 2006, Drummond 2006, Hansen, 

Knowlton et al. 2008, Sun, Sun et al. 2017) and is associated with reduced fertility. Around forty 

years of age, irregularity in menstrual cycles begins and eventually menopause results in the early 

fifties when the ovarian follicle number is reduced to less than 1000 follicles.  

The normal human menstrual cycle ranges from 21 to 28 days. It is divided into three different 

phases (1) the follicular or proliferative phase (Treloar, Boynton et al. 1967), (2) ovulation, 

followed by (3) the luteal or secretory phase (Vollman 1977). The follicular phase begins on the 

first day of menses and lasts until ovulation. This phase lasts for 7-17 days and is characterized by 

lower basal body temperature and more importantly final development of the dominant follicle. 

The hormonal changes in this phase, such as increased secretion of estradiol and inhibin B due to 

the growth of the dominant follicle (Groome, Illingworth et al. 1996), effect a rise and fall of FSH. 

Ovulation occurs when the follicle wall ruptures and the cumulus-oocyte complex is released 
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(Matzuk and Lamb 2008). The remaining tissue complex is transformed into a solid tissue mass 

called the corpus luteum. The corpus luteum synthesizes and releases primarily the sex steroid 

progesterone. In humans, estradiol is also secreted due to the retention of granulosa-theca 

structures rather than the intermixing of granulosa and theca cells that occurs in other animals 

(Baerwald, Adams et al. 2005). The luteal phase is the last phase of the menstrual cycle and during 

this phase, there is a significant rise and fall in the secretion of inhibin A, progesterone, and 

estradiol. The fall in hormone output is associated with regression of the corpus luteum. The serum 

concentration of FSH begins to rise in late luteal phase at the so-called luteal-follicular transition 

(Hohmann, Laven et al. 2001). 

 

2.2. Follicular Phase FSH 

The levels of FSH rise in the late luteal phase due to the decline in production of 

progesterone and inhibin A by the corpus luteum (Groome, Illingworth et al. 1996). Another 

influential factor is increased hypothalamic gonadotropin-releasing hormone (GnRH) pulsatile 

secretion resulting from the progesterone and inhibin A decline (Welt, Pagan et al. 2003). During 

the early follicular phase, the FSH concentration continues to rise, reaches a maximum and then 

begins to decline in the mid to late follicular phase due to negative feedback of inhibin B and 

estradiol (Arslan, Zeleniuch-Jacquotte et al. 2003). Based on circulating estradiol concentrations, 

the follicular phase is divided into two stages: 1) early follicular phase – from the 1st day of 

menstruation to the beginning of a significant rise in estrogen and 2) late follicular phase – the 

continued significant rise in estrogen that triggers the pre-ovulatory LH peak. In the early follicular 

phase, recruitment of small antral follicles takes place (Park, Mi et al. 2005). These follicles begin 

to grow under the influence of elevated FSH concentration. However, due to the negative feedback 
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effects of estradiol and inhibin B, there is a 4-fold decrease in circulating FSH. Hence, continued 

development of all follicles is not possible and one after another they stop growing and deteriorate 

in the process known as follicular atresia. A single dominant follicle emerges and promotes its 

own growth (Klein, Harper et al. 2002). Anti-Mullerian hormone (AMH), a product of granulosa 

cells, plays a key role in the selection of the dominant follicle (Durlinger, Kramer et al. 1999). In 

short, development of the dominant follicle can be described in three stages: recruitment, selection, 

and dominance. In the late follicular phase, estradiol increases sharply (Miro, Parker et al. 2004). 

LH stimulates theca calls to produce androstenedione from cholesterol. Meanwhile, FSH 

stimulates aromatase enzyme production, and this enzyme converts androstenedione into estradiol. 

The dominant follicle produces more estradiol that crosses a critical threshold (~250 pg 

estradiol/ml serum). When serum estradiol exceeds this threshold concentration its effects are no 

longer inhibitory. Instead, estradiol exerts a stimulatory effect on the hypothalamo-pituitary axis 

and LH secretion increases 10-fold. The LH surge causes ovulation and the oocyte is released from 

the ruptured follicle (Klein, Harper et al. 2002). 

 

2.3. Ovulation 

Ovulation occurs 10-12 hours after the LH peak (Pauerstein, Eddy et al. 1978). This LH 

surge is initiated by positive feedback of estradiol acting at the hypothalamus to promote increased 

GnRH secretion and at the gonadotrope to promote increased sensitivity to GnRH stimulation. The 

LH surge causes luteinization of granulosa cells and is attended by a simultaneous mid-cycle FSH 

surge. The LH surge also causes resumption of meiosis I and completion of oocyte maturation in 

addition to ovulation. At ovulation, the follicle wall ruptures at a localized region called the stigma 
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and the oocyte is released. Subsequently, the corpus luteum is formed from the remaining cells of 

follicle wall (Baerwald, Adams et al. 2005). 

 

2.4. Luteal Phase FSH 

The corpus luteum is derived from the collapsed follicle wall. Mural granulosa cells that 

are not released with the oocyte, continue to grow, become vacuolated in appearance, and 

accumulate a yellow pigment called lutein. These luteinized granulosa cells combine with newly 

formed theca-luteal cells to become the corpus luteum. The corpus luteum secretes progesterone 

and the primary function of progesterone is to prepare the uterine endometrium for implantation 

of the embryo. The corpus luteum suppresses FSH by secreting the hormones progesterone (also 

estrogen in humans) and inhibin A, that rise to peak levels at the mid-luteal phase. The luteal-

follicular transition takes place during the late luteal phase. This transition is characterized by an 

abrupt increase in FSH resulting from suppression of progesterone, estrogen and inhibin A 

secretion (Miro and Aspinall 2005). The life span of the corpus luteum depends upon LH support. 

If pregnancy doesn’t take place, corpus luteum function declines and the tissue undergoes 

luteolysis under the influence of estrogen and forms the corpus albicans (Reed and Carr 2000). 

 

2.5. Follicle Development Across Multiple Menstrual Cycles 

Human ovarian follicle development requires 6-12 months from emergence into the 

growing follicle pool until ovulation (Gougeon 2010). Folliculogenesis starts when resting follicles 

leave the ovarian reserve and culminates with the release of a single oocyte from the dominant 

follicle. Several months are required for a new cohort of follicles to develop into 0.15 mm diameter 

pre-antral follicles. Follicles less than 2 mm in diameter grow very slowly because of inhibitory 
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factors produced by the follicle itself that counteract the positive effects of FSH (Gougeon 1981). 

One of these factors, Anti-Mullerian hormone (AMH), is secreted in early and pre-antral follicles, 

and slows follicle growth. AMH inhibition gradually decreases as follicle diameter increases and 

AMH decreases (Weenen, Laven et al. 2004). Along with the decline in AMH levels, the rise in 

androgen levels also helps to increase follicle diameter (Vendola, Zhou et al. 1998). Pre-antral 

follicles require an additional 70 days to reach attain an antral follicle diameter of 2 mm.  Healthy 

follicles measuring 2-5 mm in diameter are referred to as ‘selectable follicles’ and are observed 

during all stages of the menstrual cycle (McNatty, Hillier et al. 1983). During the late luteal phase, 

the quality of these follicles increases during the corpus luteum demise, as peripheral FSH levels 

rise (Pache, Wladimiroff et al. 1990). At this point of time, there are 3-11 antral follicles per ovary 

in 24–33-year-old women. Among these growing antral follicles, one follicle that is destined to be 

ovulated, is selected (Gougeon and Lefevre 1983). This dominant follicle grows rapidly and 

releases an oocyte at the time of ovulation (Gougeon 2010). 

 

2.6. FSH Secretion During the Menstrual Cycle 

In vertebrates, the primary function of FSH is stimulate growth and maturation of ovarian 

follicles, thereby producing mature oocytes at the time of ovulation. The growing follicles are 

influenced by FSH to produce estrogen by stimulating granulosa cells in ovary to synthesize the 

enzyme aromatase that converts androgens produced by theca cells to estradiol (Orlowski and 

Sarao 2020) (Fig 1). 
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Figure 1. Two-cell, two gonadotropin theory of estradiol synthesis. LH stimulates theca cell 

androgen synthesis, while FSH stimulates aromatase expression in granulosa cells, which converts 

androgens to estrogens. 

 

The biologic activity of FSH is the result of a series of complex events including, synthesis, 

subunit assembly, glycosylation, glycan structure diversification, release form the pituitary gland, 

circulation in the blood, exiting thecal capillaries, diffusing through the basement membrane to 

mural granulosa cells, binding the FSH receptor (FSHR), activation of signal transduction 

pathways to promote granulosa cell proliferation, antrum formation, and estradiol synthesis. The 

levels of hFSH vary during the menstrual cycle. In the early follicular phase, FSH is high in order 

to stimulate maturation of multiple small follicles. FSH gradually decreases 4-fold in the late 

follicular phase, thereby providing selection pressure for a single dominant follicle to emerge 

(Christin-Maitre, Taylor et al. 1996). FSH decline results from negative feedback mechanisms 
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caused by inhibin B and estrogen secreted by multiple growing antral follicles. Eventually, only a 

single dominant follicle completes maturation and releases an oocyte at the time of ovulation 

(Hohmann, Laven et al. 2001). However, in women prone to having dizygotic twins, FSH 

concentrations are higher, suggesting that FSH is limiting for the dominant follicle number. Inhibin 

B acts as a paracrine factor, thereby inhibiting the growth of neighboring antral follicles and 

playing a key role in the mechanism of follicular selection. The FSH surge accompanies the LH 

surge that causes ovulation. After ovulation, FSH stimulation is suppressed by progesterone, 

estrogen, and inhibin A.  At end of the luteal phase, FSH concentrations begin to increase in order 

to recruit a new follicle pool. 

2.7. FSH Structure and Function 

FSH is composed of two dissimilar, non-covalently linked alpha (a) and beta (b) subunits 

(Garcia-Campayo and Boime 2001). The FSHa subunit amino acid sequence and disulfide bond 

organization including a cystine knot motif are identical to the other glycoprotein hormones, LH, 

TSH and CG (Fox, Dias et al. 2001). The a-subunit consists of 92 amino-acid residues and is 

encoded by a single CGA gene (Einstein, Lin et al. 2001). The five regions of a subunit structure 

are: an N-terminal end, three cystine knot loops (aL1, aL2 and aL3) and a C-terminal region 

(Combarnous 1992). The human a-subunit has two N-linked glycosylation sites, aAsn78 and 

aAsn52. Two cystine knot loops, aL1 and aL3, are located on one side of the knot and a single 

aL2 loop is found on the other side. Oligosaccharides attached to aAsn78 play a major role in a-

subunit folding and stability because the proximal N-acetylglucosamine residues interact with the 

side chains of residues in both aL1 and aL3 loops (N-glycosylation occurs before protein folding) 

(Lapthorn, Harris et al. 1994). Folding and stability are essential elements of FSH heterodimer 
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formation that are required for FSH secretion. Oligosaccharides attached to aAsn52 play a critical 

role in signal transduction, inhibit receptor binding, promote heterodimer stability, and FSH 

secretion (Bousfield, Butnev et al. 2004). The FSHb-subunit consists of 111 amino acid residues 

(Darling, Wilken et al. 2001) encoded by a single hormone-specific FSHB gene. There are separate 

genes for FSHβ, TSHβ and LHβ subunits, as well as 6 CGb genes (Cahoreau, Klett et al. 2015). 

All β-subunits possess the Cys knot motif as well as a heterodimer-stabilizing seatbelt loop. The 

FSHβ subunit has two potential N-linked glycosylation sites, βAsn7 and βAsn24 (D'Antonio, 

Borrelli et al. 1999), both located in the βL1 Cys knot loop (Combarnous 1992, Bousfield, Butnev 

et al. 2004). Oligosaccharides attached to both βAsn7 and βAsn24 play a primary role in 

determining circulatory half-life, inhibit FSHR binding, and may influence signal transduction. 

The Cys knot motif dictates b-subunit 3D structure while the 4th loop, the so-called seatbelt loop, 

stabilizes the heterodimeric quaternary structure by wrapping around FSHa loop 2 (Fox, Dias et 

al. 2001).  

Only the FSH heterodimer can bind the G-protein coupled FSH receptor (Fan and 

Hendrickson 2008). FSH glycosylation is required for full activation of the cAMP/PKA pathway 

by the FSHR (Bousfield, May et al. 2018). In females, FSH receptors are present on ovarian 

granulosa cells that respond to FSH stimulation by proliferating and secreting estradiol during 

follicle maturation (Simon, Liu et al. 2019). The FSHR is a member of the largest family of 

membrane receptors, the G protein-coupled receptor family that are connected to a complex 

signaling network involving heterotrimeric Gabg proteins (Arey, Stevis et al. 1997). Gs is the 

primary mediator of FSH stimulation via cAMP activation of kinases such as protein kinase A 

(PKA) and exchange protein directly activated by cAMP (EPAC). When FSH binds to its receptor, 

it triggers a sequence of conformational changes within the receptor that in turn promotes the 
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activation of intracellular signaling pathways. Upon Gs interaction, with intracellular loops 2 and 

3 of hormone-bound FSHR, at BBXXB motifs (B = basic residue and X = non-basic residue) 

(Ulloa-Aguirre, Uribe et al. 2007), GTP is exchanged and the Gas subunit dissociates from Gbg. 

Gas activates adenylate cyclase isoforms. These in turn catalyze the conversion of ATP to cAMP 

that activates PKA by binding to its regulatory subunits and triggering their dissociation, releasing 

active kinase subunits. PKA phosphorylates the transcription factor CREB. It also is involved in 

the ERK cascade that controls Sertoli cell mitotic phase (Crepieux, Marion et al. 2001), transduces 

the signal that drives ovarian granulosa cell (GC) differentiation (Hunzicker-Dunn, Lopez-

Biladeau et al. 2012), and helps mediate the stimulatory effect of  FSH on GC production of 

estradiol and progesterone (Puri, Little-Ihrig et al. 2016). Deglycosylated variants of FSH (Arey, 

Stevis et al. 1997, Arey and Lopez 2011) activate FSHR interaction with Gi that results in the 

inactivation of some adenylyl cyclase isoforms. During the early stages of Sertoli cell maturation, 

cyclin D1 expression depends on Gi-FSHR coupling (Crepieux, Marion et al. 2001). While the 

requirement for FSH carbohydrate, especially aAsn52, for Gs activation is well-recognized 

(Bishop, Robertson et al. 1994, Keene, Nishimori et al. 1994, Valove, Finch et al. 1994), the 

requirement for FSH carbohydrate in FSHR-mediated signaling via other pathways, such as β-

arrestin, APPL1, or Ca2+ is unknown (Ulloa-Aguirre, Reiter et al. 2018). 
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2.8. FSH Isoforms 

Like other glycoprotein hormones, FSH exists as a family of isohormones, which have 

been observed in anterior pituitary gland extracts as well as in serum and urine samples from both 

women and men (Ulloa-Aguirre, Midgley et al. 1995).  Based upon assumed differences in N-

glycosylation, these molecular variants forms are called isoforms. Mixtures of isoforms can be 

separated based on the difference in negative charge conferred by variations in the number of sialic 

acid residues that terminate oligosaccharide branches, but this now includes variation in the 

number of oligosaccharides present (Walton, Nguyen et al. 2001). Generally, the anterior pituitary 

gland contains FSH isoforms with varying isoelectric properties, biologic activity and circulating 

half-lives. As a consequence of variation in the number of sialylated oligosaccharide branches, 

isoforms are distinguished by differences in overall net charge, initially defined as less acidic and 

more acidic forms because FSH isoelectric points are typically less than pH 7 (Ulloa-Aguirre, 

Midgley et al. 1995). The isoform profile changes during the human menstrual cycle (Wide and 

Eriksson 2013). During the follicular phase, FSH isoforms exhibit characteristic fluctuations. A 

more acidic isoform mixture composition is seen in the early follicular phase, which gradually 

changes to less-acidic isoform composition as ovulation approaches (Yding Andersen 2002). 

Estradiol is believed to be the regulator for isoform changes during the follicular phase. High 

concentrations of estradiol are highly correlated with the release of less-acidic forms, whereas low 

concentrations of estradiol contribute to the release of more acidic isoforms (Wide and Naessen 

1994, Yding Andersen 2002). More acidic forms slow follicle maturation enabling a dominant 

follicle to survive. The less-acidic forms appear to provide short pulsatile, but potent stimulus that 

prepares granulosa cells LH sensitive and necessary for ovulation (D'Antonio, Borrelli et al. 1999). 

Only 5-10 IU/L of less-acidic FSH forms are sufficient to induce oocyte maturation (Yding 
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Andersen 2002). Different FSH isoform mixtures exhibit different biologic activities. The less 

acidic forms have greater potency and are significantly more effective than acidic forms in 

stimulating estradiol, aromatase activity and cAMP release (Barrios-De-Tomasi, Timossi et al. 

2002). The circulating half-life of less acidic forms is short compared to that of more acidic forms. 

Hence, the clearance rate of isoforms with greater numbers of sialic residues is lower, compared 

with isoforms having fewer sialic residues (Ulloa-Aguirre, Midgley et al. 1995, Yding Andersen 

2002). 

2.9. FSH Isoform Variation as Function of Age and Physiology 

The FSH isoform profile also changes with age. In females, a minor shift to more acidic 

forms takes place at the age of puberty. This change at puberty is accompanied by increases in the 

levels of gonadotropins from the lower levels circulating during childhood. The total median 

charge of pituitary FSH isoforms is similar in prepubertal and adult women (Wide 1989). In 

postmenopausal women, a major shift to more basic forms occurs, especially when treated with 

estradiol (Wide and Naessen 1994). 

 

2.10. FSH Glycoforms 

Human FSH purified from human pituitaries and urine exists as three physiologically 

relevant glycoforms based upon a difference in N-glycosylation due to the presence of one or two 

glycans (Bousfield, Butnev et al. 2014) . The classic FSH glycoform is fully-glycosylated FSH24 

that possesses two a-subunit and two FSHb-subunit N-linked oligosaccharides. The FSHb with 

N-glycans on both Asn7 and Asn24 residues are detected as a 24kDa band on a subunit-specific 

Western blot.  The novel hypo-glycosylated glycoforms are FSH21 and FSH18 with a single FSHβ 

oligosaccharide and both a-subunit oligosaccharides. FSH21 lacks βAsn24 oligosaccharide and 
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FSH18 lacks βAsn7 oligosaccharide (Bousfield, May et al. 2018).  On Western blots, FSHb lacking 

Asn24 oligosaccharide and FSHβ lacking Asn7 oligosaccharide residue are detected at 21kDa and 

18kDa, respectively. The relative molecular weights of the FSHb bands define the nomenclature 

of each glycoform. Pituitary extracts also possess a non-glycosylated FSH15 variant (Walton, 

Nguyen et al. 2001). However, FSH15 is physiologically irrelevant because it is retained within 

pituitary gonadotrope cells and the heterodimer appears to be unstable, which would make it 

biologically inactive (Wang, Butnev et al. 2016). The presence or absence of glycosylation at one 

potential glycosylation site is referred to as macroheterogeneity. Purified hypo-glycosylated FSH 

preparations are comprised of both FSH21 and FSH18 and therefore, hypo-glycosylated FSH 

preparations are often designated as FSH21/18  (Bousfield, Butnev et al. 2007). FSH24 and FSH21 

appear to be most abundant forms and can be detected in purified pooled (Walton, Nguyen et al. 

2001) and individual pituitary FSH preparations (Bousfield, Butnev et al. 2014), as well as pooled 

and individual urinary FSH samples (Bousfield, Butnev et al. 2014). 

 

2.11. Biologic Activity of FSH21/18 Vs FSH24 

FSH receptor-binding activity was evaluated in competition assays, kinetic binding studies 

and saturation binding assays. The FSH glycoform preparations were purified from human 

pituitary extracts and compared with purified human pituitary FSH and horse pituitary FSH (eFSH, 

which is largely FSH18, personal communication from Dr. Bousfield). Later studies employed 

recombinant hFSH preparations expressed by transfected rat GH3 cells. Based on ID50 values hypo-

glycosylated hFSH21/18 showed 14-fold greater receptor binding activity than fully glycosylated 

hFSH24. In other receptor-binding studies using rat testis homogenate with 125I-hFSH21/18 or 125I-

hFSH24 tracer, hypo-glycosylated hFSH21/18 receptor-binding activity was 26-fold and 9-fold 
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greater than that of fully glycosylated hFSH24, respectively. In saturation binding assays with rat 

testis FSH preparations, 125I-hFSH21/18 tracer occupied twice as many FSH receptors as 125I-

hFSH24 tracer. This difference was 3-fold when 125I-hFSH glycoform tracers were used in 

saturation binding assays with Chinese hamster ovarian (CHO) cells expressing human FSHR 

were used as the receptor preparation (Butnev, Butnev et al. 2015). In FSH association studies, 

125I-hFSH24 exhibited a 30 min lag before beginning to bind FSH receptors, while 125I-hFSH21 

immediately engaged the receptor and exhibited greater receptor occupancy when compared to 

125I-hFSH24 tracer (Bousfield, Butnev et al. 2014).  

FSH glycoform biological activity has been measured in several in vitro assays using KGN 

human granulosa tumor cells, HEK293 cells transfected with human FSHR, and porcine granulosa 

cells (Jiang, Hou et al. 2015, Liang, Plewes et al. 2020, Zarinan, Butnev et al. 2020, Hua, George 

et al. 2021). Hypo-glycosylated FSH consistently stimulated a greater increase in cAMP, greater 

PKA activation, greater cAMP response element binding protein (CREB) phosphorylation, greater 

CREB-mediated transcription, greater expression of aromatase and steroid acute regulatory protein 

(StAR) as well as greater synthesis of estrogen and progesterone than FSH24 (Jiang, Hou et al. 

2015). In porcine granulosa cells, FSH21 stimulated greater cAMP accumulation and PKA 

activation than FSH24. This led to greater phosphorylation of CREB and b-catenin. Increased 

transcription of steroidogenesis-related genes HSD3B and STAR, resulted in increased 

progesterone synthesis (Hua, George et al. 2021). In HEK293 cells transfected with FSHR, 

FSH21/18 was more active than FSH24 in stimulating cAMP accumulation and ERK1/2 

activation. FSH21/18 exhibited a greater reduction in ERK1/2 activity when b-arrestin1/2 genes 

were knocked out using CRISPR/Cas9 technologies, suggesting a greater preference for this 

pathway than by FSH24 (Zarinan, Butnev et al. 2020). When both b-arrestin and PKA were 
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inhibited, some ERK1/2 activation remained, suggesting an unknown pathway is also connected 

to FSH activation to this pathway. FSH21/18 stimulation of increased intracellular Ca2+ appeared 

to depend more on internal stores than extracellular Ca2+, while FSH24 effects involved 

extracellular Ca2+. In isolated mouse ovarian follicles, FSH glycoforms displayed differential 

function following 1-hr exposure to a high concentration, 100 ng/ml, based on phosphorylated 

PKA substrates and real-time PCR (Simon, Liu et al. 2019). In vivo treatment of Fshb-null mice 

with FSH glycoform preparations revealed FSH21 exhibited greater upregulation of Apf1, Cap3, 

and Inhbb (Wang, May et al. 2016). In immature female mouse ovaries, both FSH glycoforms 

stimulated follicle growth but FSH21/18 treatment resulted in more larger antral follicles and a 

indication of greater follicle health in terms of apoptosis-inhibiting BAX/BCL2 ratios and 

reduction in Caspase 3 cleavage (Hua, George et al. 2021). Evaluation of FSH glycoform 

stimulation by RNA sequencing revealed greater FSH21/18 stimulation of Gas/cAMP-mediated 

signaling and members of the AP-1 transcription factor family. FSH21/18 induced greater 

activation of receptor tyrosine kinase, PI3K/AKT- and MAPK/ERK-mediated signaling, while 

inhibition of PI3K and MAPK blocked each these pathways. Thus, hypo-glycosylated and fully-

glycosylated FSH glycoforms differentially regulate ovarian follicles via FSHR-mediated 

intracellular signals. Changes in FSH glycoform ratios are likely to affect follicle development 

differentially, but the patterns of glycoform change remain to be defined. 

 

2.12. FSH Glycoform Variation with Age and Physiology 

Changes in the relative abundance of both FSH glycoforms takes place with increased age. 

Fully-glycosylated FSH is predominant in older women whereas, hypo-glycosylated FSH is 

predominant in younger women with ovulatory cycles (Bousfield, Butnev et al. 2007, Davis, 
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Kumar et al. 2014). Changes in glycosylation, sialyation and sulfation in serum FSH isoforms were 

studied throughout the normal human menstrual cycle (Wide, Naessen et al. 2007, Wide and 

Eriksson 2013, Wide and Eriksson 2018). FSH21/18- and FSH24-like forms, designated FSHdi or 

FSHtetra, respectively, were detected in serum and their concentrations exhibited different patterns 

during the menstrual cycle. According to the initial study (Wide and Eriksson 2013), there was a 

steep rise in the serum concentrations of FSH21/18-like isoforms from day 27 of the previous 

menstrual cycle to day 3-6 of the subsequent cycle, followed by decreased concentrations from 

day 7 to 11 and a sudden mid-cycle peak surge. After the midcycle peak a rapid decrease to the 

lowest levels encountered occurred during days 17-19.  On the other hand, FSH24-like isoform 

concentration increased to a high plateau at day 3 remained there until day 15, followed by slow 

decrease without any sign of a midcycle peak. 

Previous studies defined pituitary FSH glycoform relative abundance with age in individual 

human pituitaries. For these, FSH was purified from 15 individual pituitaries isolated from 

cadavers aged 21-81. Immunoaffinity capture of FSH followed by gel filtration produced purified 

FSH preparations but did not separate the glycoforms. The glycoform FSHb subunits were 

separated and the relative intensities of the 21kDa and 24kDa FSHb bands measured using a 

traditional Western blot. All these hFSH preparations possessed both 21kDa- and 24kDa-FSHb 

bands. The subjects in this study had not undergone any steroid treatments that would affect the 

FSH synthesis and release. The findings from these experiments showed that pituitary hypo-

glycosylated hFSH decreases with increasing age. (Bousfield, Butnev et al. 2014). However, this 

method is useless for predicting reproductive ageing, therefore, samples from living subjects are 

needed and a non-invasive method is desirable. A revised version of the pituitary FSH purification 

protocol was applied to postmenopausal urinary samples (Bousfield, Butnev et al. 2014), suggested 
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that urine might provide a non-invasive source of FSH. The protocol used in the earlier study was 

used in modified form in the studies described below.  

 

2.13. Rationale - Measurement of FSH In Urine as Surrogate for Circulating FSH Measurement 

Serum samples are unsuitable for measuring glycoform abundance using Western blot 

technology because at 70 mg/ml, serum proteins overwhelm the low ng/ml FSH concentrations. 

As 20 ng FSH is needed for automated Western blots, serum sample sizes would be larger than the 

3 µl sample size for capillary electrophoresis. Moreover, a major contaminant of immunopurified 

FSH is human immunoglobulins, and their high abundance overcomes the nominal species 

specificity of the secondary anti-mouse immunoglobulin antibody. Urinary FSH concentrations 

have been shown to mirror serum FSH concentrations  (Demir, Alfthan et al. 1994, Saketos, 

Sharma et al. 1994). Previously, our laboratory employed immunopurification of FSH from urinary 

protein samples, however, detecting FSHb subunits by Western blotting proved challenging due 

to poor sensitivity (unpublished data communicated by Dr. Bousfield) that chromatography was 

employed, with mixed results (Rueda Santos, 2009). The advent of capillary electrophoresis-based 

automated Western blotting has improved FSH sensitivity. Therefore, it seemed timely to apply 

this approach. 

3.  PURPOSE OF THIS STUDY 

The goal of this project is to adapt a non-invasive assay to measure FSH glycoform 

abundance in living women. As hFSH is constitutively secreted by the anterior pituitary gland and 

quickly cleared by the kidneys, urinary FSH provides an indication of ovarian feedback on FSH 

glycosylation. The kidneys filter molecules having molecular size less than 60 kDa. Hence, hFSH 
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having molecular size of 28-31 kDa, is filtered through kidneys and the fraction not resorbed by 

the proximal convoluted tubules is available in urine samples. The limited availability of FSH in 

serum can be overcome by collecting overnight urine samples. The purpose of the present study is 

to determine the feasibility of measuring glycoform abundance in cycling and post-menopausal 

urine samples by exploiting the high sensitivity of automated Western blotting procedures.  
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4. MATERIALS AND METHODS 

4.1. FSH Immunoaffinity Chromatography 

For affinity purification of FSH, anti-hFSHβ monoclonal antibodies, 15-1.E3.E5 or 

46.3H6.B7, were coupled to 1-5 ml Cytiva (Piscataway, NJ) prepacked Hi-Trap NHS-activated 

affinity columns following the manufacturer’s instructions. Conditioned medium containing 

recombinant hFSH from cultures of GH3 cells transfected with FSHB and CGA mini genes were 

recycled through the antibody column. Samples of conditioned medium were pumped through the 

antibody column and the effluent collected in the original sample tube. The process was monitored 

by changes in 280 nm absorbance, or by calculating from the flow rate how much time was needed 

to pass three sample volumes through the column. After this was completed, the column outlet 

tube was placed in a series of 50-mL culture tubes to collect fractions. Lyophilized, ethanol-

precipitated, urinary protein samples were dissolved in 4 mL of 50 mM sodium phosphate buffer, 

pH 7.0. Insoluble proteins were removed by centrifugation at 3566 x g for 15 min in the H6000-A 

rotor of a Sorvall RC-6B centrifuge. Samples >5 mL were recycled overnight while <5 mL samples 

sat in the column overnight at 4°C. The next day, unbound proteins were washed from the column 

with 50 mM sodium phosphate buffer at 1 ml/min until the 280 nm absorbance returned to base 

line. Next, the column was washed with 0.1 M sodium phosphate buffer, pH 7.0, containing 0.3 

M sodium chloride for 10 min. The bound fraction was eluted with 0.1 M glycine-HCl, 0.5 M 

NaCl, pH 2.7, buffer (the reduction in pH disrupts ionic bonds formed between the antibody and 

FSH, releasing the hormone) and collected in an Amicon Ultra-15 (10,000 molecular weight cut 

off) centrifugal ultrafiltration cartridge containing 1500 μl of 1 M Tris, pH 9.5. The cartridge 

contents were mixed by inversion several times and then centrifuged for 15 min at 3400 rpm in 
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the H6000-A rotor of a Sorvall RC-3B plus centrifuge to reduce the volume to less than 500 μl. 

Following centrifugation, the filtrate fraction was set aside, and 14 ml water were added to the 

cartridge, which was mixed by inversion and centrifuged as before. This step was repeated one 

more time. The desalted retentate was transferred to a low binding 1.5 mL microcentrifuge tube 

(Eppendorf AG, Hamburg, Germany) and dried in a Savant (Waltham, MA) Speed Vac overnight. 

The dried sample was dissolved in 200 μl Milli-Q water, and a 10 μl sample was removed to 

determine the FSH concentration by ELISA. 

An immunoaffinity column was prepared by the coupling of 10 mg anti-FSHb monoclonal 

antibody 15-1.E3.E5 to 2-mL Ultra-link (Thermo Fisher, Rockford, IL) resin. The capacity of the 

column was determined by capturing FSH from a sample of serum-free medium conditioned by 

FSH-producing GH3 cells containing 195 μg recombinant FSH. The amount of FSH recovered 

was determined by gel filtration on Superdex 75. 

4.2. FSH ELISA 

IBL America (Minneapolis, MN) FSH SA ELISA kits were used to determine FSH 

concentrations in urinary and chromatographic samples. This is a solid-phase assay using 

streptavidin/biotin technology. The samples were prepared by appropriate dilution with 1% BSA 

in phosphate-buffered saline (PBS). The standards were prepared by serially diluting ProSpec 

(Revhot, Israel) urinary hFSH (0.2 ng/μl). The samples and biotinylated anti-FSHβ antibody were 

added to wells precoated with streptavidin. During the 1-hr incubation, any FSHb subunit, either 

alone or part of the FSH heterodimer present in the sample, bound the biotinylated anti-FSHb 

antibody that was captured by the streptavidin coating. Unbound proteins were removed using the 

wash buffer provided with the kit. The secondary antibody was horse radish peroxidase (HRP)-
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linked anti-hFSHa that which bound to the FSHa subunit in FSH heterodimers captured by the 

primary antibody. Thus, FSH present in a sample formed a sandwich between these two specific 

antibodies. The unbound proteins and HRP-antibody conjugate were removed with wash buffer. 

Upon addition, the colorless TMB (3,3′,5,5′-Tetramethylbenzidine) substrate was converted to a 

blue dye by HRP catalysis. An acidic solution was then added to stop the reaction by reducing the 

pH that denatured the HRP, while color changed from blue to yellow due to the low pH. The 

intensity of the yellow color, which is directly proportional to the concentration of FSH, was 

measured at 450 nm using a BioTek (Winooski, Vermont) Synergy Mx plate reader under the 

control of the BioTek Gen 51.1 software. The same software generated a calibration curve using 

FSH standard absorbance data and calculated the FSH concentration in each unknown sample. The 

absorbance values of unknown samples were compared with the standard curve to determine the 

amount of FSH present. 

4.3. Gel Filtration Chromatography 

Immunopurified FSH samples were applied to a 10 x 300 mm Cytiva (Piscataway, NJ) 

Superdex 75 Increase column equilibrated with 0.2 M ammonium bicarbonate buffer containing 

20% acetonitrile at a flow rate of 0.4 ml/min. A typical run time was 70 min. The FSH peak 

emerged between 20-38 min. Fractions were collected manually based on the retention times for 

purified hFSH samples and dried overnight in a SpeedVac. A 300 μl aliquot of Milli-Q water was 

added to each dried tube and the protein solution dried again. Purified FSH was dissolved in 200 

μl Milli-Q water and FSH ELISA was performed on 10 μl samples to determine FSH recovery. 
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4.4. Urine Samples 

4.4.1. Urine samples from Volunteers 

First void urine samples were collected from six volunteers in order to test the efficiency 

of 46.3H6.B7 monoclonal antibody to capture hFSH and the ability of the automated Western 

blotting system to analyze both glycoforms.  Each volunteer received instructions for sample 

collection and storage. After collection, samples were neutralized to pH 7.0 with addition of 50% 

w/w NaOH to stabilize the FSH. The samples were stored in the cold room at 4°C. 

4.4.2. Urine Samples from Eastern Virginia Medical School, Norfolk, VA 

Two groups of volunteers (5 subjects each) provided urine samples. One group consisted 

of 20-35-year-old cycling women and the other consisted of post-menopausal women. The subjects 

were enrolled during a study at Eastern Virginia Medical School, Norfolk, VA. The cycling group 

had a history of regular menstrual cycles and were not using steroid contraceptives. All volunteers 

received instructions for sample collection and storage. First void urine samples were collected in 

plastic containers. Samples were collected at six points in the post-menopausal urinary FSH study 

and at three points in the menstrual cycle at days 9, 12, and 15.  For post-menopausal women, 

samples were collected on days 1, 4 and 7 during the first week of the study. Then they were treated 

with an estrogen-containing cream that was applied to one arm. After a week of exposure, three 

more samples were collected at days 15, 18 and 21. Each individual urine sample was adjusted to 

pH 7.0 and stored in a cold room at 4°C. All the plastic containers were labelled with subject 

number, cycle day and date. After freezing, the frozen urine samples were shipped to Wichita, 

where they were stored in a -20°C freezer. When each urine sample was thawed, the pH was 
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measured with a Mettler Toledo (Columbus, OH) Seven Multi pH meter. If the pH was found to 

be less than 7.0, it was adjusted to 7.0 by addition of 19 M sodium hydroxide solution. 

4.5. Ethanol Precipitation of The Urine Samples 

Each urine sample volume was measured. Aliquots of each sample were removed for FSH 

ELISA. Both 2-ml samples of neutralized urine were each added to a 4 ml Amicon Ultra-4 

(Millipore Sigma, Burlington, MA) centrifugal ultrafiltration cartridge with a 10,000 MW cutoff 

membrane along with 1 ml of PBS solution. The cartridge was centrifuged at 3400 rpm for 15 min 

in the H6000-A rotor of a Sorvall (Watertown, MA) RC-3B plus centrifuge. Following 

centrifugation, the filtrate was discarded, 4 ml PBS solution added, the cartridge mixed by 

inversion and centrifugation was repeated as above. This procedure was repeated twice. Finally, 

the retentate was removed from the cartridge and its volume was adjusted to either 500 μl to yield 

a concentrated sample or 2 ml to restore the original volume with 1% bovine serum albumin (BSA) 

in PBS. The BSA solution was used as a blocking agent to prevent non-specific binding of protein 

to sample tubes. The remaining urine sample was adjusted to 80% ethanol by the slow addition of 

4 volumes of 100% ethanol or 4.2 volumes of 95% ethanol with constant stirring on ice. The 80% 

ethanol solution was stirred for 1 hr. Then the magnetic stir bar was removed and the 80% ethanol 

was transferred to one or two, 1-Liter centrifuge bottles, depending on the total volume. The bottles 

stood in a 4°C cold room overnight to complete the precipitation. The following day precipitated 

urinary proteins were recovered by centrifugation for 15 min at 3566 x g in the H6000-A rotor of 

the RC-3B plus centrifuge. Following centrifugation, the supernatant was decanted, and the pellet 

was allowed to dry for 30 min. The precipitate was resuspended in Milli-Q (Millipore Sigma, 

Burlington, MA) water equivalent to 10% of the original urine volume. The resuspended protein 
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was transferred to a 50 mL culture centrifuge tube. A 200 μl of sample was removed for FSH 

enzyme-linked immunosorbent assay (ELISA). The tube was capped with parafilm, perforated 

many times with a needle and placed in a freezer. When frozen, the tube was placed in a lyophilizer 

bottle and immediately placed on the lyophilizer. When dry, the tube was capped with a plastic 

cap and stored at -20°C. Immediately before application to an FSH affinity column a tube 

containing lyophilized FSH and urinary proteins was warmed to room temperature. A 10-mL 

syringe was connected to the top of a 5-mL 46.3H6.B7 mouse monoclonal anti-FSHb antibody 

column. The urinary protein solution was injected into the column, the column was sealed at both 

ends and allowed to stand at 4°C overnight. 

4.6. Automated Western Blot 

FSH glycoform abundance was measured by automated Western blot using a Protein 

Simple (San Jose, CA) Wes instrument. This device performs capillary electrophoresis of reduced 

samples to separate hypo-glycosylated from fully glycosylated FSHb. Following electrophoresis, 

UV light exposure covalently crosslinks separated proteins to the capillary walls. A proprietary 

chemical attached to the capillary walls forms covalent bonds with sample proteins when exposed 

to UV light. The instrument then removes the electrophoresis buffers. Next, primary and secondary 

antibodies are sequentially added and unbound antibodies removed. Finally, chemiluminescence 

reagent is infused several times and the responses measured.  Automated Western blots detected 

FSH samples as low as 20 ng per well. Typically, triplicate 60 ng samples were evaluated using 

anti-FSHb monoclonal antibody 7-13.B5 diluted 1:10,000 as the primary antibody. The secondary 

antibody was provided by the manufacturer and used at the recommended dilution. After 3 hr the 

results of a typical experiment were captured as lane images that resemble conventional Western 
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blot photographs. The FSHb band densities were used to calculate the relative abundance of each 

glycoform band. Statistical analysis was performed using GraphPad (San Diego, CA) Prism, 

version 7.0. 

5. Results 

5.1 Evaluation of monoclonal antibodies used to capture hFSH 

These experiments were performed in order to determine which of two antibodies more 

efficiently purified FSH. This involved isolation of recombinant FSH from conditioned medium, 

to obtain µg amounts of the hormone. 

 

5.1.1 Evaluation of monoclonal antibody 15-1.E3.E5 

Recombinant FSH captured from serum-free medium using a 2-mL 15-1.E3.E5-Ultra Link 

affinity column emerged at 27.8 min as the largest peak in the Superdex 75 chromatogram. The 

absence of other peaks indicated that a high degree of purity had been obtained (Fig. 1A). 

Comparing the recombinant FSH peak area with the peak area obtained by chromatographing a 

known amount of pituitary hFSH on the same column indicated a recovery of 67 μg, suggesting a 

column capacity of at least 33.5 μg FSH/mL 15-1.E3.E5 resin. Another protein peak emerged with 

a retention time of 31.2 min. This probably contained FSH subunits, based on previous experience 

with recombinant FSH immuno-purification in this laboratory (Butnev, Butnev et al. 2015). 

Recombinant FSH glycoform abundance was determined by automated Western blotting (Fig. 1B). 

This sample of FSH was composed of 55% FSH24 and 45% FSH21. Due to the use of Protein 

Simple MW markers, the relative MW of the 21kDa-FSHb  band was 27 kDa while that of 24kDa-

FSHb was 34 kDa. As will be seen below, the MWs for FSHb bands varied from experiment to 
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experiment. Because molecular weights are based on relative MW determinations, either the 

molecular weight markers, or the FSHb subunit bands, or both varied in their mobility from 

experiment to experiment. Our focus was on the pattern of FSHb bands, which were compared 

with partially purified urinary FSH samples included in each experiment. Accordingly, we used 

the MWs determined by SDS-PAGE-based Western blots to identify FSHb glycoform bands. The 

inset shows the Lane view of the 3 capillaries containing samples of this FSH preparation (Fig. 

1B). 

 

Figure 2. Gel filtration of recombinant hFSH purified from GH3-conditioned serum-free medium. 

The column was 1 x 30 cm Cytiva Superdex 75. The mobile phase was 0.2 M ammonium 

bicarbonate/20% acetonitrile. The flow rate was 0.4 mL/min. UV absorbance was monitored at 

both 210 and 280 nm. Only the 210 nm chromatogram is shown because this wavelength provided 

greater sensitivity suitable for µg amounts of FSH. The solid bar indicates the portion of the 

chromatogram collected to obtain FSH heterodimer. Inset. Anti-FSHb automated Western blot of 

heterodimer peak fraction in triplicate 
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5.1.2 Evaluation of monoclonal antibody 46.3H6.B7 

A second immunoaffinity column consisted of 5 mg anti-FSHb monoclonal antibody 

46.3H6.B7 coupled to a 1-mL HiTrap NHS-Sepharose column. The capacity of the column was 

determined by circulating serum-containing GH3-conditioned medium containing 2 mg/L 

recombinant hFSH through the column for 3 hr. The bound fraction was subjected to Superdex 75 

gel filtration (Fig. 2A). Purified FSH starts eluting at 27-29 minutes during Superdex 75 gel 

filtration. FSH ELISA confirmed FSH was in the 27.8 min peak. The FSH peak area indicated the 

FSH recovery was 187 µg hFSH/ml resin. Glycoform abundance was evaluated by automated 

FSHb Western blot. The areas under the density peaks suggested that FSH from serum containing 

medium possessed almost as much FSH21 as FSH24 (49% vs 51%, respectively). When peak 

heights were used, FSH21 relative abundance increased to 57%. As the FSH recovery from this 

resin was much better than the 15.1-E3.E5 column capacity of 33.5 µg/mL, all subsequent studies 

were performed with 46.3H6.B7 antibody columns.  
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Figure 3. Gel filtration of recombinant hFSH. A. A 1 x 30 cm Superdex 75 column was used to 

purify 46.3H6.B7-purified recombinant FSH. Chromatographic conditions were as in Fig. 2 above. 

The closed bar indicates the portion of the chromatogram pooled to obtain FSH. Inset (B) Results 

of automated Western blot of triplicate samples of the FSH fraction using 1:100 diluted anti-FSHb 

monoclonal antibody 7-13.B5. 

The difference in glycoform abundance in serum-free medium vs serum-containing 

medium was small, 55% in serum-free medium vs 51% FSH24 in serum containing medium. This 

small difference was likely due to the use of different tissue culture media for FSH expression. 

The 15-1.E3.E5 Mab could only be used to capture FSH from serum free media, whereas 

46.3H6.B7 Mab columns could recover FSH from serum-containing medium. Comparisons of 

recombinant FSH expressed in the presence or absence of serum are seldom made due to the 

difficulty in obtaining purified FSH from serum containing medium. In the end, 15-1.E3.E5 

columns were not used because of the superior FSH capture efficiency of 46.3H6.B7 columns. 

 



 31 

5.2. Volunteers Post-Menopausal Urinary FSH evaluation 

This experiment was performed in-order to determine the efficiency of 46.3H6.B7 Mab 

FSH capture of FSH from first void urine samples. This procedure concentrated and purified FSH. 

The relative abundance of FSH glycoforms was then determined using automated Western blot 

and compared with previous studies. Six postmenopausal urinary samples contained 805-1716 ng 

FSH, as determined using FSH ELISA. Ethanol precipitation provided very good recovery of 

urinary FSH, ranging from 1320-3250 ng (Table 1). In volunteers 14, 15, and 16 the concentration 

of FSH was higher for precipitated urinary FSH as compared to desalted neutralized urinary FSH. 

This could be due to low molecular weight components in urine acting as inhibitors. After 

precipitation small molecules were removed from the urinary protein fraction and elimination of 

their inhibitory effect in the ELISA would result in FSH concentrations in the urinary protein 

fraction being higher than in the initial urine sample. 

Immuno-capture of hFSH with the 46.3H6.B7 column exhibited very poor recoveries, 

ranging from 3-20% of the FSH in the urinary protein fractions, despite the FSH amounting to at 

most less than 2% of the nominal column capacity determined with recombinant FSH in 

conditioned medium. As the remaining FSH was found in the flow through fraction, this suggested 

inefficient capture by the antibody column. 
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Triplicate 20 ng samples of three of six immunopurified urinary FSH preparations were 

evaluated by automated Western blotting without further purification (Fig. 4A). The hypo-

glycosylated hFSH21 abundance ranged from 11-17%, whereas fully glycosylated hFSH24 

abundance ranged from 83-89% (Fig. 4B and Table 2). The other three preparations were subjected 

to Superdex 75 gel filtration. However, FSH was undetectable in ELISA analysis of the FSH 

fractions. Accordingly, these samples were not included in the Western blot experiment. 

Table 1. FSH recoveries from immunopurification of Volunteers post-menopausal first-void urine 

samples. 

Volunteer Desalted 

neutralized 

urinary FSH 

(ng) 

Precipitated 

urinary FSH 

(ng) 

Flow through 

fraction FSH 

(ng) 

Column wash 

fraction FSH 

(ng) 

pH 2.7 fraction 

FSH (ng) 

12  1720 1350 1 240 

13  1582 620 2 230 

14 805 1320 680 1 68 

15 960 3000 3000 105 95 

16 1127 3250 377 6 381 

17 1716 1500 740 4 305 
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Figure 4.  Automated Western blot of individual volunteer post-menopausal urinary samples. A) 

FSHb band densities shown in Lane format. Lanes 1-3, 30 ng volunteer 13 urinary FSH; lanes 

4&5, 22 ng volunteer 14 urinary FSH; lanes 6-8, 32 ng volunteer 15 urinary FSH. Calibration with 

Protein Simple MW markers resulted in the apparent MW of 21kDa-FSHb becoming 40 kDa while 

that of 24kDa-FSHb was 60 kDa. B)  Mean relative FSH glycoform abundance for each urine 

sample. The bars represent mean ± standard deviation. 

A. Post Menopausal Volunteers Urine Samples WES

B. FSH Glycoform Abundance
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Table 2. Relative abundance of FSH glycoforms in urinary FSH 

samples in Fig. 3. The values are mean ± std. dev. 

Volunteer 

number 

hFSH24 Abundance 

(%) 

hFSH21Abundance 

(%) 

13 87±1.0 13±1.0 

14 89±0.2 11±0.2 

15 83±2.0 17±2.0 

 

5.3. Comparison of automated Western blotting with published conventional Western blot data. 

Automated Western blot data in the present study were compared with published FSH 

glycoform abundance data determined by conventional Western blot using a different anti-FSHb 

monoclonal antibody, RFSH20 (Fig. 5). Three different batches of the pooled post-menopausal 

urinary gonadotropin preparation, Pergonal, were evaluated (Bousfield, Butnev et al. 2014). The 

average FSH24 abundance in Pergonal was 86%, while individual postmenopausal urinary FSH 

samples possessed 81% FSH24. One-way ANOVA indicated there was no significant difference 

between these values and the average of 85% FSH24 abundance found in the present study (P = 

0.869). RFSH20 was a crude antibody preparation obtained from the laboratory of Jean-Michel 

Bidart (Institute Gustave Roussy, France) over 20 years ago (Walton, Nguyen et al. 2001). It is no 

longer available to us. Moreover, the automated Western blotting instrument performs better when 

purified monoclonal antibodies are employed. Based on validation studies performed by other 

members of the laboratory, 7-13.B5 is the recommended anti-FSHb antibody for glycoform 

abundance studies. 
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Figure  5: Comparison of FSH24 abundance determined by conventional Western blot using MAb 

RFSH20 (Bousfield, Butnev et al. 2014) with results of the present study which employed MAb 

7-13.B5 in an automated Western blotting system. The bars represent mean values ± standard 

deviation for three samples of each. 

5.4  Increasing FSH capture efficiency 

Because FSH recoveries from the antibody column were very low, changes were made in 

immunopurification procedures to improve FSH capture efficiency. Two precipitated urinary 

protein samples were desalted, lyophilized, and resuspended in 4 ml of 50 mM sodium phosphate 

buffer, pH 7.4. Each sample was injected into a 5-ml 46.3H6.B7 antibody column and left 

overnight at 4°C. The chromatogram was developed the next morning. Twenty 1-min fractions 

were collected and FSH content determined by ELISA (Fig. 6A). The results indicated that 20 min 

collection was required from the application of elution buffer to completely elute FSH from the 

column (Fig. 6B). These changes such as use of a smaller sample volume to concentrate FSH, 
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increasing antibody exposure from 3 hour to 16, and collecting for a 20-min period time improved 

capture efficiency from an average of 11% to 58%. 

 

Figure 6: FSH recoveries during urinary FSH purification. A. FSH recovery at each step of the 

process. Volunteer 18 indicated by filled bars. Volunteer 19 indicated by gray bars. B. 

Immunoreactive FSH in 1-min fractions collected starting at the beginning of FSH elution with 

pH 2.7 buffer. 

5.5 Evaluation of EVMS Post-menopausal urine samples 

Once the urinary FSH recovery methods were developed using laboratory volunteer 

samples, we evaluated samples from a clinical trial conducted at Eastern Virginia Medical School 

(Norfold, VA). First void urine samples were collected from five different post-menopausal 

subjects who were not using steroid contraceptives. The samples were collected at six different 

days based on visits to the clinic beginning with day 1, then days 4, 7, 15, 18 and 21. The 

concentration of FSH in each urine sample was analyzed using FSH ELISA (Table 3). Based on 

FSH recovery, a series of samples were analyzed in triplicate when recovery was 60-90 ng hFSH, 



 37 

in duplicate for 40-50 ng samples and as single samples when recovery was less than 40 ng. The 

samples were analyzed in several different automated Western blotting experiments and 

representative results from each subject are shown below in Figs. 7-11. The FSHβ subunit was 

detected with FSHβ specific monoclonal antibody 7-13.B5 diluted 1:500 in all Wes experiments. 

A ProSpec urinary hFSH preparation was used as a reference in all experiments. The relative 

abundance of hypo-glycosylated hFSH was determined by comparing the peak area values of 24 

and 21 kDa FSHb bands and calculating the relative percentage for each glycoform band. The 

percentages of both glycoforms are plotted as bar graph individually with error bars. The hypo-

glycosylated hFSH21 relative abundance ranged from 7-40%, whereas fully-glycosylated hFSH24 

ranged from 60-93%. 

 

Table 3. FSH in post-menopausal urine samples measured by ELISA. 

Subject Post-01 Post-02 Post-03 Post-04 Post-05 

Collection 

Day 

 

Total urinary FSH (ng) 

1 346 1302 930 116 153 

4 1669 104 652 264 248 

7 1166 616 576 134 464 

15 1074 1092 332 88 391 

18 1001 1600 686 30 552 

21 1310 281 115 122 383 
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Figure 7.  FSH glycoform abundance in post-menopausal subject Post-01 urinary samples. 

Collection days are indicated. A) Automated Western blot results. The 24kDa and 21kDa-FSHb 

bands are identified as the relative molecular weights of the bands differed due to the capillary 

electrophoresis MW markers. Lanes 1-3, 33 ng ProSpec urinary hFSH; lanes 4&5, 25 ng day 1 

urinary FSH; lanes 6-8, 33 ng day 1 urinary FSH; lanes 9-11, 33 ng day 4 urinary FSH; lanes 12-

14, 33 ng day 15 urinary FSH; lanes 15-17, 33 ng day 18 urinary FSH; lanes 18 & 19, 38 ng day 

21 urinary FSH. B) Relative abundance of each hFSH glycoform as a percentage of total band 

density (mean ± standard deviation). 

A. Post Menopausal Subject 01

B. FSH Glycoform Abundance
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Table 4. FSH glycoform abundance for 59-year-old post-menopausal 

subject Post-01. Relative abundance of FSH glycoforms expressed as 

average percentage ± standard deviation based on peak areas of 21 kDa 

and 24 kDa FSHb bands in post-menopausal FSH from subject Post-01. 

Study Day hFSH24 

(%) 

hFSH21 

(%) 

1 79±0.35 21±0.35 

4 75±2.0 25±2.0 

7 67±2.0 33±2.0 

15 71±1.0 29±1.0 

18 60±0.95 40±0.95 

21 63±1.0 37±1.0 

 

Subject Post-01 was a post-menopausal woman aged 59 years (Table 4 and Fig. 7). Due to 

limited recovery from day 1 and 21 samples, FSH glycoform abundance was determined from 

duplicate rather than the triplicate determinations performed on the other sample days. By reducing 

sample number from 3 to 2, more FSH was available in each day 1 sample as indicated by the 

darker bands. However, day 21 duplicates produced weaker signals due to very limited sample 

availability. FSH21 abundance ranged from 21-33% in samples from the first 3 visits and from 29-

40% in the second 3 visits (Table 4). The average FSH24 values were analyzed by one-way 

analysis of variance followed by Tukey means separation test. Of the comparisons, day 1 vs day 

21, day 4 vs day 18 and day 15 vs day 18 were significantly different. The overall comparison 

revealed that a statistically significant difference existed in the samples with a P value of 0.0049. 
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Figure 8. hFSH isolated from post-menopausal subject Post-02. A) Automated Western blot 

analysis of 3 urinary samples out of six collected. Collection days are indicated. Lanes 1-3, 33 ng 

ProSpec urinary FSH; lane 4, 12 ng of day 4 urinary FSH; lane 5-7, 42 ng of day 15 urinary FSH 

and lane 8-10, 30 ng of day 18 urinary FSH B) Relative abundance of each hFSH glycoform as a 

percentage of total band density. The bars represent mean ± standard deviation. Day 4 was 

analyzed in single lane due to limited availability of hFSH and no standard deviation was 

calculated. 
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Table 5. FSH glycoform abundance for 59-year-old Post-menopausal 

subject Post-02. Relative abundance of both FSH glycoforms expressed 

as average percentage ± standard deviation based on peak areas of 21 

and 24 kDa FSHb bands of post-menopausal FSH from subject Post-02. 

Study Day hFSH24 hFSH21 

4 93* 7.0 

15 90±0.1 10±0.1 

18 80±1.0 20±1.0 

*Only a single sample detected in the Western blot. 

 

Subject Post-02 was a post-menopausal woman aged 59 years old (Table 5 and Fig. 8).  

Immuno-capture of hFSH was not performed on urine samples collected on days 1, 7 and 21 

because the ELISA detected very low amounts of hFSH. The FSH collected on day 4 contained 

only 20 ng FSH, which permitted only one sample to analyzed. Accordingly, the bar represents 

relative glycoform abundance for one capillary.  Samples collected on days 15 and 18 yielded 

enough hFSH for glycoforms to be analyzed in triplicate. FSH21 abundance ranged from 7-20%. 

The relative abundance of hypo-glycosylated hFSH was only 7% at the beginning of the study but 

had risen to 20% by day 18. Because there were only two samples that could be evaluated from 

this subject comparison between days was performed using a paired t-test. This comparison 

showed they were significantly different with a P value of 0.0021. 
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Figure 9. FSH glycoform abundance in post-menopausal urine of subject Post-03. A) Automated 

Western blot analysis for 5 of 6 samples. Lanes 1-3, 33 ng ProSpec urinary FSH; lanes 4-6, 33 ng 

of day 1; lanes 7-9, 30 ng of day 4 urinary FSH, lanes 10-12, 30 ng of day 7 urinary FSH, lanes 

13-15, 33 ng of day 15 urinary FSH and lanes 16-18, 30 ng of urinary FSH   B) Relative abundance 

of both hFSH glycoforms as a percentage of total band density. The bars represent mean values, 

and the error bars are standard deviations. 

A. Post Menopausal Subject 03

B. FSH Glycoform Abundance
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Table 6 FSH glycoform abundance for 56-year-old Post-menopausal 

subject Post-03. Relative abundance of both hFSH glycoforms 

expressed as average percentages along with mean ± standard 

deviation based upon peak area values of 24 and 21 kDa FSHb bands 

of post-menopausal FSH from subject Post-03. 

Study Day hFSH24 hFSH21 

1 65 ± 4.0 35 ± 4.0 

4 72 ± 0.6 28 ± 0.6 

7 79 ± 1.0 21 ± 1.0 

15 68 ± 3.0 32 ± 3.0 

18 83 ± 0.6 17 ± 0.6 

 

Subject Post-03 was a post-menopausal woman aged 56 years (Table 6 and Fig. 9). The 

sample collected on day 21 showed limited amounts of hFSH which were too low to attempt 

immuno-capture. Urinary hFSH was higher in the remaining days and ethanol precipitated samples 

yielded greater amounts of hFSH than the initial ELISA measured in thawed urine samples. No 

obvious pattern was observed for FSH21 abundance, which ranged from 17-35%. It was highest 

on the first visit to the clinic and on day 15, but lower on the other study days. Multiple comparison 

test revealed day 4 vs day 7, day 4 vs day 18 and day 15 vs day 18 were significantly different. 

Also, the ANOVA for these showed that a statistically significant difference existed with a P value 

of 0.0136. The subject Post-03 results didn’t exhibit a pattern similar to subject Post-01. 
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Figure 10. FSH glycoform abundance of post-menopausal subject Post-04 A) Automated Western 

blot analysis of hFSH isolated from post-menopausal subject Post-04 urinary samples on two of 

the 6 study days, as indicated. Lanes 1-3, 33 ng ProSpec urinary FSH; lanes 4-6, 30 ng of day 4 

urinary FSH and lane 7, 18 ng of day 21 urinary FSH B) Relative abundance of both hFSH 

glycoforms as a percentage of total band density. The bars represent mean values, and the error 

bars are standard deviations. The open bars represent analysis of a single sample. 

A. Post Menopausal Subject 04

B. FSH Glycoform Abundance

*

*



 45 

Table 7. FSH glycoform abundance in a 58-year-old Post-

menopausal subject Post-04. Relative abundance of both hFSH 

glycoforms expressed as mean percentage ± standard deviation 

based upon peak area values of 24 and 21 kDa FSHb bands of 

post-menopausal FSH from subject Post-04. 

Study Day hFSH24 hFSH21 

4 83 ± 0.2 17 ± 0.2 

21 88 12 

 

 

Subject Post-04 was a post-menopausal woman aged 58 years (Table 7 and Fig. 10). 

Immuno-capture of hFSH was not possible in urine samples collected on days 1, 7, 15 and 18 

because very low amounts of hFSH were present. The sample collected on day 21 yielded only 

enough hFSH for analysis of a single sample. The sample collected on day 4 yielded enough hFSH 

for glycoform determination in triplicate. FSH21 abundance was higher on day 4 than on day 21. 
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Figure 11. FSH glycoform abundance in a post-menopausal subject – Post-05. A) Automated 

Western blot analysis of hFSH isolated from post-menopausal subject Post-05 urinary samples 

from two of 6 days. Sample identities are shown in the blot. Lanes 1-3, 33 ng ProSpec urinary 

FSH; lane 4-6 33 ng of day 15 urinary FSH and lane 7-9, 32 ng of day 18 urinary FSH B) Relative 

abundance percentage of both hFSH glycoforms as a percentage of total band density. The bars 

represent mean values, and the error bars are standard deviations. 

 

 

A. Post Menopausal Subject 05

B. FSH Glycoform Abundance
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Table 8. FSH glycoform abundance for 60-year-old Post-

menopausal subject Post-05. Relative abundance of both hFSH 

glycoforms expressed as mean percentage ± standard deviation 

based upon peak area values of 24 and 21 kDa FSHb bands of post-

menopausal FSH from subject Post-05. 

Study Day hFSH24 hFSH21 

15 85 ± 3.0 15 ± 3.0 

18 90 ± 1.0 12 ± 1.0 

 

Subject Post-05 was a post-menopausal woman aged 60 years (Table 8 and Fig. 11).  

Glycoforms were not analyzed in the samples collected on days 1, 4, 7 and 21 because FSH was 

undetectable in the thawed urine. Immuno-capture of hFSH from samples collected on days 15 

and 18 yielded enough hFSH for glycoform determination in triplicate (Fig. 11). FSH21 abundance 

was similar on both days. The average FSH24 values were compared using a paired t-test. The 

comparison between day 15 and day 18 showed they were not significantly different with a P value 

of 0.0565. 
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5.6 Evaluation of FSH in cycling female urine samples 

First void urine samples were collected from several cycling subjects at 3 different points 

of the menstrual cycle (Table 9). 

 

Table 9: FSH in cycling urine samples measured by ELISA. 

Subject Pre - 01 Pre - 02 Pre - 03 Pre - 04 Pre - 05 

Cycle Day Total urinary FSH (ng) 

9 105 55 148 51 48.5 

12 - 59 40 25 11.6 

15 254 30 65 166 - 

 

 FSH was measured in 13 out of 15 samples collected. The missing values were because 

no FSH was detectable in several urine samples. The subject ages ranged from 21 to 35. FSH 

recoveries were very poor for this group and only two urine samples provided enough FSH for 

single analysis by automated Western characterization, as hFSH yields were only 12 and 16 ng, 

each. The relative FSH24 and FSH21 abundance values were determined from a single sample in 

both cases (Fig. 11). FSH21 abundance in subject Pre-01 on cycle day 9 was 25%, while in subject 

Pre-02 day 12 FSH21 abundance was 32% (Table 10 and Fig. 11). 
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Figure 12. FSH glycoform abundance in a cycling female. A) Automated Western blot analysis of 

hFSH isolated from cycling subjects Pre-01 and Pre-02 urinary samples on one of the 3 days 

sampled for each subject. Sample identities are shown in the blot. Lane 1-3, 30 ng ProSpec urinary 

FSH; lane S1, 12 ng FSH; and lane S2, 5 ng FSH. B) Relative abundance of hFSH glycoforms as 

a function of total band density. The bars represent mean values, and the errors are standard 

deviations. Single samples lack error bars. 

A. 

B.

Pre Menopausal Subjects

FSH Glycoform Abundance
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Table 10. FSH glycoform abundance for two cycling 

females. Relative abundance of both hFSH glycoforms 

expressed as percentage based upon peak area values of 

24 and 21 kDa FSHb bands of FSH from 2 subjects. 

Cycling Subjects hFSH24% hFSH21% 

Pre-01-Day 9 75 25 

Pre-02-Day 12 68 32 

 

 

6. DISCUSSION 

6.1 Development of urinary FSH glycoform analysis 

Mab 15-1.E3.E5 is a low-affinity antibody raised against the equine FSHb subunit. 

Glycoforms in the horse are similar to human glycoforms. In eFSH they result from loss of Asn7 

oligosaccharide for the most part. The cardinal virtue of 15-1.E3.E5 is that it can separate fully-

glycosylated 24kDa-hFSHb subunit from hypo-glycosylated 21/18kDa-hFSHb. Previous research 

with this antibody revealed that it doesn’t effectively capture FSH from either serum-containing 

tissue culture medium or pituitary extracts. However, as shown during evaluation of both 

antibodies in sections 5.1.1 and 5.1.2, 15-1.E3.E5 captures FSH in serum-free culture medium. At 

the beginning of this project, the 15.1-E3.E5 Mab was the only anti-FSHβ antibody available at 

the scale needed to prepare FSH affinity columns.  

While developing a protocol for capturing urinary FSH with 15.1-E3.E5 MAb, a 

hybridoma expressing anti-FSHb monoclonal antibody, 46.3H6.B7 became available. The lower 

FSH capacity of 33.5 µg/mL resin for 15-1.E3.E5 as compared with 187 µg/mL for the 46.3H6.B7 
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antibody indicated the latter was the clear winner from a capacity point of view. The 46.3H6.B7 

capacity was evaluated in the presence of serum. However, instead of the high degree of purity 

and low sample volume (FSH emerged in last 4 min of 7-min collection period) observed for 

pituitary extracts reported in early studies (Bousfield, Butnev et al. 2014), extended elution times 

of 20 min were required and significant contamination with serum proteins were encountered with 

46.3H6.B7 columns used in this study. The reasons for these differences are unknown. 

 

Use of 46.3H6.B7 affinity columns for FSH purification  

The relative abundance of FSH glycoforms was determined in hFSH immuno-captured 

from six post-menopausal volunteer urinary samples. Ethanol precipitation of urinary FSH from 

these subjects provided an excellent recovery of urinary FSH that averaged 2062 ng. Immuno-

affinity capture of hFSH with the FSHb-specific monoclonal antibody, 46.3H6.B7 resulted in 

recoveries ranging from 68-381 ng that represented 3-20% yields.  Of these six samples, three 

were subjected to Superdex 75 gel filtration. However, FSH was undetectable in all the column 

fractions tested. Superdex 75 gel filtration purification separates free FSHb subunit from 

heterodimeric FSHb. However, only antibody-bound fractions produced enough FSH for 

glycoform analysis. Thus, the extent of free FSHb interference with this analysis is unknown. The 

automated Western blot revealed that all three post-menopausal samples had the same relative 

amounts of fully-glycosylated and hypo-glycosylated FSH. 

Comparing the automated Western blot data of this study with published conventional 

Western blot data was important because of the change in antibodies used to detect hFSHb subunit 

bands. The FSH21-preferring 15-1.E3.E5 MAb was found by others in the laboratory to yield 

different glycoform ratios depending on antibody dilution and FSH sample size. The 7-13.B5 
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antibody was used because a similar set of experiments showed that this antibody could detect 300 

ng samples of hFSH over a wide range of antibody dilutions, while providing the same glycoform 

ratio. In addition, with a fixed antibody concentration, a fairly wide range of FSH sample sizes 

was accommodated, starting as low as 19 ng up to as high as 300 ng. The final step in validating 

this antibody was taken in this study. Western blots published in 2014 using the monoclonal 

antibody RFSH20, which was used in early glycoform studies, but is no longer available (Walton 

2001), indicated that FSH24 comprised 80-86% of pooled and individual urinary FSH preparations 

(Bousfield et.al, 2008, Bousfield et.al, 2007). In the present study high sensitivity automated 

Western blotting with anti-FSHβ MAb 7-13.B5 revealed a similar FSH24 relative abundance 

averaging 85%. This result provided confidence in the automated Western blotting system.  

Poor FSH recoveries in the antibody-bound fraction were accompanied by the observation 

that most of the remaining FSH was in the flow-through fraction. During immuno-affinity 

chromatography, the average time of urinary protein sample exposure to antibody was around 3 

hours. Thus, increasing sample exposure time to the antibody was proposed to improve FSH 

capture. Overnight recycling of urinary protein samples through antibody columns was technically 

challenging due to pump tubing popping out of fittings because of pressure changes. In order to 

avoid this, sample volumes were reduced to 4 ml by lyophilizing precipitated urinary proteins and 

dissolving the lyophilized proteins in a small volume of phosphate buffer. The soluble urinary 

proteins were injected into 5-ml columns that were sealed and incubated at 4ºC overnight. This 

increased the exposure time of precipitated urine sample to the 46.3H6.B7 Mab from 3 h. to 16 hr. 

Urinary FSH capture efficiency improved from 11% to an average to 58%. This procedure was 

used in subsequent experiments.  
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6.2 Technical challenges of cycling female urine samples 

FSH concentrations vary throughout the menstrual cycle (Reed and Carr 2000). Based on 

previous studies in this laboratory urinary FSH recoveries were anticipated to range from 200-500 

ng based on a radioimmunoassay employing pituitary hFSH as the standard (Bousfield, Butnev et 

al. 2014). After the collection of urine samples by Eastern Virginia Medical School (Norfold, VA), 

pH was neutralized to stabilize FSH that was stored at -80ºC. Very little loss of FSH was 

encountered from urinary protein precipitation, as FSH recoveries often exceeded 100% due to 

elimination of urinary substances that interfered with the ELISA. Despite improved antibody 

capture FSH recovery of 58% lower than expected FSH concentrations in urine samples made it 

more challenging to evaluate FSH glycoform abundance. In 2 of 15 cases of cycling urine samples, 

no measurable amounts of FSH were detected by FSH ELISA while in the other 13 samples only 

3 had enough FSH that the improved recovery was expected to yield the 60 ng needed for triplicate 

20 ng Western aliquots. These samples were subjected to affinity chromatography and only 9 

samples yielded detectable FSH and these could only be evaluated in single Wes capillaries. In the 

end, only two samples, one collected from subject Pre-01 on day 9 and the other from subject Pre-

02 collected on day 12, provided detectable FSH in the automated Western blotting system. 

Replication was not possible because there was only enough FSH to load a single capillary. By 

comparing these two results from different subjects, FSH21 concentration was higher at day 12 

(32%) than day 9 (25%). This is consistent with the increase in circulating hypo-glycosylated FSH 

from day 11 to 15, however more samples are needed  (Wide and Eriksson 2013).  
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6.3 Technical challenges of post-menopausal samples  

Like cycling samples, the missing data from the subject study days were due to 

undetectable amounts of FSH in several urine samples. The average amount of FSH in post-

menopausal urine samples varied from 30-1669 ng. When low concentrations of FSH were 

encountered in urine samples, it was difficult to quantitatively precipitate the FSH and recover all 

the hormone from the antibody column. Preliminary studies revealed significant sample loss at the 

immunoaffinity purification step and these were only partially remedied by extending the 

incubation with antibody resin and by determining the FSH elution pattern.  

6.4 Post-menopausal FSH Glycoform Abundance 

By comparing automated Western blot data from 5 post-menopausal subjects, the 

concentration of both glycoforms varied throughout the six-sample collection (Fig. 13).  FSH24 

was more abundant than FSH21 in all 18 samples evaluated. Of all samples, day 18 and 21 samples 

from subject Post-01 exhibited almost equivalent glycoform abundance (60-62% FSH24). The 

comparison of study days in first 3 subjects showed significant differences but not in subject Post-

05. Statistical analysis was not performed on subject Post-04 due to limited data. 
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Figure 13. Post-menopausal FSH24 abundance in all five subjects. Collection days 1-7 were in the 

absence of hormone treatment (dark blue bars). Collection days 15-21 were under the influence of 

estrogen treatment (cyan bars). 

Urine samples were collected 3 times to confirm that in these post-menopausal women 

FSH glycoform abundance remained constant with FSH24 more abundant than FSH21. As 

expected, the abundance of FSH24 concentration was high but varied for all five sets of subject 

samples on days 1, 4 and 7. Starting on day 7 and continuing for the next 14 days, each subject 

applied an estrogen-containing cream to one arm. The effect of estrogen over the 14-day period 

was evaluated on three days. The expectation was that estrogen would reduce FSH24 abundance 

and increase that of FSH21. However, the expectation was sporadically achieved, such as on days 

18 and 21, but not day 15, in subject Post-01. Moreover, in this subject FSH24 abundance 

decreased in the control samples, which was not expected. The reasons for this effect are unknown 

and need further study. Previous studies from this laboratory (Bousfield, Butnev et al. 2014) 
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showed that, the immuno-purified pituitary FSH glycoform abundance was constant in pituitaries 

from cycling women and varied in post-menopausal pituitaries. After removal of free FSHb by 

gel-filtration, the expected outcome of glycoform variability during the cycle and constant 

glycoform abundance after menopause. The variability in the post-menopausal FSH samples may 

have been due to the presence of free FSHb, which we were unable to remove without significant 

loss of FSH that rendered Western blot analysis impossible. 

7. CONCLUSIONS: 

As expected, relative FSH24 abundance was greater in post-menopausal urine as compared 

with FSH21. Estrogen treatment should have reduced the FSH concentration in urine samples 

collected on days 15, 18 and 21. However, this expectation was not met, indicating this method of 

estrogen treatment failed to influence the hypothalamo-pituitary axis. For this reason, it is likely 

the absence of estrogenic effect on FSH glycoform abundance is consistent with its inability to 

inhibit FSH secretion. 

8. FUTURE DIRECTIONS: 

The present study was intended to obtain preliminary evidence to demonstrate the 

feasibility of studying the effects of estradiol on FSH glycoform abundance in women. Additional 

improvements in urinary FSH recovery are needed before further studies can be performed. 

Alternative procedures, such as concentrating and desalting urine samples using ultrafiltration, 

may permit FSH analysis without the need for inefficient immunopurification steps. This approach 

is being evaluated by Dr. May. 
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