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1. SUMMARY

Growth, maturation and reproduction require complex interaction of fuel homeostasis and metabolism

of carbohydrates, fat and proteins as well as intact and specific endocrine regulation. Disorders of

nutrient intake or dysfunction of the metabolic processes are not without an impact on reproduction

and disorders of both are frequently found together. It is therefore of particular importance to understand

the development and pathophysiology of such disorders as well as the impact of common treatments

on the pathophysiologic characteristics of the condition. The present studies elucidate hypothalamic-

pituitary-ovarian and metabolic characterization of polycystic ovary syndrome (PCOS) from puberty

to reproductive age, and their relationships. In hyperandrogenic adolescent (HA) girls, enlarged ovaries,

hypersecretion of luteinizing hormone (LH), seen as increased pulsatility, 24 h transverse mean

concentrations and increased responses to GnRH stimulation test all demonstrate features typical of

PCOS during pubertal development. Obese HA girls, even after accounting for BMI, were found to

be  hyperinsulinemic beyond that associated with obesity alone. Ovarian hyperandrogenism was evident.

An association between ovarian volume and circulating insulin levels independent of LH in HA girls

was similar to the situation found in adult PCOS. An adult form of PCOS was studied in lean and

obese subjects, and weight-matched controls. Hyperinsulinemia and reduced insulin sensitivity (S
I
)

were found in lean and obese women with PCOS. The additive effect of obesity in PCOS was seen as

a further reduction of S
I
, higher 24 h insulin concentrations and changes in insulin dependent metabolic

variables. During clomiphene citrate (CC) treatment a 30 % decrease in the serum concentrations of

insulin-like growth factor-I (IGF-I) and a 23% increase in sex hormone-binding globuline (SHBG)

were found in PCOS subjects. When ovarian hyperstimulation for in vitro fertilization (IVF) was

performed, a 60% increase in serum leptin concentrations was observed. This increase was associated

with adiposity and a reduced ovarian response to hyperstimulation. Weight reduction resulted in a

45% decrease in follicular phase nocturnal urinary LH (nu-LH) concentrations in obese infertility

patients. The magnitude of the LH decrease was negatively associated with the degree of insulin resistance.

This study confirms the pubertal onset of PCOS, demonstrates the common and distinguishing

features of neuroendocrine-metabolic dysfunction both in hyperandrogenic adolescents and in adults.

Based on this study the effect of weight reduction as a metabolic intervention on gonadotropin axis is

related to the degree of insulin resistance. Both ovulation induction with CC and ovarian

hyperstimulation for IVF induce metabolic responses which modify the effectivity of the treatments.
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3. ABBREVIATIONS

A androstenedione

ANCOVA analysis of covariance

ANOVA analysis of variance

AUC area under the curve

%BFM percent body fat mass

BITE the bulimic investigatory test Edinburg

BMI body mass index

CC Clomiphen citrate

cFSHd cumulative FSH dose

CV coefficient of variation

DHEA dehydroepiandrosterone

DHEA-S dehydroepiandrosterone-sulfate

E
1

estrone

E
2

estradiol

FFM fat-free mass

FM fat mass

FSH follicle stimulating hormone

GH growth hormone

GHRH growth hormone-releasing hormone

Glut-4 glucose transporter-4

GnRH gonadotropin-releasing hormone

HA hyperandrogenic adolescent

hCG chorionic gonadotropin

HPOaxis hypothalamic-pituitary-ovarian axis

IGF-I insulin like growth factor -I

IGFBP-1 insulin-like growth factor binding protein-1

IGFBP-3 insulin-like growth factor binding protein-3

IFMA immuno-fluorometric assay

IRS insulin receptor substrate

IVF in vitro fertilization

ivGTT intra venous glucose tolerance test

LC lean controls

LH luteinizinghormone

LPCOS lean women with the diagnosis of PCOS

mRNA messenger ribonucleic acid

Ob-R leptin receptor

OC obese controls

OGTT oral glucose tolerance test

17OHP/17PO 17-hydroxyprogesterone
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OPCOS obese women with the diagnosis of PCOS

17PE 17-hydroxypregnenolone

RIA radioimmunoassay

S
I

insulin sensitivity

T testosterone

VLCD very low calorie diet

WHR waist to hip ratio
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4. INTRODUCTION

Activation of the hypothalamic-pituitary-ovarian axis (HPO axis) takes place gradually, with distinct

developmental features of gonadotropin pulsatility and diurnal rhythmicity during puberty. Anovulatory

and irregular menstrual cycles with moderately increased serum androgen levels are frequently observed

during adolescence (Apter 1980). When cycle regularity fails to develop within 2 years. after menarche,

abnormalities may persist into adulthood (Yen 1980), resulting in disturbed ovarian function and

reduced fertility. In 1935, Stein and Leventhal (1935) observed an association between bilateral polycystic

ovaries and amenorrhea, oligomenorrhea, hirsutism and obesity. Endocrine abnormalities such as

hypersecretion of luteinizing hormone and androgens have been demonstrated, together with a cluster

of metabolic aberrations in PCOS (Franks 1995; Dunaif 1997). Polycystic ovary syndrome is the most

common cause of anovulatory infertility. Anovulation in PCOS is characterized by failure of selection

of a dominant follicle, with arrest of follicle development. The participation of hyperinsulinemia, and

insulin resistance, followed by changes in the functionality of insulin-like growth factors and their -

binding proteins are characteristic aberrations in PCOS (Giudice et al. 1996). At present, limited

information is available concerning the pathophysiology of metabolic and gonadotropic interactions

in PCOS. Such knowledge would, however, create treatments allowing synergistically to correct the

metabolic and gonadotropic dysfunction’s for the benefit of the PCOS patient.
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Hypothalamic

releasing hormone

Pituitary cell type Pituitary hormones Main target endocrine

organ

5. REVIEW OF THE LITERATURE

5.1. NEUROENDOCRINE REGULATION OF REPRODUCTIVE FUNCTION

The neuroendocrine regulation of reproductive function is built on neuronal mechanisms affecting

peripheral endocrine tissues through the pituitary gland, and endocrine feedback on the hypothalamic-

pituitary neuroendocrine system. The function of the neuroendocrine hypothalamus is characterized

by pulsatility, circadian rhythmicity and a 24 h sleep-wake cycle, as described by Yen (Yen 1999). The

anterior pituitary is under control of releasing and inhibiting factors effecting the secretion of anterior

pituitary hormones, listed in Table 1.

TABLE 1.

HYPOTHALAMIC REGULATION OF ANTERIOR PITUITARY HORMONES

GnRH gonadotrophe LH and FSH ovary/ testis

CRF corticotrophe ACTH, β-endorphin adrenal

TRH /somatostatin thyreotrophe TSH thyroid

GHRH /somatostatin somatotrophe GH (metabolic hormone),

dopamine, galanine, lactotrophe PRL liver mammary gland

TRH

    (Yen 1999)

The human10-amino acid GnRH was discovered in 1971 (Matsuo et al. 1971) and the human GnRH

receptor in 1992 (Kakar et al. 1992). In rhesus monkeys the rhythmic behavior of the GnRH neuronal

system was discovered by Knobil and co-workers and synchrony of GnRH pulses in portal blood and

LH pulses in peripheral blood has been confirmed (Knobil 1980; Clarke and Cummins 1982; Knobil

1989). Gonadal activity and the function of the reproductive axis is regulated by the periodicity and

amplitude of GnRH/gonadotropin secretion. Upregulation takes place within periods of 60 to 90

min. In the gonadotrophe, GnRH brings about activation and expression of genes for the α- and β-

subunits of LH and the β-subunit of FSH, dimerization, glycosylation and secretion (Kay and Jame-

son 1992; Keri et al. 1994). When GnRH acts on the gonadotrophe, LH is released in two episodes.

The initial release takes place within 30 minutes; it does not require protein synthesis and is therefore

thought to be due to the secretion of granules close to the cell membrane of the gonadotrophe. This

initial release is related to the pulsatile release of LH and FSH measurable in serum. The second release

continues for 4 hours and is augmented by estradiol (Yen and Tsai 1971). This later augmentations

appears to involve changes in α and β chain formation due to gene activation, and changes of GnRH
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receptor density (Liu and Jackson 1978; Wierman et al. 1989; Kaiser et al. 1997). Studies with

gonadotrophes are mainly based on research in animal models, the rhesus monkey being the closest to

humans (Yen 1999). After secretion, LH and FSH ligands are transported in the circulation to target

tissues and bound from the extracellular fluid to high affinity plasma membrane glycoprotein receptors

(Loosfelt et al. 1989; McFarland et al. 1989). Receptor binding activates the membrane-bound G

protein-coupled signaling system (Yamamoto et al. 1992). During the reproductive cycle, hypothalamic

(GnRH), intrapituitary (activin, follistatin) and gonadal feedback (protein, steroid hormone) factors

all modulate gonadotropin secretion and action. Serum LH and FSH levels undergo changes during

the menstrual cycle which involve an increase in serum concentrations during the early follicular

phase, a decrease in the late follicular phase, a surge at mid-cycle and a decrease during the luteal phase.

Characteristics of LH and FSH pulses during the menstrual cycle are summarized in Table 2.

(Sollenberger et al. 1990).

     TABLE 2.

   MEAN(+SEM) LUTEINIZING HORMONE SECRETORY PULSE
CHARACTERISTICS DURING THE MENSTRUAL CYCLE

   Early follicular 80+3 0.43+0.02 6.5+1.0 131+13 49+6

   Late follicular 53+1 0.7+0.03 3.5+0.9 128+12 56+8

   Mid-luteal 177+15 (small 0.26+0.02 11.0+1.1 103+7 2+4

pulses) 0.95+0.05 11.0+1.1 103+7 52+4

 395+7 (large

pulses )

Adapted from (Sollenberger et al.1990)

Normal cycling women exhibit high frequency low amplitude pulses during the  follicular phase and

low frequency high amplitude pulses during the luteal phase. The loss of ovarian feedback following

ovariectomy or menopause results in high frequency high amplitude pulsatility which can be inhibited

by exogenous estrogen administration (Yen and Tsai 1971; Yen and Tsai 1972).

5.2. PUBERTY

5.2.1. GNRH ACTIVITY IN CHILDHOOD AND PUBERTY

During fetal life at mid-gestation GnRH pulse activity is high, but a reduction takes place towards late

gestation. At birth, when the negative feedback of placental estrogens disappears, GnRH activity increases

temporarily and then decreases slowly until about 2-3 years of age (Grumbach and Kaplan 1990)

when central nervous system inhibition becomes maximal. When the ”juvenile pause” is over the

Periodicity (min) Amplitude

(IU/L/min)

Half-Duration

(min)

LH half-life

(min)

Total daily

secretion

(IU/L/24 h)
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inhibition gradually disappears (Kelch et al. 1989; Grumbach and Gluckman 1994; Plant 1995). The

crucial role of GnRH in the activation of pituitary-gonadal function during puberty is further

demonstrated by initiation of puberty by exogenous pulses of GnRH in infantile monkeys (Wildt et

al. 1980), in girls with delayed puberty (Stanhope et al. 1987), and in suppression of central precocious

puberty (Knobil 1980; Boepple et al. 1986). Detailed study of the activation of the GnRH pulse

generator during puberty has become possible due to the development of ultrasensitive time-resolved

immunofluorometric and, later, chemiluminometric assay methods for gonadotropins. These can be

calibrated to measure very low concentrations of LH and FSH (Apter et al. 1989; Dunkel et al. 1990;

Wu et al. 1991; Dunkel et al. 1992; Pettersson et al. 1993; Pettersson et al. 1993; Neely et al. 1995).

These assays have small enough intra- and interassay variation to detect true pulsatility from noise/

assay variability in frequent sampling pulse studies.

The GnRH pulse generator has distinct characteristics at different stages of puberty (Wu 1995).

During prepuberty irregular LH pulses with low amplitudes during the day-time, but increased amplitude

LH and FSH pulses within one hour after sleep-onset are found. Older prepubertal girls have more

regular and higher amplitude pulses throughout sleep than younger prepubertal girls. The sleep-related

LH and FSH pulses in prepubertal girls are abolished with GnRH antagonist treatment, reflecting

endogenous GnRH pulse activities (Apter et al. 1993). The emergence of regular day-time LH pulses

along with a further amplification of pulsatile activity during sleep is closely related to the appearance

of secondary sexual characteristics in early puberty. At late puberty the LH secretory pattern characteristic

of adult women in the early follicular phase, i.e. a decrease in LH concentration during sleep, is

established. Mean 24 h LH concentrations increased 40-fold from pre- to late puberty consequent to

a 9-fold increase in pulse amplitude and a 4-fold increase in pulse number. Twenty-four-hour mean

FSH concentrations, which are 20-fold higher than corresponding LH concentrations in prepubertal

girls, increase 3-fold from pre- to late puberty. The pulsatile secretion of FSH pulse secretion appears

to be predominantly GnRH-dependent in prepubertal girls, in contrast to girls after ovarian activation,

as indicated by the higher FSH responses to both GnRH antagonist suppression and GnRH stimulation

in prepubertal compared with early and latepubertal girls (Apter et al. 1993).

5.2.2. GH- IGF-I-INSULIN AXIS AND NORMAL PUBERTY

The impact of increased GnRH activity followed by increased steroid hormone production, particularly

estradiol, is connected to the activation of GH secretion (Attie 1990; Ritzen 1992; Rogol 1992).

Increased GH secretion consequently is followed by increased hepatic and local production of IGF-I

(Attie et al. 1990). The GH-IGF-I axis is also sensitive to the nutritional status (Thissen et al. 1994).

Activation of the GH axis during pubertal development is accompanied by the appearance of physiologic

relative insulin resistance and increased serum insulin concentrations (Bloch 1987; Smith 1989; Lind-

gren 1990; Hindmarsh 1988; Albertsson-Wikland 1994; Savage 1992; Argente 1993; Cook 1993).

This is followed by decreases in the serum concentrations of insulin-dependent insulin-like growth

factor-binding protein-1 (IGFBP-1) and SHBG (Holly et al. 1989; Argente et al. 1993). During

normal puberty the transitory insulin resistance normalizes as GH concentrations decrease (Lindgren

et al. 1990).
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5.2.3 ADRENARCHE

Approximately 2 years before puberty, at the age of about 6 to 8 years, an increase of adrenal androgen

(DHEA and DHEA-S) secretion begins. The secretion of adrenal androgens peaks at the age of 20- 30

years. The physiologic trigger, which appears to be independent of GnRH-gonadotropin-ovarian

function, is not known (Sklar et al. 1980). An exaggerated adrenarche is observed together with

hyperandrogenism of both adrenal and ovarian origin in some cases of PCOS (Lachelin et al. 1982;

Lucky 1986; Ibanez et al. 1994; Oppenheimer 1995 ) .

5.3. POLYCYSTIC OVARY SYNDROME (PCOS)

5.3.1. PCOS AS A CLINICAL CONDITION

Anovulatory and irregular menstrual cycles with modestly increased androgen levels are frequently

observed during puberty, (Apter 1980; Treloar 1967; Siegberg 1986; Venturoli 1987). During normal

adolescence synchrony of menstrual cycles is achieved with time (Apter et al. 1978). When normalization

to regular and ovulatory cycles fails to occur within two years after menarche, abnormalities may

persist into adulthood (Southam and Richart 1966; Widholm and Kantero 1971; Apter and Vihko

1990). In adult patients with PCOS, menstrual cycle irregularities and signs of hyperandrogenism can

be traced to adolescent development (Yen 1980).

Over 60 years ago Stein and Leventhal (Stein and Leventhal 1935) observed an association between

bilateral polycystic ovaries and amenorrhea, oligomenorrhea, hirsutism and obesity (Stein-Leventhal

syndrome). In 1964 ovarian wedge resection was shown to induce menstrual cyclicity and conception

(Stein and Leventhal 1964), leading to suspicion of an ovarian end-organ disease named polycystic

ovarian disease. As a result of the development of hormone assays (Yen et al. 1970) and further recognition

of clinical, morphologic, biochemical and endocrinological abnormalities closely related to the

appearance of polycystic ovaries, the term polycystic ovary syndrome was introduced. The term polycystic

ovaries (PCO) is used when only the polycystic appearance of the ovaries is found without the full-

blown syndrome (Polson et al. 1988; Clayton et al. 1992; Farquhar et al. 1994; Koivunen et al. 1999).

At present, knowledge of mechanisms and the molecular biology of ovarian folliculogenesis, follicular

arrest, recruitment and its disturbances are emerging. In the light of abundant new information, PCOS

might be considered as an ovarian end-organ phenotype, resulting from long-term abnormal metabolic

and endocrine priming. This phenotype is exhibited in patients in whom a cluster of several typical

physiologic and metabolic abnormalities with overlapping symptomatology can be observed (Yen et

al. 1970; Nestler et al. 1989; Dunaif et al. 1992; Dunaif 1997; Franks et al. 1999; Nestler et al. 1999).

Typical clinical findings in patients with PCOS include hirsutism, acne, menstrual disturbances

and, consequently, anovulation and infertility. Ovarian follicular maturation is in arrest. An accumulation

of small subcortical follicles and increased ovarian stromal volume are found in ultrasonographic images

in PCOS (Adams et al. 1985; Pache et al. 1992; Pache et al. 1993). Because it affects 5-10% of women

of reproductive age, PCOS is the most common endocrine disorder in this group (Franks 1995;

Knochenhauer et al. 1998; Legro et al. 1998). The incidence of PCOS reported in the literature varies

as a result of different definitions used over time. The diagnostic criteria by National Institute of

Health (NIH) for PCO are 1) menstrual irregularity, 2) hyperandrogenism (either clinical or

biochemical), and 3) exclusion of other diseases (non-classical adrenal hyperplasia, hyperprolactinemia

or thyroid disorder) (Knochenhauer et al. 1998).  In the current clinical practice high resolution

ultrasonography is commonly used. The diagnosis of PCOS is based on a combination of clinical,

ultrasonographic, and biochemical evidence as summarized in Table 3.
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    TABLE 3.

DIAGNOSIS OF PCOS

Oligomenorrhea / amenorrhea

Polycystic ovaries by ultrasonography

Hyperandrogenemia or hirsutism or both

Increased LH:FSH ratio > 2.0 (for BMI< 30 kg/m2)

Peripubertal onset of symptoms

Taken from (Yen 1999)

In laparotomies of 12 160 reproductive age women, PCOS ovaries were found in 1.4% histologically

(Vara and Niemineva 1951). If PCOS would be defined only on histopathology, the general incidence

would be 1.4-3.5% in unselected women and 0.6-4.3% of infertile women (Goldzieher 1981). The

ultrasonographic appearance of polycystic ovaries was first reported in 1981 (Swanson et al. 1981).

Definitions of PCOS ovaries in ultrasonography have been described in several publications (Adams et

al. 1985; Pache et al. 1993). In ultrasonography a 14-25% incidence of PCO without the full-blown

syndrome has been reported in women (Polson et al. 1988; Clayton et al. 1992; Farquhar et al. 1994;

Koivunen et al. 1999). A clustering of ovarian functional aberrations has been observed, when ovarian

ultrasonography is typical for PCO. A 44-78% incidence of irregular cycles compared with 1 % of

women with normal ovaries (Polson et al. 1988; Koivunen et al. 1999), hirsutism (61-64% of cases),

infertility (41-67%), oligomenorrhea (45-52%), amenorrhea (26-28%), obesity (35%) and acne (24-

27%) have been observed in studies based on a diagnosis of PCO by ultrasonographic examinations

alone (Conway et al. 1989; Franks 1989). Prevalence of PCO ovaries is reduced with increasing age

(Koivunen et al. 1999).

Significant co-morbidity is connected to PCOS, demonstrated as an 5 to 10 fold increased risk of

type 2 diabetes mellitus at a relatively young age (Ehrmann et al. 1995; Ehrmann et al. 1999), hypertension,

cardiovascular disease, endometrial hyperplasia and endometrial cancer, (Dahlgren et al. 1991; Dahlgren

et al. 1992; Legro et al. 1999), and pre-eclampsia during pregnancy (Berkowitz 1998; Kaaja et al. 1999)

or pregnancy induced hypertension (Fridstrom et al. 1999). A resent long-term follow-up study found a

2.2 times higher risk for diabetes, 1.4 for hypertension, 3.2 for hypercholesterolaemia and 2.8 times

higher risk for cerebrovascular disease, but no significantly increased risk for heart disease in women with

PCOS (Wild et al. 2000). Although menstrual irregularities or problems of fertility may bring PCOS

patients to the attention of physicians, the PCOS syndrome, with its similarities to metabolic syndrome

(MBO), remains a significant health risk for women beyond reproductive age (Legro et al. 1999).

5.3.2. LH HYPERSECRETION

The increased frequency and amplitude of LH secretion is amongst the first of the hormonal

abnormalities described in PCOS (Yen et al. 1970). Hypersecretion of LH occurs as a result of

hyperfunction of the GnRH pulsegenerator. Overactive GnRH-LH-theca cell function results in

hyperandrogenism independent of obesity (Taylor et al. 1997), and high GnRH frequency preferentially

results in LH-β mRNA formation (Kaiser et al. 1995). Furthermore, a reduction in FSH-granulosa

cell function has been described (Rebar et al. 1976; Erickson et al. 1979), which might be related to
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high GnRH frequency, decreasing FSH-β mRNA and increasing follistatin mRNA, resulting in

decreasing activin action on the stimulation of FSH release (Kirk et al. 1994).

5.3.3. DYSREGULATION OF STEROID HORMONES IN PCOS

Hypersecretion of LH stimulates ovarian thecal steroidogenesis, providing an appealing explanation

for the overproduction of androgens associated with PCOS. The central role of LH is further supported

by the reversal of hyperandrogenism following LH suppression with GnRH agonists (Dunaif et al.

1990). In some PCOS patients, elevation of adrenal androgen production is observed, supporting the

participation of factors other than LH overproduction resulting in hyperandrogenism (Miller 1999).

Several changes in steroidogenesis have been observed in PCOS, including increased expression of

cytochrome P450c17 in both the ovaries and adrenals of women with PCOS (Rosenfield 1997; Rosen-

field 1997; Qin and Rosenfield 1998) and increased ovarian 17 α-hydroxylase activity (Barnes et al.

1989; Barnes et al. 1993), possibly linked to the catalyzing enzyme CYP 17. Augmented androgen

production of theca cell steroidogenesis in vitro between a normal ovary and a PCOS ovary have been

observed (Gilling-Smith et al. 1994; Nelson et al. 1999). These suggest the possibility of a stable

metabolic imprint occurring in vivo or intrinsic genetic variation which has been sought by several

investigators (Franks 1997; Gharani et al. 1997; McKeigue and Wild 1997; Waterworth et al. 1997;

Urbanek et al. 1998; Urbanek et al. 1999).

5.3.4. INSULIN RESISTANCE IN PCOS

Research on insulin action in PCOS has been intensive after the identification of insulin resistance as

a feature of the syndrome in 1980 (Burghen et al. 1980). Insulin resistance and pancreatic β-cell

dysfunction, both independent of obesity and unrelated to the actions of androgens on insulin dynamics,

are strongly associated with PCOS (Meara et al. 1993; Dunaif 1997). As described by Yen (Yen 1999),

the mechanism of insulin resistance, decreased glucose transport and compensatory hyperinsulinemia

in PCOS occurs in conditions of intact polypeptide insulin hormone and intact transmembrane

αβ-dimeric receptor transduction, but changes in the insulin receptor substrate (IRS) mediated glucose

transporter translocation to the cell membrane and postreceptor signaling. Structural similarity,

crossreactivity as well as common signal mediation through IRS-1 have been found for insulin and

IGF-I signals (Sun et al. 1991; Kahn et al. 1993; Myers et al. 1993; Cheatham and Kahn 1995; Sun et

al. 1995). In PCOS patients a connection between decreased glucose uptake and changes in the function

of glucose transporter-4 (Glut-4) has been shown in adipocytes (Rosenbaum et al. 1993).

Hyperinsulinemia is shown to reduce IGFBP-I (Rutanen et al. 1988; Suikkari et al. 1988; Pekonen et

al. 1989). There follows hyperinsulinemia+ hyperandrogenism-induced decrease in SHBG

concentrations and increasing adrogen bioavailability on the levels of target-tissues (Nesler et al. 1991).

Measurements of fasting insulin, the fasting glucose-/fasting insulin ratio (Legro et al. 1998), area

under the curve in OGTTs, rapid ivGTTs (Steil et al. 1993; Bergman et al. 1986), and the hyperinsulinemic

clamp (DeFronzo et al. 1979) have been used to study hyperinsulinemia and insulin resistance in PCOS.

Insulin resistance has also been investigated in vitro in tissues of PCOS patients: in adipocytes (Ciaraldi et

al. 1992; Dunaif et al. 1992), skin fibroblasts (Book and Dunaif 1999) and muscle (Dunaif et al. 1995).

The presence of hyperinsulinemia and insulin resistance is a common finding with all these methods in

PCOS patients, being most pronounced when obesity is present. Holte and co-workers have observed an

enhanced early insulin response to glucose and increasing insulin resistance related to truncal-abdominal
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subcutaneous fat distribution (Holte et al. 1994). A high prevalence of β-cell dysfunction in PCOS is

suggested, ranging from increased insulin secretion, not explained by insulin resistance or BMI, to

failing β-cell function, mainly in obese women during progress to glucose intolerance and NIDDM

(Holte et al. 1998). A selective defect in metabolic, but not mitogenic, insulin and IGF-I actions using

the same postreceptor pathways in skin fibroblasts of PCOS patients has been demonstrated in vitro

(Book and Dunaif 1999). In the adipocytes of lean and obese PCOS patients in vitro, insulin-mediated

glucose influx requires higher insulin levels than normals (Ciaraldi et al. 1992; Dunaif et al. 1992).

The antilipolytic effect of insulin on adipocytes of obese PCOS patients is 1/3 that of normals in vitro

(Ciaraldi et al. 1997).

The insulin-IGF-I-IGF binding protein system is widely expressed in the body, including the ovary

(El-Roeiy et al. 1993; Zhou and Bondy 1993). Synergism in the action of LH and FSH, and bioactive

unbound IGF-I has been demonstrated in vitro in granulosa cells of PCOS ovarian small follicles

(Erickson et al. 1990) and the presence of IGFBP-4 and -5 as inhibitors of this synergism has been

demonstrated (Nakatani et al. 1991; El-Roeiy et al. 1994). In a dominant follicle IGF-II mRNA and

protein expression are found in granulosa cells (GC), IGF-II receptor mRNA and protein expression

both in both thecal cells and GC and insulin receptor in all granulosa theca and stroma cells (El-Roeiy

et al. 1993). Small antral follicles and the 3-6 mm follicles from PCOS ovaries are similar in regard to

their expression of IGF-I, -II, IGFBP 1-6 and insulin receptor both on the level of mRNA and protein

(El-Roeiy et al. 1994). These observations are confirmed later by others (Voutilainen et al. 1996). The

presence of the insulin-IGF-I-IGF binding protein system in the pituitary has been demonstrated in

vivo and in vitro in several species including humans (Yamashita and Melmed 1986; Ceda et al. 1987;

Rosenfeld et al. 1989; Kanematsu et al. 1991; Atkin et al. 1993). Interactions between somatotrophes

and the IGF system in the pituitary have been established (Yamashita and Melmed 1986; Ceda et al.

1987) but control of gonadotropic-, corticotropic- or thyreotropic axes in regard to the insulin-IGF-

system in the human pituitary and hypothalamus in vivo are not well understood. The results of

studies on human pituitary adenomas in vitro, and rat anterior pituitary cell cultures suggest a close

physiologic relationship between the IGF system and gonadotropic function (Atkin et al. 1993; Soldani

et al. 1995).

Insulin-like growth factor-I is bound in the circulation to several binding proteins (Rechler and

Brown 1992). The largest proportion is bound to IGFBP-3, a growth hormone-dependent major

circulatory IGF-I binder (Hintz et al. 1981), and a smaller proportion to insulin-dependent IGFBP-1

(Suikkari et al. 1988). Changes in either of these binders could affect the level of bioavailable IGF-I.

Insulin-like growth factor-I is an important anabolic growth factor in the body and in nutritional

deficiency during fasting, circulating levels decrease within days (Thissen et al. 1994). The fasting

circulating levels of insulin are in the range of 23-150 pmol/L (3-20 mU/L), and that of IGF-I is about

30 nmol/L and that of IGF-II, 85 nmol/L. The half-life of insulin is 10 min, that of of IGF-I 12-15 h

and of IGF-II, 15 h. The production rate of insulin is 2 mg/day, that of IGF-I, 10 mg/day and that of

IGF-II 13 mg/day (Thissen et al. 1994). The dispute concerning weather insulin or IGF-action is

more significant as regards ovarian changes in PCOS has not yet been settled. It has been shown

however, that in addition to insulin, IGF-I and -II, the binding proteins do play a role in ovarian

folliculogenesis (Giudice 1992).

5.4. BODY COMPOSITION

Body composition can be recorded by the anthropometric measures BMI and waist to hip ratio (WHR).

The former is the weight in kilograms divided by the square of height in meters. The World Health

Organization recommendation as regards measurement of the different circumferences is as follows:
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waist: midway between the lower rib margin and the iliac crest; hip: widest circumference over the

great trochanters (WHO 1988). In order to make a distinction between fat mass (FM), fat-free mass

(FFM) and percent body fat mass (%BFM), several methods are available: 1) skinfold measurement,

2) hydrostatic weighing, 3) 24h u-creatinine, 4) total body water (3H-H
2
0), 5) total body 40K,

6) bioelectrical impedance, and 7) near-infrared spectroscopy (Franssila-Kallunki 1992). Abdominal

fat is particularly difficult to quantitate. It can be subcutaneous or visceral. Visceral fat surrounds the

abdominal organs as omental, mesenteric and retroperitoneal fat. Several methods to measure abdominal

fat have been used: 1) computer tomography (CT), 2) magnetic resonance imaging (MRI), 3) dual-

energy X-ray absorptiometry (DEXA), 4) dual photon absorptiometry (DPA), and 5) ultrasonography

(van der Kooy and Seidell 1993). Fat cells are endocrinologically active. It is important to quantitate

adipose tissue mass in all studies which involve variables dependent on adiposity.

5.5. OBESITY AND INFERTILITY

The incidence of obesity in the general population is approximately 30% (Kaartinen 1996), and in

PCOS subjects, 50%. An International Obesity Task Force (IOTF) has recently summarised information

on the epidemiology of obesity, defined as a BMI above 30 kg/m2. The incidence of obesity in

Netherlands and Scandinavia countries (except Finland) is about 10%, in Finland about 20 %, and in

eastern Europe and USA 40-50 %. In some American Indian tribes and in Pacific islands (Australian

Aborigines and Polynesias) the prevalence can be as high as 80% (WHO: Geneva 1998). The role of

obesity in menstrual disorders as well as the beneficial effect of weight reduction on ovulatory function

in overweight anovulatory women were described as early as five decades ago (Rogers and Mitchell

1952; Mitchell and Rogers 1953). Being overweight is an increasing problem in fertile age women

(Wickelgren 1998). Obesity can only develop under a positive energy balance, when intake of energy

is higher than energy expenditure.

Insulin is considered to be the most important antilipolytic hormone. It stimulates glucose uptake,

triglyceride biosynthesis, re-esterification, inhibits lipolysis and increases lipoprotein lipase (LPL) activity.

The supply of free fatty acids (FFAs) from adipose tissue is inhibited effectively by insulin (Fraym and

Coppack 1992; Cheatham and Kahn 1995). A central regulator of lipogenesis is connected to the

peroxisome proliferator-activated receptor (PPAR) subfamily of nuclear hormone receptors. Insulin

stimulates PPARγ phosphorylation and adipogenic action is markedly enhanced (Chawla et al. 1994;

Tontonoz et al. 1994; Hu et al. 1995; Shalev et al. 1996).

The distribution and quantity of subcutaneous and omental (visceral) fat is important as regards

the development of metabolic complications in obesity. Free fatty acids (FFA) from omental tissue are

released directly to the liver through the portal vein (Bouchard et al. 1993; Vikman 1996). Over 30

years ago theory of glucose-fatty acid cycle was proposed. The key points of this cycle are: the increased

availability of FFAs in blood produces an increase in intramuscular acetyl-CoA and citrate content;

acetyl-CoA inhibits pyruvate dehydrogenase allosterically, and this in turn reduces glucose oxidation;

citrate inhibits phosphofructokinase 1 and thus glycolysis itself, eventually resulting in the impairment

of glucose uptake (Randle et al. 1963). Indications that FFAs could account for only a part of the

insulin resistance in late onset diabetes and that a major part, perhaps as much as 50%, was unrelated

to fatty acids have been proposed (Boden et al. 1994; Boden and Chen 1995). Abdominal fat distribution

is closely related to insulin resistance, hyperinsulinemia and infertility. In females a relationship has

been shown between abdominal fat and infertility, and with weight reduction the recovery of fertility

as well as the increase of SHBG concentrations is in correlation with the reduction of intra-abdominal

fat. Body fat distribution in women of reproductive age appears to have more impact on fertility than
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age or obesity per se (Zaadstra et al. 1993; Leenen et al. 1994; Huber-Buchholz et al. 1999). Weight

reduction has therefore become incorporated as part of infertility treatment in an increasing manner

(Clark et al. 1995). The role of drug therapy in insulin resistance, using insulin sensitizing agents

souch as, metformin (Velazquez et al. 1994; Morin-Papunen et al. 1998; Morin-Papunen et al. 1998;

Morin-Papunen et al. 2000), thiazolidinediones,  the PPARγ agonists: troglitazone (Dunaif et al. 1996),

rosiglitazone and pioglitazone (Nattrass and Bailey 1999) and d-chiro-inositol (Nestler et al. 1999) is

under intensive investigation at present.

5.6. LEPTIN

5.6.1. LEPTIN HORMONE

The satiety factor leptin, the product of the ob-gene, is a circulatory 16-kDa helical cytokine protein

hormone produced predominantly in the adipocytes. Leptin has been shown to participate in the

control of food intake and adipose tissue mass in experimental animals and in humans (Zang et al.

1994; MacDougald et al. 1995; Weigle et al. 1995; Kennedy et al. 1997). Genetically leptin-deficient

mice and humans are morbidly obese (Zang et al. 1994; Montague et al. 1997; Strobel et al. 1998) and

infertile, and recombinant leptin treatment restores appetite control and reproductive function (Weigle

et al. 1995; Chehab et al. 1996; Farooqi et al. 1999; Ozata et al. 1999). A close relationship exists

between serum leptin concentrations and nutritional status. This has been demonstrated by a positive

association between leptin levels and body fat mass (Considine et al. 1996), increases in leptin levels in

acute and chronic over-feeding (Kolaczynski et al. 1996) and by a reduction of leptin levels with

weight loss, nutritional deficiency and increased energy expenditure (Maffei et al. 1995; Grinspoor et

al. 1996; Laughlin and Yen 1997). Leptin receptors and leptin mRNA have been identified in the

human hypothalamus and ovary respectively, and leptin mRNA and protein production have been

discovered in ovarian granulosa cells, oocytes and early cleavage stage embryos, placenta (Cioffi et al.

1996; Considine et al. 1996; Antczak and Van Blerkom 1997; Cioffi et al. 1997; Karlsson et al. 1997;

Luoh et al. 1997; Masuzaki et al. 1997; Senaris et al. 1997) and recently also in the stomac (Bado et al.

1998).

Fasting leptin concentrations in serum are approximately 1.2-97.9 ng/ml in humans and they

correlate closely with fasting insulin concentrations and the percentage of body fat (Ostlund et al.

1996). The half-life of leptin has been shown to be 24.9+4.4 min (Klein et al. 1996). Diurnal variation

in adults and pubertal girls (Sinha et al. 1996; Apter et al. 1999) and higher serum levels in women

than men, independent of adiposity, have been demonstrated (Kennedy et al. 1997). This sexual

dimorphism is observed even after correction for absolute measures of fat mass, fat-free mass, and

circulating insulin concentrations (Rosenbaum et al. 1993; Rosenbaum et al. 1997; Rosenbaum and

Leiben 1999). Serum leptin concentrtions increase with food intake (Considine et al. 1996; Kolaczynski

et al. 1996) and decrease with increased energy expenditure (Kennedy et al. 1997) (Laughlin and Yen

1997), stress and starvation (Grinspoor et al. 1996; Laughlin and Yen 1997). Leptin levels are also

influenced by glucocorticoids, androgens, insulin and fuel homeostasis (Tuominen et al. 1997; Saad et

al. 1998). Leptin concentrations using simultaneous arterio-venous blood sampling are shown to be

higher in the internal jugular vein than artery in females indicating that the brain is a nonadipose

source of leptin (Wiesner et al. 1999). Leptin secretion has been shown to be pulsatile and the pulse

amplitude is higher in obesity, and in females than in males (Sinha et al. 1996; Licinio et al. 1997;

Licinio et al. 1998). Leptin is bound to at least one binding protein which is a spliced variant of a

soluble leptin receptor (Sinha et al. 1996). Leptin mRNA levels in adipocytes depend on cell size and

location (Maffei et al. 1995) and are higher in female than male subcutaneous fat (Montague et al. 1997).
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Northern blot analysis has revealed that leptin mRNA is present at a high level in adipose tissue but at

much lower levels in the placenta and heart. Leptin mRNA is undetectable in a wide range of other

tissues. Comparative mapping of mouse and human DNA has indicated that the ob gene is located

within a region of mouse chromosome 6 that is homologous to a portion of human chromosome

region 7q (Green et al. 1995). The 167-amino acid-coding sequence of the human ob-gene is encoded

on two exons that are separated by approximately 2.9 kb of intronic sequences.

5.6.2. LEPTIN RECEPTOR

The leptin receptor gene is located in chromosome region 1p32 and leptin receptors include a long

isoform (Ob-RB) with 302 cytoplasmic residues and short isoforms (Ob-RA,C,D, and E) (Cioffi et al.

1996; Luoh et al. 1997; Tartaglia 1997). Leptin receptors are widely expressed in the body, including

the reproductive tissues (Cioffi et al. 1997; Karlsson et al. 1997) and other peripheral tissues, such as

the liver, gastrointestinal tract, and pancreatic β-cells. Long (Ob-RB) and short leptin receptor isoforms

are thought to play essential roles in mediating leptin signaling, transport and degradation. The receptors

mediate leptin internalization by means of a coated pit-dependent mechanism, leptin degradation by

means of a lysosomal pathway, and ligand-induced receptor downregulation (Uotani et al. 1999).

5.6.3. LEPTIN SIGNAL TRANSDUCTION

Leptin receptor activation results in tyrosine phosphorylation by janus kinases (JAK), which are associated

with the cytoplasmic portion of the ObR and activation of JAK/STAT pathways (Ghilardi and Skoda

1997). Leptin mimics insulin effects on glucose transport and glycogen synthesis through a

phosphatidylinositol-3 (PI-3). The leptin signal to PI-3 kinase has been suggested to occur via IRS-2

by activating JAK-2, which induces tyrosine phosphorylation of IRS-2, leading to activation of PI-3

kinase. This signaling pathway has been shown to be activated by a short leptin receptor isoform

(Kellerer et al. 1997). The long form of the receptor is selectively expressed in the arcuate and

ventromedial nuclei of the hypothalamus, known to regulate feeding behavior.

5.6.4. LEPTIN AND REPRODUCTION

Leptin is widely present in reproductive tissues. As mentioned before, leptin receptors and leptin

mRNA (and protein) are found in the human hypothalamus and ovary, and leptin mRNA and protein

production have been discovered in ovarian granulosa cells, oocytes and early cleavage stage embryos

(Cioffi et al. 1996; Considine et al. 1996; Antczak and Van Blerkom 1997; Cioffi et al. 1997; Karlsson

et al. 1997; Luoh et al. 1997). In rodents, leptin action takes place via hypothalamic neuroendocrine

mechanisms known to participate in the regulation of reproductive functions (Barash et al. 1996;

Considine et al. 1996; Wang et al. 1997). Hence, leptin is considered as a possible link between

nutrition and reproduction. In humans, genetic leptin deficiency is associated with genital infantilism

(Montague et al. 1997). Independent of adiposity, obese females have higher ob- mRNA and serum

leptin levels than obese males. Serum leptin levels rise 3.4-fold more rapidly as a function of BMI in

women than in men (Kennedy et al. 1997).
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Although leptin is present in reproductive tissues its relationship to reproductive hormones is still poorly

understood. The interpretation of data regarding circulating leptin concentrations is unique in

endocrinology because the anticipated amount of hormone is dependent upon the mass of its secretory

organ (Rosenbaum and Leiben 1999). Numerous studies of leptin and reproduction have been published

without appreciation of the need of adequate characterization of body composition. Controversial results

have been reported during hormone replacement therapy, oral contraceptive intake, ovulatory disorders,

the normal menstrual cycle (Riad-Gabriel et al. 1998) and ovulation induction. Studies on estrogen

hormone replacement therapy (HRT) have failed to demonstrate an association between estrogen intake

and leptin levels (Kohrt et al. 1996; Castracane et al. 1998). Studies on PCOS patients and patients

suffering from anorexia have led to association of leptin concentrations with the functionality of adipocytes,

nutritional status, and integrity of the reproductive axis, but not with ovarian steroids (Brzechffa et al.

1996; Laughlin et al. 1997; Laughlin and Yen 1997; Rouru et al. 1997). In vitro, however, leptin counteracts

the IGF-I-induced co-gonadotropic augmentation of FSH- stimulated estradiol-17b production in human

granulosa cells (Agarwal et al. 1999). Leptin concentrations have been found change during the menstrual

cycle and ovulation induction (Hardie et al. 1997; Mannucci et al. 1998).

5.6.5. LEPTIN AND PUBERTY

An increase in leptin concentrations may facilitate progress to puberty. Frisch and McArthur (1974)

proposed the concept of critical body weight necessary for menarche to occur. According to this theory,

menarche is triggered by the attainment of a critical percentage of fat, and the maintenance of menstrual

cycles requires the persistence of a minimal level of body fat. This theory has been criticized, as weight

and body fat mass are variable at the onset of puberty and menarche, and the mechanism linking adipose

mass to activation of the hypothalamic-pituitary-gonadal axis was lacking. Leptin has emerged as an

attractive candidate to signal adiposity to central neural networks. Serum leptin concentrations have been

measured in several clinical conditions. The pattern seems to be that serum leptin concentrations increase

during childhood in both sexes. During sexual maturation, levels rise further in girls, but decrease in boys

when testosterone and lean body mass increase (Vogel 1996; Clayton et al. 1997; Garcia-Mayor et al.

1997; Mantzoros et al. 1997; Wong et al. 1998; Ahmed et al. 1999; Demerath et al. 1999).

In experimental animals, leptin treatment restores the fasting-induced inhibition of gonadotropin

concentrations in both ob-/ob- and normal mice (Ahima et al. 1996; Barash et al. 1996). In particular,

leptin treatment of normal young female mice has been reducing the time of first estrous (Ahima et al.

1997; Chehab et al. 1997). In mice leptin is required for normal neuronal and glial maturation in the

nervous system (Chehab et al. 1997; Ahima et al. 1999).

Recent reports of children who fail to undergo puberty due to mutations in the leptin receptor (Cle-

ment et al. 1998) or leptin gene (Montague et al. 1997; Strobel et al. 1998) provide important evidence

for a central role of leptin in facilitating human pubertal development. In addition to severe obesity and

hypogonadism, human leptin deficiency may also be associated with GH and thyroid hormone

disturbances, a changed diurnal pattern of cortisol concentrations, and immune system dysfunction

(Ozata et al. 1999). A breakthrough in the growing literature concerning leptin has been the recent report

by Farooqi et al. (1999) on the effects of recombinant leptin therapy in a 9-year-old girl with congenital

leptin deficiency and undetectable serum leptin concentrations (Farooqi et al. 1999). Leptin can be

considered to be a factor permissive to the onset of puberty. A minimal threshold level of leptin is necessary

for pubertal development, but in humans it is not known whether leptin by itself is sufficient to initiate

puberty (Cunningham et al. 1999). The focus has changed from a critical weight to a critical level of

fatness and then to a critical level of metabolic signals (Apter 2000).
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6.  OBJECTIVES OF THE STUDY

The aim of the present study is to elucidate hypothalamic-pituitary-ovarian and metabolic characteristics

of PCOS from puberty to reproductive age with the purpose to further investigate the relationships of

metabolic and gonadotropic axises during common infertility treatments for PCOS. The specific aims

of the study were the following:

I The neuroendocrine characteristization of hyperandrogenic adolescent girls together with

age-matched controls (I), and adult lean and obese PCOS patients and weight matched

controls (III).

II The metabolic characterization of the hyperandrogenic adolescent together with the age-

matched normal girls (II) and adult lean and obese PCOS patients and weight matched

controls (III).

III To study the metabolic and gonadotropic axises during infertility treatment including

ovulation induction with clomiphene citrate in PCOS (IV), ovarian hyperstimulation for in

vitro fertilization (V) and weight reduction in obese infertility patients (VI).
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7. SUBJECTS AND METHODS

7.1. SUBJECTS AND INCLUSION CRITERIA’S

Papers I and II

Results from thirteen 11-18 year-old girls with mild to moderate clinical signs of hyperandrogenism

and 28 age-matched normal girls are reported.

Paper III

Thirty-two subjects were studied, consisting of 4 groups of 8 women characterized on the basis of the

presence or absence of both PCOS and obesity (lean controls [LC] and obese controls [OC] and lean and

obese women with a diagnosis of PCOS [LPCOS and OPCOS, respectively]). Obese women were

required to have BMI greater than 30 kg/m2 and lean women required to have a BMI less than 23 kg/m2.

The diagnosis of PCOS was based on perimenarcheal onset of oligomenorhea, elevated serum

levels of A and/or T, an increased LH/FSH ratio (>2.0), and ultrasonographic evidence of bilateral

enlarged polycystic ovaries (Pache et al. 1992). Regular cycling controls were studied during the early

follicular phase (day 2-5) of the menstrual cycle, and PCOS women were studied on a random day. In

no case had recent ovulation occurred in PCOS, as evidenced by retrospective measurement of serum

progesterone levels. Progestin withdrawal bleeding was purposefully avoided because administration

of progestins slows LH pulsatility (Berga and Yen 1989).

Paper IV

Eight patients with clinical and biochemical evidence of PCOS according to the inclusion criteria of

paper III were studied. Nine healthy normal-weight women with regular ovulatory menstrual cycles

were used as a control croup.

Paper V

The study involved 52 women (age 34+0.6 [mean+ SEM], range 24-40 yrs) participating in an IVF

program at the Family Federation of Finland, as a result of of infertility of various causes.

Paper VI

Ten young, severely overweight (BMI 37.1 + 3.3 [mean+ SEM] kg/m2) hyperandrogenic but otherwise

healthy women seeking help because of infertility and with no recent history of dieting or weight loss

were recruited from the infertility clinic. The women were selected on the basis of the following criteria:

1) age 20-35 years; 2) BMI > 30; 3) WHR > 0.9; 4) anovulation or oligo-amenorrhea with typical

finding of PCO on vaginal ultrasound (Pache et al. 1992); 5) primary or secondary sterility > 2 years;

6) no binge eating (BITE questionnaire < 20 points); 7) normal serum concentrations of thyroid-
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stimulating hormone (TSH), prolactin and DHEAS; 8) normal tubal patency, no endometriosis or

fibroids; 9) no coronary, liver, kidney or thyroid diseases, and 10) no contraindications for a very low

calorie diet (VLCD).

7.2. PROCEDURES

Papers I and II

Subjects were admitted to the General Clinical Research Center of the University of California-San

Diego Medical Center early in the morning after an overnight fast, and an iv line was inserted. A

frequent sample ivGTT was performed. Four hours after completion of the ivGTT, blood samples

were taken at 10 min intervals for 24 h starting at 1400 h. At the completion of the 24 h sampling

period pituitary responses to GnRH (10 µg), GHRH (1 µg/kg), and CRF (1 µg/kg) were determined,

with blood sampling continuing for 2 more hours. Sleep was recorded visually. In cycling girls, the

study was performed on cycle days 6-10. Abdominal ultrasonography of the uterus and ovaries was

performed with a 5 MHz transducer using the full bladder technique.

Paper III

Subjects were admitted to the General Clinical Research Center for 2 days. Blood samples were drawn

every 10 min for 24 h beginning at 0800 h. On the second day, insulin sensitivity (S
I
) was assessed in

all subjects by modified ivGTT. Twenty minutes after the glucose injection, an iv bolus of regular

insulin (0.03 U/kg for lean women and 0.05 U/kg for obese women) was injected. At 1800 h, pituitary

responses to simultaneously administered iv bolus GnRH and GHRH were determined. Serum GH,

LH, and FSH concentrations were determined before and after the iv bolus of GnRH and GHRH.

Paper IV

Ovulation induction with clomiphen citrate

Each PCOS patient was given 150 mg CC daily for 5 days. Daily fasting blood samples were collected

for 8 days, beginning 3 days before treatment. Control subjects received no treatment and fasting daily

blood samples were obtained for 8 days beginning on cycle day 1. Serum concentrations of LH, FSH,

E
2
, and IGF-I were determined in each sample and SHBG was measured in every second sample. A

separate serum sample was collected for progesterone determination during the mid-luteal phase in

normal cycling women, and 12 to 14 days after completion of CC treatment in PCOS patients.

Paper V

Ovarian hyperstimulation for in vitro fertilization (IVF)

Fifty two subjects underwent standard long protocol IVF treatment starting with intranasal GnRH

analog treatment during the mid-luteal phase of the cycle prior to ovarian hyperstimulation for 2-3

weeks. When ovarian hyperstimulation was begun, using individualized daily doses (150-450 IU) of

highly purified gonadotropin the GnRH analog dosage was reduced to half. The daily dose was to

increased by 75 IU if follicular recruitment had not started in 6 days.
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Sample collection

Early morning fasting serum samples were taken as follows: sample 1. at the time of ovarian suppression

prior to gonadotropin administration, sample 2. at maximal ovarian hyperstimulation prior to the

administration of 5000 IU chorionic gonadotropin (hCG), sample 3. at oocyte retrieval and sample 4. 16

days later after embryo transfer at the time of the s-hCG test. All subjects used 200 mg progesterone three

times per day intravaginally until sample 4. Leptin was measured in all serum and follicular fluid samples,

and other hormone concentrations from all serum samples. Follicular fluid was obtained at oocyte retrieval,

from two representative preovulatory follicles in both ovaries. Follicular fluid leptin concentrations were

corrected for the amount of phosphate-buffered saline used to flush the collection tubes at oocyte retrieval.

In papers V and VI, fat mass (FM), fat-free mass (FFM) and %BFM were measured by using a bioelectrical

impedance method (Franssila-Kallunki 1992).

Paper VI

Weight reduction program using very low caloric diet (VLCD)

A 6-week VLCD, 650 kcal/day (Dietta Mini, Semper-MediFood OY, Helsinki, Finland) was used, comprising

five meals/day (130 kcal/meal). The subjects were allowed coffee, non-caloric beverages and trace amounts

of vegetables. Smoking was prohibited. Weight loss and daily VLCD consumption were carefully monitored

in weekly group meetings. The diet was followed by a 4-week recovery period when no further weight loss

was allowed and the subjects returned to an energy-balanced normocaloric diet.

Study periods

One menstrual cycle (or a 30-day period in cases of amenorrhea) was studied prior to and after weight

reduction. Sampling after diet started from the onset of bleeding following the four-week normocaloric

period or immediately after it in cases of amenorrhea. Baseline serum hormone concentrations were those in

samples taken in the early follicular phase on cycle day 3-6 in conditions when estradiol concentrations were

<0.20 nmol/L and progesterone concentrations <3.5 nmol/L and no dominant follicles were found in

vaginal ultrasonography.

Procedures before and after weight reduction

In the early follicular phase, the subjects underwent a 75g, 3h OGTT, followed a few days later by a

150-min euglycemic hyperinsulinemic clamp (45 mU/ m2 x min) in combination with indirect

calorimetry (DeFronzo et al. 1979; Ferrannini 1988). Insulin-stimulated glucose uptake was expressed

per kilogram fat-free mass.

Urine sample collection

Patients collected their first morning urine daily for 30 days or over one menstrual cycle before and

after weight reduction. The urinary LH and FSH results reported represent means of samples collected

during the follicular phase (12 to 2 days before the LH surge, or 10 consecutive samples in cases of amenorrhea).
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7.3. ETHICAL CONSIDERATIONS

The protocols for the studies I-IV were approved by the committee on investigations involving human

subjects, of the University of California-San Diego. The protocols for papers V and VI were approved

by the Ethics Committee of the Family Federation of Finland, and for paper VI also by the University

of Helsinki, Department of Medicine, Division of Internal Medicine. In papers I and II detailed

explanations of the studies involved were fully conveyed to each subject and their parents and written

informed consent was obtained from both. In papers III-VI written informed consent was obtained

from each participant.

7.4. ASSAYS

Serum LH and FSH concentrations were measured in papers I, II, V and VI by highly sensitive

immuno-fluorometric assay (IFMA) methods (Delfia®, Wallac, Turku, Finland). Twenty-five µl of

sample was used in duplicate for both LH and FSH assays in serum and urine. All samples from an

individual subject were measured in the same assay. In papers I and II the assay sensitivity for both LH

and FSH was 0.02 IU/L. In paper VI daily urinary samples were stored at +4 oC as described by Demir

et al. (Demir et al. 1994). All samples from a single cycle were analyzed in one assay. All measurements

were carried out in duplicate. The intra-assay CV for LH was < 5% at 4.0 IU/L (serum) and also at 4

different levels ranging from 1.5 to 95.0 IU/L in urine. For FSH the intra-assay CV was 3% at 12 IU/

L in serum and 8% at 8.5 IU/L in urine.

In papers III and IV serum LH and FSH concentrations were measured by RIAs, as previously

described (Loucks et al. 1989). The sensitivities of the assays were 0.7 IU/L for LH and 1.8 IU/L for

FSH, with respective intra- and interassay CVs of 3.4% and 5.0% for LH and 3.0% and 4.6% for

FSH.

Serum GH concentrations in paper II were determined using RIA (Yen et al. 1967).

Serum GHBP concentrations were measured by a GH-binding/immunoprecipitation assay according

to the procedure described by Ho et al. (1993).

Serum SHBG concentrations in papers II-V were determined by IFMA (Delfia®, Wallac Inc., Turku,

Finland) and in paper VI by IEMA (Medix Biochemica, Kauniainen, Finland).

Serum steroid concentrations in papers I-IV (estrone [E
1
], estradiol [E

2
], A, T, 17-hydroxyprogesterone

[17OHP]), and dehydroepiandrosterone sulfate [DHEA-S] were measured by established RIAs (An-

derson et al. 1976). In papers V and VI well established IFMAs (Delfia, Wallac, Finland) were used for

estradiol and progesterone measurements and RIA for other steroid hormones.

Plasma glucose concentrations were determined by the glucose oxidase method during ivGTTs (papers

II and III), using an automatic analyzer (Yellow Springs Instrument Co., Yellow Springs, OH), and in

study VI, using an automatic analyzer from Beckmann Instruments Inc., USA.

Serum insulin levels were measured by a double antibody RIA.
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Serum IGF-I levels in papers II-IV were measured by RIA after acid-ethanol extraction, using kits

from Nichols Institute Diagnostics, (San Juan Capistrano, CA). In paper VI, concentrations of IGF-I

were measured by RIA using commercial kits from Incstar Corporation, (Stillwater, MN).

Serum IGFBP-1 concentrations in papers II and III were measured in duplicate in 50 µl serum, by

time-resolved IFMA as described by Holden et al. (1995). The detection limit of the assay is 0.06

µg/L, the intra-assay CV 4% and the inter-assay CV 9.5%. Concentrations of IGFBP-1 in paper VI

were measured by with IFMA as described earlier by Koistinen et al. (1996).

Serum IGFBP-3 concentrations in papers II and III were measured using RIA kits (Corning-Nichols

Institute, San Juan Capistrano, CA), with a sensitivity of 0.1 ug/L and intra-assay and interassay CVs

of 3.0% and 7.2%, respectively. In paper VI a method described earlier was used (Koistinen et al.

1994).

Leptin concentrations in papers V and VI were measured by using a commercial radioimmunoassay

(Linco Research Inc., St Charles, MO, USA) with a sensitivity of 0.4 ng/ml, an intra-assay CV of 2.7-

9.9% and an interassay CV of 9.1-7.4% at levels of 4-20 ng/ml respectively.

7.5. PULSE ANALYSIS

Papers I -III

Significant pulses of LH in papers I and II and were identified from frequent (10 min) samples, using the

Cluster program described by Veldhuis and Johnson (Veldhuis and Johnson 1986). Two points for peaks

and nadirs, and t-statistics of 2.2 x 2.2 were used. Assay variability was related to the concentration measured

(x) with a quadratic equation (Apter et al. 1993). Pulse amplitude was defined as the increase from nadir to

following peak maximum. Significant pulses of GH were identified from frequent (20 min) samples (Veldhuis

and Johnson 1986) using two points for peaks and nadirs, and t-statistics of 2.5x2.5. The pulsatile activities

of LH and GH were analyzed in study III using cluster configurations of 2x1 and 2x2 and t-statistics of

2.1x2.1 and 3x3 for LH and GH, respectively. In papers I-III, pulse number per 24 h, mean pulse amplitude,

and 24-h mean concentrations were determined for each subject.

7.6. STATISTICS

In studies I, II, IV and V means were compared using one and two way analyses of variance with post-hoc

testing (I, II, IV) and Tukey´s studentized range test (V). In study III results were compared by two-factor

(obesity and PCOS) ANOVA, followed by Dunnett´s post-hoc comparisons. Single, multiple, and

polynomial regression coefficients were calculated when appropriate. The S
1
 was analyzed by the MINMOD

computer program (R.N. Bergman) (Bergman et al. 1986). The integrated AUCs were determined by

the trapezoidal method. Non-Gaussian-distributed variables were logarithmically transformed before

analysis. Students t-test for independent samples was used in paper IV for group comparisons and the

paired t-test was used in paper VI. Relationships between variables were examined by calculating

Pearson’s correlation coefficients, by linear regression analyses and analysis of covariance (ANCOVA)

as appropriate. All results are given as mean+SEM. A value of P < 0.05 was considered significant.



31

 I II III IV V VI

 13/10* 13 16 8 52 10

 28/19* 28 16 (9)

1) 24-h q 10 1) ivGTT 1) 24-h q 10 1) CC 150 1) standard 1) 6 week

min sampling min sampling mg/day IVF treatment VLCD +

for LH, FSH 2) 24-h for LH, GH during 4 week

profiles for cycledays 3-7, 2) Fasting normocaloric

1.1) baseline GH 2) modified no treatment serum samples: period.

(q 20 min) ivGTT in 9 normals at ovarian

1.2) ovarian insulin suppression, 2) study

suppression* (q 60 min) 3) IGFBp-1, 2) daily serum maximal period before

IGFBp-1 IGF-I samples on ovarian and after

1.3) adrenal (q 60 min) (q 30/60 min) cycledays hyperstimulati- weight

suppression* 3-10 for on, oocyte intervention

3) SHBG 4) insulin IGF-I, SHBG, retrieval and

2) 24-h q 60 and (q 60 min) E
2
, LH, FSH 16 days 3) Procedures:

min profiles IGFBP3 after embryo nu-LH and FSH

for cortisol, (pooled 5) SHBG and transfer for for 10 days during

DHEA, A, T, ample) IGFBP3, leptin, follicular phase

E
1
, E

2
, 17 GHBP, FSH insulin, 4) OGTT +

PO,17PE 4) pituitary DHEAS, A, T, LH, FSH, insulin clamp

challange: E
1
, E

2
, 17OHP SHBG, P, E

2

3) pituitary GHRH fasting  0800h 5) fs-A,

challange: sample 3) follicular -DHEAS,

CRF, GnRH fluid at -SHBG,

6) pituitary oocyte -uric acid,

4) Abdominal challange: retrieval -leptin,

US GnRH and -IGF-I,

GHRH 4) antropomet- -IGFBP-1,

ric measures -IGFBP-3

and bioelectri-

cal impedance 6) indirect

calorimetry

7) antropometric

measures and

bioelectrical

impedance

Study

No of

Subjects

Controls

Methods &

treatments

TABLE 4. A SUMMARY OF SUBJECTS, METHODS AND TREATMENTS IN THE STUDIES I-VI.
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 8. RESULTS

8.1. CLINICAL AND BASELINE ENDOCRINE CHARACTERISTICS

OF PATIENTS

Out of the 28 adolescent normal subjects (papers I and II), 5 were premenarcheal and 23 postmenarcheal

with regular cycles. Eleven of the 13 HA girls were oligomenorrheic or amenorrheic and two had regular

menstrual cycles (lengths < 5 weeks). Six of the HA girls were clearly obese. The degree of hirsutism of the

HA subjects ranged from mild to moderate. Three of the obese HA girls had acanthosis nigricans. A

larger ovarian volume in the HA group was observed (HA:11.7±0.7 vs. normal: 5.2±0.5 ml, P < 0.0001)

The study groups LC, LPCOS, OC, OPCOS (paper III) were matched for age, BMI, and waist to

hip ratio. For details see paper III table 1. In PCOS patients the baseline endocrine features and differences

from their respective BMI-matched controls were consistent with the diagnosis of PCOS for lean and

obese subjects. Serum A,T, and 17OHP, concentrations were similarly elevated in both lean and obese

PCOS over their corresponding control values. Serum SHBG levels were decreased (P < 0.05) in OPCOS

compared to both LPCOS and OC.

 In the eight PCOS subjects using CC for ovulation induction a baseline LH FSH and E
2
 levels were

consistent with PCOS. Ovulation was confirmed in five of eight women with PCOS receiving CC

treatment, by them having a midluteal P level > 35 nmol/L. Clinical and anthropometric characteristics

of the 52 women (paper V) participating in the IVF treatment are summarized in Paper V/Table 1. In the

ten severily obese women participating in the weight reduction program a significant change in the

clinical antropometric characteristics was acchieved. A 6-week VLCD followed by a 4-week normocaloric

period resulted in a 11% (6-17 kg) weight reduction (BMI 36.1+1.4 to 32.0+1.1 kg/m2, P < 0.01,

% BFM 39.2+0.9 to 36.0+1.0 %, P < 0.01) and a small reduction in fat-free body mass (FFM, 61+2.0 to

57+1.8 kg, P < 0.01) and a decreased WHR (0.96+0.03 to 0.91+0.02, P < 0.01).

8.2. LH SECRETORY DYNAMICS IN HYPERANDROGENIC

ADOLESCENTS

In HA girls, LH pulse frequency was increased during both wake (P < 0.04) and sleep periods (P <

0.01); pulse amplitude was selectively increased during the wake period (P < 0.02), and mean LH

levels were elevated during both wake and sleep periods. Eleven of the 13 HA girls had higher levels of

LH during wake than sleep periods, compared with 46% of the normal girls (P = 0.03). Representative

24 h wake and sleep LH pulsepatterns are shown in Fig 1. Regression analysis of the sleep/wake ratio

in LH concentrations vs. age revealed that the reversal of the pubertal pattern of predominantly sleep-

related LH secretion to higher concentrations during periods of wakefulness occurred in HA girls at

13.4 years compared with 15.8 years of age in normal girls. In response to GnRH, LH levels reached a

higher peak concentrations in HA girls than in normal girls (P = 0.03), although absolute and relative

responses were not significantly different. FSH responses did not differ in the two groups.
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LH PULSATILITY IN NORMAL AND HYPERANDROGENIC ADOLESCENTS

Fig 1.Twenty-four-hour pulsatile LH patterns in pre- and postmenarcheal HA girls (right panel) and two

developmentally matched normal girls (left panel). Asterisks indicate significant pulses.

A marked elevations of serum A, T,17OHP and E
1
 concentrations (P < 0.0001) throughout the 24 h

period were observed in HA girls, with no differences in cortisol, DHEA, orE
2
 levels. Increased 17OHP,

A, T, and E
1
 concentrations in HA girls were related to higher concentrations of LH as evidenced by

the correlations between levels of LH and 17OHP (r =0.73), A (r =0.81), T (r =0.66) and E
1
 levels

(r =0.65) (P < 0.0001 for all).

EFFECT OF OVARIAN AND ADRENAL SUPPRESSION ON GONADOTROPIN AND
STEROID LEVELS IN ADOLESCENTS

The pulse amplitude for LH was markedly attenuated following GnRH antagonist treatment in both

HA and normal girls but, a pulsatile pattern remained apparent. When compared with baseline, Nal-

Glu GnRH antagonist treatment resulted in suppression of LH (70%) and FSH (35%). The relative

degree of suppression was similar in both groups and consequently the higher LH/FSH ratio in HA

girls than in controls was maintained. This decrease in gonadotropin levels was associated with reductions

on 17OHP, A, T, and E
1
 concentrations with relatively similar declines for HA and normal girls (17OHP

53% vs. 46% ; A 46% vs. 44% ; T 28% vs. 28% ; and E
1
 45% vs. 59%), suggesting gonadotropin-

mediated ovarian contribution to these steroid concentrations. However, the steroid levels in HA girls

remained greater than in normal girls and the relationship between LH and A concentrations was

maintained (r =0.48, P = 0.009). DHEA and 17PE concentrations were unaltered.

Treatment with dexamethasone had no effect on LH and FSH levels. The 24 h LH pulse frequency

and amplitude were highly correlated to those observed in baseline studies (r =0.78 for frequency and
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r =0.70 for amplitude, P < 0.0001). Treatment with dexamethasone treatment induced an 80% decline

in cortisol levels in both HA and normal girls and 17PE and DHEA levels were markedly suppressed

in both groups. Concentrations of 17OHP, A, T and E
1
 exhibited a greater relative suppression in

normal girls than in the HA, an indication of the ovarian contribution to these steroid concentrations

in HA girls.

8.3. METABOLIC FEATURES IN HYPERANDROGENIC AND

NORMAL ADOLESCENTS

Fasting insulin concentrations, the maximal insulin response, and AUC during ivGTT, were all

significantly elevated in the HA group compared with the normal group (Paper II/ Fig. 1, Tables 1 and

2). The insulin and IGFBP-1 concentrations during 24 h are shown in Fig. 2. After each meal, the

peaks in serum insulin concentrations were greater in HA girls than in normal girls, resulting in an

elevation in mean levels during the feeding phase (P = 0.003) and over 24 h mean levels (P = 0.01). In

the HA girls, hyperinsulinemia extended into the fasting period (P = 0.02) with a 2-fold maximal

difference between the two groups at 0800 h. This relative hyperinsulinemia was associated with

decreased IGFBP-1, with a 3-fold lower concentration during the fasting phase in HA girls than in

normal girls. Lower concentrations of SHBG in the HA group were also inversely related to insulin

concentrations (r =-0.51, P = 0.0007).

DIURNAL INSULIN AND IGFBP-1 PROFILES OF NORMAL AND
HYPERANDROGENIC ADOLESCENTS

Fig 2. Mean +SE concentrations of insulin (n) and IGFBP-1 (O) measured hourly during feeding and

fasting phases in 28 normal and 13 HA girls over 24 h. Mealtimes are indicated by arrows.

Factors in addition to obesity were found to be involved in the elevation of insulin levels observed in

obese HA girls. Fasting insulin concentrations were highly correlated with maximal insulin responses

to iv glucose (r =0.83), AUC (r =0.93), and 24-h mean insulin levels (r =0.73) (P < 0.0001 for all).

Although these measures were BMI-dependent (P < =0.0001) in both groups, the relationship between

insulin and BMI differed, as indicated by a greater (P = 0.005) slope of regression for BMI vs. fasting

insulin levels in HA girls than in normal girls (Paper II/Fig. 4). Moreover, after correcting for the effect

of BMI in covariance analysis, fasting insulin, insulin AUC and 24-h mean insulin concentrations

remained higher in HA girls as a group (P = 0.01, 0.047, and 0.009, respectively), even though normal
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weight HA girls did not have elevated insulin levels. Mean 24-h GH concentrations, pulse frequency,

pulse amplitude, and the maximal GH response to GHRH did not differ between the groups.

Concentrations of GH in the two groups were inversely related to both age (r =-0.54, P = 0.0004) and

BMI (r =-0.50, P = 0.001). Levels of IGF-I, which were inversely correlated with age (R =-0.51, P =

0.0006) but not with BMI (r =-0.14, P = 0.35) did not differ between the two groups, even after

correcting for age in covariance analysis. Concentrations of IGF-I and GH were significantly correlated

(r =0.39, P = 0.016). Serum concentrations of IGFBP-3 did not differ between the HA and normal

groups.

INSULIN AND LH LEVELS VS. OVARIAN VOLUME AND STEROID
CONCENTRATIONS

Multiple regression analysis showed that ovarian volume depended mainly on LH concentrations (P =

0.0002); but, fasting insulin levels also had a significant effect (P = 0.0016), with LH accounting for

37% and insulin for 18% of the variability in ovarian volume. The additive effects of LH and insulin

were evident in those subjects with high ovarian volume and relatively low LH concentrations, but

high fasting insulin levels > 400 pmol/L (Paper II/Fig. 8). Multiple regression analysis revealed that

concentrations of A,T and E
1
 were positively correlated with ovarian volume (P < 0.001), independent

of LH, suggesting that factors in addition to LH may play a role in circulating steroid levels in HA

girls. The potential influence of insulin on ovarian steroids, independent of LH, was evaluated by

stepwise regression analysis of steroid concentrations with insulin and LH levels under basal conditions

and during Nal-Glu and dexamethasone suppression. Under basal conditions, approximately 50% of

the variation in A, T, E
1
 and 17OHP levels in the two groups was accounted for by LH levels. However,

suppression of LH by Nal-Glu unmasked the influence of insulin, whereby concentrations of insulin

correlated with levels of A, T, E
1
, and E

2
 to a greater degree than did those of LH (Paper II/Table 4).

8.4. LH SECRETORY DYNAMICS IN ADULT PCOS

Compared with controls, fasting LH levels were 2- to 3-fold higher (P < 0.001) in both lean and obese

PCOS subjects. Levels of LH were higher (P < 0.05) in LPCOS than in OPCOS subjects. In both

LPCOS and OPCOS subjects an accelerated LH pulse frequency (both P < 0.001) compared with

controls was found (Fig 3.). An elevation in LH pulse amplitude was observed selectively in the LPCOS

group (P < 0.001 vs. LC and P < 0.01 vs. OPCOS) as illustrated in fig. 3. The augmented 24-h mean

LH pulse amplitude in the LPCOS group was strongly correlated with the increases in 24-h mean GH

pulse amplitude also found exclusively in LPCOS subjects (r =0.95; P < 0.001). The 24-h mean LH

levels in the LPCOS group were 3-fold higher (P < 0.001) than in their controls, whereas increased

pulse frequency alone in OPCOS group resulted in a 2-fold elevation of 24-h mean LH concentrations

(P < 0.001). The peak LH increment and the integrated area in response to GnRH stimulation were

augmented (P < 0.001) in both LPCOS and OPCOS compared to those in their respective controls,

with a greater (P < 0.05) response in LPCOS than in OPCOS subjects.
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Fig 3. Mean+SE 24 h LH levels, pulse amplitude and pulse frequency in LPCOS and OPCOS and their

respective controls LC and OC. ( a= P < 0.001, vs. corresponding control group, b=P < 0.01; c=P < 0.001,

vs. corresponding lean group)

8.5. METABOLIC FEATURES OF ADULT PCOS

In the LPCOS group, a significant (P < 0.05) elevation of insulin levels vs. LC subjects occurred only

in response to meals. In the OPCOS group, there was a 3 fold greater increase in serum insulin levels

than in OC subjects during feeding (P < 0.001) and fasting periods (P < 0.001). Thus, 24-h mean

insulin levels were 3 fold greater in OPCOS than in OC subjects (P < 0.001) and 5-fold greater than

in LPCOS subjects (P < 0.001) as illustrated in fig 4. (right panel). In control subjects, the OC group

exhibited 2 fold higher insulin levels during fasting at 0800 h (P < 0.001), in response to meals (P <

0.001), and during nocturnal fasting (P < 0.01) than LC subjects. Insulin sensitivity (S
I
), as displayed
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in fig 4. (left panel) and Paper III/Table 2, was significantly decreased (P < 0.01) in LPCOS subjects

compared with LC subjects. There was a further decrease in S
I
 in the obese groups (P < 0.001), with a

2-fold greater (P < 0.001) reduction in OPCOS than in OC subjects. The AUCs of insulin and plasma

glucose concentrations in response to iv glucose were higher (P < 0.001) and the acute insulin release

in response to glucose was 2-fold greater in both the OC and OPCOS subjects compared with those in

the lean groups. Insulin senitivity and 24-h insulin levels (both log-transformed) were inversely correlated

for the groups considered together (r =-0.75; P = 0.00001). Although plasma glucose levels were

within the normal range, 24-h mean plasma glucose concentrations were elevated only in OPCOS

subjects compared with both OC (P < 0.01) and LPCOS (P < 0.05).

Fig 4. Mean+SE S
I 
, as determined by the rapid ivGTT and 24-h mean insulin levels in LPCOS and

OPCOS and their respective controls LC and OC.

(a= P < 0.05; b= P < 0.01; c= P < 0.001)

Levels of IGFBP-1 and their inverse diurnal relationship with insulin were similar in LC and LPCOS

subjects (Paper III/Fig. 3a). As a result of hyperinsulinemia a marked decrease of IGFBP-1 was found

in the OC group with 24-h mean concentrations 4-fold lower (P < 0.01) than in the LC group. In

OPCOS with greater hyperinsulinemia, IGFBP-1 levels were further suppressed throughout 24-h

with an additional 4-fold (P < 0.001) reduction in mean IGFBP-1 levels compared with the OC.

Comparable diurnal rhythms were maintained in both the OC and OPCOS groups relative to the LC

and LPCOS groups.

GH pulse frequencies were similar but mean GH pulse amplitude was elevated by 30% in the

LPCOS group (P < 0.01) compared with the LC group. In contrast, GH pulse amplitude was markedly

attenuated (P < 0.001) in both the OC and OPCOS groups, with a 50% reduction in 24-h mean GH

levels vs. values in their lean counterparts. Peak and integrated GH responses to GHRH were also

blunted (P < 0.001) in the obese groups. Thus, the presence of obesity fully accounted for attenuation

of 24-h GH dynamics in PCOS. The 24-h mean serum concentrations of IGF-I and IGFBP-3, and

the IGF-I/IGFBP-3 ratio were similar in all groups. The marked reduction of IGFBP-1 levels in OC

and OPCOS subjects resulted in more than a 3-fold increase in the IGF-I/IGFBP-1 ratio, with a

greater elevation in OPCOS than in OC subjects (P < 0.05).

24H INSULININSULIN SENSITIVITY

 OCLC
LPCO

 OPCO  OCLC
LPCO

 OPCO
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LH, INSULIN, AND GH AXIS VS. STEROID CONCENTRATIONS IN ADULT PCOS

Relationships between 24-h mean LH and insulin concentrations, the ratio of IGF-I/IGFBP-1, and

24-h mean GH pulse amplitude vs. circulating steroid hormone levels were determined separately in

the lean (LC and LPCOS) and obese (OC and OPCOS) groups by regression analyses (Paper III/

Table 5). Concentrations of LH were positively correlated with those of 17OHP, A, T, E
1
 and E

2
 for

both lean and obese groups. Levels of GH were correlated with concentrations of A, T, E
1
 and E

2
 only

in the lean groups, whereas insulin levels and the ratio of IGF-I/IGFBP1, were correlated with

concentrations of 17OHP, A, T and E
1
 selectively in the OC and OPCOS groups. The presence of a

positive relationship between LH and insulin levels in the obese groups (r = 0.68, P = 0.004), and

between LH levels and GH pulse amplitude in the lean groups (r = 0.76, P = 0.0006) was evident.

8.6. THE EFFECT OF CLOMIPHEN CITRATE IN PCOS

A progressive decrease of circulating IGF-I levels was observed during CC treatment in PCOS subjects

with a mean maximal decrease of 29 + 5% on the 5th day of treatment (P < 0.005; Paper IV/Fig. 1)

whereas no change was observed in untreated controls during a normal follicular phase. A significant

negative correlation between age and the maximal absolute decrease of IGF-I levels (r = 0.78, P < 0.05)

was observed in the PCOS group. The expected increases in LH, FSH and E
2
 levels during CC treatment

were correlated inversely with IGF-I levels: LH (r = -0.95, P < 0.001, FSH ( r = -0.88, P < 0.01 and E
2

(r = -0.9, P < 0.001). A 23% increase in SHBG levels (p < 0.005) also occurred during CC treatment

in women with PCOS. This change was negatively correlated to the decrease in IGF-I levels (r = -0.98,

P < 0.01) and positively to the increase in E
2
 (r = 0.99, P < 0.01) and LH levels (r = 0.95, P < 0.05). In

normal cycling women SHBG did not change. Despite the increase in SHBG levels in PCOS subjects

after treatment, circulating concentrations remained significantly lower than those in normal untreated

women on cycle day 8 (37.9 + 6.9 versus 80.5 + 8.8 nmol/L, P < 0.001).

8.7. THE EFFECT OF OVARIAN HYPERSTIMULATION ON

LEPTIN CONCENTRATIONS

A significant 60% increase in fasting mean serum leptin concentrations (p < 0.01) was observed from

suppression to ovarian hyperstimulation (Fig. 5). Among the 52 subjects studied, an increase of between

22 - 198% was detected in 43 subjects, whereas in 9 subjects leptin levels remained unchanged. Serum

leptin levels remained high until oocyte retrieval but had decreased to baseline 16 days later. Mean

follicular fluid leptin levels were similar to serum levels ( fig.5) and they were significantly correlated

(r = 0.90, P < 0.001).
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Fig 5. Comparison of leptin concentations during 1) ovarian suppression, 2) maximal ovarian stimulation,

3) oocyte retrieval, and 4) 16 days later at the time of the pregnancy test. Leptin concentrations in serum (S)

and follicular fluid (FF) at upper right were compared for sample 3.

The mean cumulative FSH dose (cFSHd) administered was 31814 + 1953 IU/treatment. There was a

significant negative relationship between cFSHd needed and follicle number (r = -0.46, P < 0.001).

FSH administration resulted in 20-fold increase in estradiol concentrations. Serum LH levels remained

low. Progesterone levels increased 30-fold (P < 0.001). No significant correlations were found between

the concentrations of leptin, FSH, estradiol or LH. Fasting insulin concentrations did not change

significantly as a result of ovarian hyperstimulation. Throughout the study fasting insulin concentrations

were positively correlated with leptin concentrations.

LEPTIN, BODYCOMPOSITION AND OVARIAN RESPONSE

The variability in serum leptin levels was significantly accounted for by the variability in body

composition. In separate linear regression analysis, %BFM contributed to 59 - 64%, BMI to 46 -

56%, and weight to 46 - 55% (all P < 0.001) of the variability in leptin concentrations. Positive

correlations of leptin concentration change with %BFM and fat mass (r = 0.55 and r = 0.58, both P <

0.0005) were observed in the 43 leptin responders (Paper V/Fig. 2). The percentage change in leptin

concentrations from the time of suppression to oocyte retrieval was negatively related to the number of

follicles (P < 0.05) and the number of oocytes retrieved (P < 0.01) demonstrating a negative relationship

between leptin increase and ovarian response. When the relationship of leptin increase and ovarian

response was examined using cFSHd as covariant (ANCOVA), the magnitude of the leptin concentration

increase between samples 1 and 3 and the number of oocytes retrieved were significantly negatively

related (P < 0.05) in all subjects. When only the leptin responders were analyzed, using covariance,

leptin increase and cFSHd both contributed negatively to the number of follicles (both P < 0.05). The

percentage leptin increase was negatively correlated with WHR (b=-0.31, r2= 9.3%, P < 0.05). There

was no significant correlation with the number of follicles and BMI, %BFM or basal leptin or insulin

concentrations.
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8.8.  THE EFFECT OF WEIGHT REDUCTION ON LH AND

METABOLIC VARIABLES

A 45% decrease in transverse mean follicular phase nocturnal urinary nu-LH concentrations was

observed after weight reduction (P < 0.05), while mean nu-FSH remained constant (Fig. 6). The nu-

LH/FSH ratio therefore decreased by 45% (P < 0.05). Fasting insulin concentrations decreased by

38% (P < 0.01). Insulin-stimulated glucose uptake increased by 40% (P < 0.01). This was accounted

for by a 157% (range -23% to 676%, P = 0.003) increase in nonoxidative glucose uptake. Insulin-

stimulated glucose, lipid and protein oxidation remained unchanged. There was a 37% reduction in

the mean leptin concentrations (P < 0.001). A 46% increase in mean IGFBP-1 concentrations

(P < 0.05) and a 52% decrease in the IGF-I/IGFBP-1 ratio (P < 0.05) was observed, while IGF-I and

IGFBP-3 concentrations remained unchanged. Decreases in the concentrations of androstenedione

by 32% (P < 0.005), testosterone by 20% (P < 0.005) and DHEAS by 13% (P < 0.05) were accompanied

by a 39% increase in SHBG concentrations (P < 0.01).

FOLLICULAR PHASE NOCTURNAL URINARY LH AND FSH MEAN
CONCENTRATIONS BEFORE AND AFTER WEIGHT REDUCTION

Fig 6. Mean nu-LH and nu-FSH concentrations and the LH/FSH ratio before and after weight reduction

based on transverse means of 10 consecutive morning urine samples collected during the follicular phase.

CORRELATIONS OF LH, CLUCOSE UPTAKE, BODYCOMPOSITION AND
HORMONES

Fig 7. (A-D) illustrates the correlations between changes in nu-LH and changes in WHR, SHBG

concentrations, the absolute level of glucose uptake before the VLCD and the correlation between

LH/FSH-RATIONU-LH NU-FSH

P<0.05P<0.05P<0.05P<0.05P<0.05 P<0.05P<0.05P<0.05P<0.05P<0.05N.S.N.S.N.S.N.S.N.S.
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nu-LH and fasting insulin concentrations after the VLCD. A negative correlation was found between

percent LH change and glucose uptake (Fig 7 A) and absolute SHBG change (Fig 7 C). A positive

correlation was found between fasting insulin and LH (Fig 7 B). In addition, the percentage change in

nu-LH concentrations correlated negatively with glucose uptake (r = -0.69, P < 0.05) and positively

with uric acid concentrations (r = 0.82, P < 0.005) after the VLCD.

Fig 7. Pearson´s correlation between percent change in nu-LH and glucose uptake/fat-free mass in period 1

(A), nu-LH levels and fasting insulin in period 2 (B), percent change in nu-LH and absolute change in

SHBG (C), and percent change in WHR (D)

After weight reduction the absolute nu-LH mean concentrations correlated negatively with glucose

uptake (r = -0.67, P < 0.05) and positively with fasting serum insulin (Fig 7. B) and the absolute

change of %BFM (r = 0.77, P < 0.01). A bigger improvement in glucose uptake was observed in those

patients whos percentage reduction in serum testosterone levels was higher (r = -0.69, P < 0.05).

Fasting insulin concentrations correlated with absolute concentrations and the percentage change in

testosterone concentrations (r = 0.65 - 0.72, both P < 0.05). The percentage change in serum leptin

concentrations correlated negatively with the percentage change in fasting insulin (r = -0.69, P < 0.05).

No relationship was found between absolute levels or changes in nu-LH concentrations and leptin,

IGF-I, IGFBP-3 and IGFBP-1 concentrations, the IGF-I/IGFBP-1 ratio, BMI or FFM.
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9. DISCUSSION

The present six studies illustrate hypothalamic-pituitary-ovarian and metabolic characteristics of PCOS

subjects from puberty to reproductive age and outline metabolic and endocrine characteristics and

their relationships during pubertal development, adulthood and infertility treatment.

9.1. PUBERTAL ONSET OF PCOS

The results in Papers I and II describe a difference in the function of the gonadotropic and metabolic

axises in HA girls versus normal girls. Enlarged ovaries, hypersecretion of LH, seen as increased pulsatility

and 24 h transverse mean concentrations, and increased responses to GnRH stimulation tests all

demonstrate pituitary-ovarian features typical of PCOS. In keeping with our results similar

hypersecretion of LH was recently reported in 12 HA adolescents girls versus 11 controls with

deconvolution techniques (Garcia-Rudaz et al. 1998) for LH pulse study. Adolescent PCOS subjects

have also been reported to exhibite a 3-fold higher mean serum LH concentration, higher frequency, a

greater mass of LH released per secretory event, prolonged mean estimated half-life of endogenous LH

disappearance, a rise in basal (non-pulsatile) LH release, a prolongation or asymmetry of the LH

secretory burst and more basic LH isoforms (Ropelato et al. 1999).

In HA subjects the serum concentrations of 17OHP, A, T and E
1
 and their correlations with those

with LH indicated an ovarian origin of hyperandrogenism particularly as no significant differences in

the concentrations of the adrenal steroids DHEA, 17PE and cortisol between HA and control subjects

were observed. Similar findings have been confirmed later (Ibanez et al. 1997). A pituitary-ovarian

abnormality was further supported by the effectivity of ovarian supression with Nal-Glu to reduce LH

concentrations and ovarian steroidogenesis and by the ineffectiveness of dexamethasone to do so in

HA subjects. With Nal-Glu the reduction of LH concentrations was comparable to that observed in

prepubertal (Apter et al. 1993) and postmenopausal females (Mortola et al. 1989). Despite the decrease

in LH pulsatility and ovarian steroidogenesis during ovarian suppression, a clear difference between

HA and normal girls was maintained. The HA subjects in the present study appeared to have increased

ovarian 17 α-hydroxylase activity, as found in adults with PCOS (Barnes et al. 1989; Barnes et al.

1993), with no major adrenal steroidogenic abnormalities. Suppression of LH by Nal-Glu in the HA

girls unmasked the influence of insulin, whereby concentrations of insulin correlated with levels of A,

T, E
1
, and E

2
 to a greater degree in the suppressed LH state. Luteinizing hormone accounted for 37%

and fasting insulin for 18% of the variability in ovarian volume. Multiple regression analysis revealed

that concentrations of A,T, and E
1
 were positively correlated with ovarian volume independent of LH,

suggesting that factors in addition to LH may play a role in increased ovarian volume and circulating

steroid levels in HA girls.

The metabolic features of HA girls were studied, with special focus on the GH-IGF-I-IGFBP-3

axis, insulin sensitivity, and the insulin-IGFBP-1 and the insulin-SHBG axes and their relationship to

ovarian volume and steroid levels. Obese HA girls, even after accounting for BMI, were hyperinsulinemic

beyond that associated with obesity per se. This was evident as an increase in fasting insulin

concentrations, increased responsiveness to ivGTTs and meal challenges, and increased 24 h mean



43

insulin concentrations. These features were similar to those seen in obese adults with PCOS (Dunaif

1989; Ciaraldi et al. 1992; Rosenbaum 1993; Pasquali 1993). Furthermore, the hyperinsulinemia-

related reduction of SHBG concentrations may have amplified the action of androgens (Nesler et al.

1991). The association between circulating insulin levels and ovarian volume, independent of LH, was

similar to that reported in adult PCOS (Pache 1993; Filicori 1994). The lack of difference in insulin

levels between non-obese HA and normal subjects in the study may be related to the confounding

pubertal status of hyperinsulinemia and insulin resistance in normal subjects. The presence of cellular

insulin resistance without hyperinsulinemia in lean adult women with PCOS has been characterized

both in vivo (Dunaif et al. 1989; Holte et al. 1994) and in vitro (Ciaraldi et al. 1992; Rosenbaum et al.

1993; Dunaif et al. 1995; Ciaraldi et al. 1997; Dunaif 1997). It can neither be excluded nor demonstrated

in HA lean subjects in this study. Intrinsic abnormalities of the GH-IGF-I/IGFBP axis in the HA girls

were not found, in agreement with the results of Ibanez et al. (1995). The BMI and age dependent

declines in the GH-IGF-I axis were identical in both groups. Decreased IGFBP-1 levels consequent to

hyperinsulinemia resulted in an increased IGF-I/IGFBP-1 ratio, which potentially enhances IGF-I

activity (Suikkari et al. 1988; Holly et al. 1991).

The origin of PCOS during pubertal development has been suspected in the past (Yen 1980).

Huffman (1976) described 17 adolescent girls less than 18 years of age having the Stein-Leventhal

syndrome, including a 12-yr-old subject whose diagnosis was confirmed by wedge-resection at

laparotomy. In 700 adolescent girls with menstrual irregularities, 22% were diagnosed as having PCOS

(Dramusic et al. 1991). Differences in the circadian LH pattern in HA subjects have been seen in

earlier studies with small numbers of patients (Zumoff 1983; Porcu 1987). A sleep-entrained

amplification of LH pulsatility occurs at puberty (Kapen et al. 1974). With the onset of puberty an

increase in day-time and a relative decrease in night-time LH pulse frequency develops (Apter et al.

1993). A sleep-associated decrease in LH pulse frequency during the early follicular phase of the

menstrual cycle has also been described in adults (Rossmanith and Yen 1987). In our study, with a

larger number of girls over a broader age-range than previously reported, the increase in day-time LH

pulsatile activities in HA girls might reflect either a more rapid maturation of the GnRH-gonadotropin

axis or the presence of factors specifically augmenting wake-time LH secretion.

The prominent metabolic feature identified in HA girls was hyperinsulinemia, which, together

with elevated LH levels, and reduced IGFBP-1 and SHBG concentrations, may contribute to the

development of PCOS, increased ovarian volume and ovarian hyperandrogenism. The metabolic features

observed in the peripubertal phase in HA girls are in accord with the proposals of Nestler et al. (1989)

and Pasquali (1993) concerning the central role of hyperinsulinemia in the pathogenesis of PCOS. In

disagreement with our findings the POMP study (Pubertal Onset of Menstrual Cycle Abnormalities:

A Prospective Study) from Netherlands concluded, that the insulin-IGF-I hypothesis as an explanation

for the development of PCOS in puberty is not supported. This conclusion was based on insulin and

glucose measurements of three single serum samples, (first sample in non-fasting, second and third

sample in fasting conditions), collected between cycle days 1-10, during a 3 year follow-up of 49 girls,

18 month follow-up of additional 49 girls and a single nonfasting sample from an additional 147 girls

(van Hooff et al. 2000).

Although it is justified to state that PCOS has a pubertal onset since it appears during puberty, its

origin during intrauterine life is also possible and has been investigated (Cresswell et al. 1997). Recent

reports suggest an association between high birth weight and maternal obesity versus hirsutism,

hyperandrogenism, obesity and polycystic ovaries. In thin women with polycystic ovaries and LH

hypersecretion a history of prolonged gestation has been suggested (Cresswell et al. 1997). Other

syndromes involving insulin resistance and lipid abnormalities are associated with low birth weight

and low rates of infant growth. These associations could reflect fetal metabolic adaptations to

undernutrition persistent into adult life (Barker 1990; Barker 1992; Phillips 1996; Hales et al. 1991),
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or genetically determined insulin resistance (Hattersley and Tooke 1999). Long-term abnormal metabolic

priming has been suggested to be a key feature in the development of clinical PCOS including follicular

arrest, hypersecretion of LH, hyperandrogenism, and changes in the insulin-IGF-IGF binding protein

functions at the endocrine and target tissue level.

9.2. LEAN AND OBESE PCOS

Obesity is not a prerequisite of PCOS and 50% of PCOS subjects are not obese. Obesity is a disease

entity with manifestations of hyperinsulinemia and insulin resistance by its own right. The common

and distinguishing features of neuroendocrine-metabolic dysfunction in lean and obese subjects with

PCOS were therefore compared, also using lean and obese controls. Insulin sensitivity was reduced by

50% in the LPCOS group vs. the LC group. A further decrease in insulin sensitivity in the OC group

and a 2-fold greater reduction in the OPCOS group was also observed. Continuous 24-h

hyperinsulinemia was observed when obesity was present, with a further 2-3-fold elevation in the

OPCOS group. On the bases of our findings hyperinsulinemia and insulin resistance are common

features of PCOS, independent of obesity, but obesity seems to have an additive effect depending on

the degree of insulin resistance.

Reduced GH secretion was observed when obesity was present, as reported previously (Kopelman

1994; Slowinska-Srzednicka 1992). Despite this similar IGF-I and IGFBP-3 levels were present in all

four groups. Another factor contributing to low GH associated with obesity might be the insulin

dependent decreased hepatic production of IGFBP-I (Suikkari et al. 1988), resulting in a 10-fold

increase in the IGF-I/IGFBP-1 ratio and thereby increased biologic action of IGF-I. Although the

physiology and significance of GH changes in PCOS remain to be elucidated (Morales 1997), a

connection between somatotropic, gonadotropic and possibly thyreotropic functions may appear (Kaltsas

et al. 1999; Kaltsas et al. 1999).

9.3. RELATIONSHIPS BETWEEN GONADOTROPIC AND

METABOLIC VARIABLES DURING INFERTILITY TREATMENT

9.3.1. CLOMIPHENE CITRATE AND IGF-I

Clomiphene citrate (CC) has been extensively used for four decades (Greenblatt et al. 1961) as the first

line treatment for ovulation induction in anovulatory infertility (WHO group 2) patients (WHO

1993) world wide. Despite numerous investigations demonstrating that CC exerts its mixed

antiestrogenic and estrogenic actions at multiple levels within the hypothalamic pituitary ovarian axis,

the mechanisms underlying its ovulation induction properties remain unclear (Adashi 1984). The

effectiveness/ ineffectiveness of CC to produce ovulatory cycles has been related to the degree of

hyperandrogenism, BMI, cycle history, mean ovarian volume (Imani et al. 1998), and to leptin levels

(Imani et al. 2000). Young age and relatively high LH despite profound oligomenorrhea are related to

a good response in CC ovulation induction (Imani et al. 1999). Treatment with CC results in transient

increases in LH and FSH levels. In paper IV we demonstrated a 30% decrease in circulating levels of

IGF-I and a 23 % increase in SHBG levels, with a negative correlationbetween them. The absolute

reduction in IGF-I concentrations was related to age, being greatest in younger women. The decrease

was initiated within 2 days and was comparable to that seen in pre-and postmenopausal women with

breast cancer during long-term tamoxifen therapy (Colletti et al. 1989; Pollack et al. 1990; Lien et al. 1992)
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and that in postmenopausal women under oral estrogen replacement therapy (Weissberger et al. 1991).

Our results were reconfirmed later (Fiad et al. 1998). Further, the IGF-I reduction and SHBG increase

are accompanied by an increase in IGFBP-1 concentrations during CC administration in PCOS subjects

(Tiitinen et al. 1993). All the changes in hepatic protein production may direct the metabolic milieu

in a direction more favourable for ovulation in PCOS.

9.3.2. LEPTIN, ADIPOSITY AND OVARIAN RESPONSE DURING IVF

In paper V a relationship between the satiety factor leptin and ovarian functional state was reflected in

a 60% increase in serum leptin concentrations from pituitary down-regulation to maximal ovarian

hyperstimulation. The percentage increase in leptin concentrations was positively associated with

adiposity in 43 leptin responders and this increase was negatively correlated with the ovarian response

as measured by the number of follicles and oocytes.

Conflicting results regarding the relationship between leptin concentrations and ovarian steroids as

well as various ovarian functional states have been reported (Brzechffa et al. 1996; Kohrt et al. 1996;

Hardie et al. 1997; Laughlin et al. 1997; Rouru et al. 1997; Castracane et al. 1998; Mannucci et al.

1998). Some authors have suggested a positive relationship between estrogen increase and leptin (Hardie

et al. 1997; Messinis and Milingos 1999), but not all (Teirmaa et al. 1998). The possible stimulatory

role of estradiol on leptin secretion is also supported by studies on estrogen supplementation following

ovariectomy in mice (Shimizu et al. 1997). In the present study a setting of IVF treatment and a wide

range of BMIs were particularly chosen to allow comparison with maximal change of ovarian functional

state. We found that follicular fluid leptin concentrations at the time of oocyte retrieval were similar to

serum concentrations and highly related to adiposity.

Adipocytes have been shown to be a major source of leptin in the body, but leptin synthesis has also

been demonstrated in ovarian granulosa cells (Antczak and Van Blerkom 1997; Cioffi et al. 1997). It

seems unlikely that the increase in leptin concentrations during IVF treatment would be predominantly

ovarian in origin. On the contrary, the relative leptin increase was negatively correlated with the state

of ovarian hyperstimulation as measured by the number of follicles and oocytes. Our findings support

the possibility that increased leptin production due to adiposity is related to reduced ovarian

responsiveness to FSH administration.

The possibility that leptin could act at high concentrations as an inhibitory co-gonadotropin in the

ovary is supported by a recent observation that hyperleptinemia is a predictor of poor outcome in

ovulation induction with CC (Imani et al. 2000). This clinical observation is in accord with our

findings that hyperleptinemia is unfavourable for follicle growth. Furthermore it has not been clear

why obese individuals require higher doses of gonadotropins for ovarian hyperstimulation despite

comparable absorption of gonadotropins from subcutaneous tissue. The inhibitory action of leptin in

the ovary might partially explain why obese individuals require higher doses of gonadotropin for

ovarian hyperstimulation.

Leptin has recently been shown to inhibit the synergistic action of IGF-I and FSH on granulosa

cell estradiol production (Agarwal et al. 1999). Leptin signal transduction through a short leptin

receptor isoform mimics insulin effects on glucose transport and glycogen synthesis through a

phosphatidylinositol-3 (PI-3). The leptin signal to PI-3 kinase is suggested to occur via IRS-2 (Kellerer

et al. 1997). A certain parallelism can be seen between the metabolic abnormality of insulin-resistant

PCOS resulting in ovarian inhibition and follicular arrest, as suggested by Erickson et al. (Erickson et

al. 1990), and hyperleptinemia with reduced ovarian responsiveness.
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9.3.3. WEIGHT REDUCTION: REVERSAL OF THE
METABOLIC MILIEU AND LH

Weight reduction resulted in a decrease of follicular phase LH concentrations, a decrease in the LH/

FSH ratio, and FSH predominance favoring folliculogenesis. The decrease in LH concentrations was

found to be inversely related to the degree of insulin resistance and it correlated with the reduction of

waist to hip ratio and the reversal of hyperandrogenism, but it was not relaed to BMI, percentage body

fat mass, or their changes.

A relationship between LH secretion and energy availability in women has been found in conditions

of acute energy restriction (Loucks et al. 1994; Olson et al. 1995; Loucks et al. 1998). Acute energy

restriction also results in a profound decrease in IGF-I concentrations (Kiddy et al. 1989; Loucks et al.

1994). As this study was not performed under conditions of acute energy restriction, stability of IGF-

I levels was observed. The minute decrease of fat-free mass together with constant levels of IGF-I also

demonstrate the adequacy of protein supplementation, since protein depletion has been shown to

reduce circulating IGF-I concentrations.

Previous weight reduction studies have characterized LH secretion by using either a 24-h transverse

mean of frequent sampling or monitoring serum levels in one to three single samples taken at 20-30

min intervals (Guzick et al. 1994; Bergendahl et al. 1998; Huber-Buchholz et al. 1999). Even 24-h

frequent sampling remains short, however, when LH secretion should be monitored over several days.

Our study provides an approximation of LH secretion over 10 days in the follicular phase, representing

a longer follow-up than has been published in previous weight reduction studies.

Although visceral obesity, infertility and hypersecretion of LH coincide, a relationship between LH

concentrations and insulin resistance is not well established. The effects of acute energy restriction, as

mentioned before, suggest a connection. Further, in a recent stydy (Arroyo et al. 1997) 24-h LH

pulsatility was examined over a BMI range of 19-42 kg/m2 in 33 PCOS and 32 normal cycling women

without any weight intervention. In this study the 24-h LH pulse frequency was uniformly increased

in PCOS as compared with normal control women independent of BMI. A significant negative impact

of BMI on 24-h mean LH pulse amplitude and on LH in response to GnRH stimulation was found in

PCOS only. These findings also suggest a relationship between LH secretion and bodycomposition in

PCOS. In our study weight reduction as an intervention was aimed at changing insulin-stimulated

glucose metabolism and insulin resistance, and a 41% response was achieved. The mean concentrations

of LH decreased as a result of this intervention, and in relation to the degree of change in insulin

resistance as measured both before and after weight reduction. Our findings of correlations between

nu-LH change and nu-LH concentrations with insulin resistance, hyperinsulinemia and change in

abdominal obesity are therefore of significance. As the reduction in LH concentrations was not correlated

with variables of adiposity such as BMI, leptin concentrations or %BFM a change in adipose tissue

mass primarily might not predict the change in nu-LH. Further of interest is the finding that nu-FSH

remained unchanged. These findings, together with the negative relationship between LH reduction

and glucose uptake, support the primary, inhibitory role of insulin resistance in the decrease of LH

concentrations with weight reduction. Leenen et a. found that an abundance of visceral fat measured

by magnetic resonance imaging was significantly associated with diminished levels of SHBG. With

weight reduction the loss of visceral fat led to rises in SHBG concentrations (Leenen et al. 1994).

Furthermore a reduction of abdominal fat has been found to be critical to achieve restoration of

reproductive potential (Huber-Buchholz et al. 1999). Our findings concerning the decrease of LH

secretion are in line with these observations. Recently a patient with insulinoma was reported (Murray

et al. 2000) with concurrent symptoms of oligomenorrhoea and hyperandrogenism of similar duration.

Her hyperinsulinaemia was accompanied by LH hypersecretion and hyperandrogenism which were

reversible with surgical removal of the tumour.
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Feedback on the GnRH pulse generator can result from a number of factors. In vitro, immortal GnRH

secreting neurons, the GT-1 neurons, express receptors for ERα, ERβ, progesterone, glucocorticoids,

triiodothyronine, IGF-I, IGF-II, insulin, epidermal growth factor, and glutamate, b
1
-adrenergic, D

1
-

dopaminergic among many others. Some of these have also been identified in intact GnRH neuron in

vivo. Modulation of GnRH/LH pulses by endogenous opioids, dopamine, and aspartate has been

shown in humans, but much of the information available at present on this subject is derived from

other species (Yen 1999). Further modulation of gonadotropin secretion can take place at the pituitary

level, including endocrine gonadal feedback. In clinical studies progestins affect gonadotropin and

androgen levels (Anttila et al. 1992). It is therefore possible that several factors simultaneously participate

in the reversal of LH hypersecretion with weight reduction.

9.3.4. CLINICAL PERSPECTIVES BASED ON THE FINDINGS OF THE STUDY

The results of this work suggest that both gonadotropin and metabolic dysfunctions are present in the

PCOS syndrome and detectable as the pubertal activation of ovarian function takes place. Apart from

the transitory metabolic changes due to pubertal growth the LH hypersecretion and hyperinsulinemia

synergistically seem to result to predominantly ovarian hyperandrogenism unfavourable for

folliculogenesis. When obesity in PCOS is present the metabolic dysregulation due to severe

hyperinsulinism and reduced insulin sensitivity seem to predominate, where as the gonadotropin

dysregulation in lean PCOS is more dominant. Both disturbances seem to be present in lean and obese

PCOS but the severity of insulin resistance seems to be related to obesity. As shown in this study the

commonly used treatments for infertility influence both the gonadotropin function and the metabolic

milieu. In order to provide the best possible treatment for each individual PCOS patient both the

metabolic and gonadotropin axises should be considered. In our study, LH decreased only little in

subjects with severe insulin resistance due to weight reduction. In obese patients with relatively mild

insulin resistance, weight reduction can bring back fertility. In severe insulin resistant PCOS, further

studies will determine the specific role and optimal way of using weight reduction as a treatment

maybe in combination with insulin sensitising agents (Morin-Papunen et al. 1998; Nestler et al. 1999).

In the light of the present work PCOS presents it self as a polarised disorder: on one end the LH

hypersecretion and on the other end a severe hyperinsulinemia followed by consequent metabolic

changes. Both abnormalities seem to exist however simultaneously. In PCOS the capacity for metabolic

and endocrine adaptation seems to be significantly limited and reflected in the responses of infertility

treatment (Fig 8.). A correction of insulin resistance and hyperinsulinemia may be of fundamental

importance in the treatment of PCOS.
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10. CONCLUSIONS

1. The pubertal onset of PCOS is confirmed. The neuroendocrine features

of HA girls are in accord with those found in adult women with PCOS.

2. The salient metabolic feature in HA girls is hyperinsulinemia,

which may contribute to the development of PCOS.

3. Hyperinsulinemia and insulin resistance are common features of PCOS

independent of obesity. The  additive effect of obesity in the neuroendocrine-

metabolic dysregulation in PCOS depends on the degree of insulin resistance.

4. Clomiphene treatment may act both through the gonadotropic and to some

extent the metabolic axis.

5. Leptin concentrations increase with ovarian hyperstimulation. This increase is

related to adiposity and reduced ovarian response.

6. Weight reduction results in a decrease of LH hypersecretion in PCOS.

This response is inversely related to the degree of insulin resistance.
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Fig 8. Hypothesis of PCOS as a polarised disorder. From left to right increasing weight and towards the top the severity

of the PCOS syndrome. On ” hepatic and pancreatic function”- axis polarity towards hyperinsulinemia is away from

normality in SHBG and IGFBP-1 and towards severe  PCOS. On ”gonadotropic function”-axis increase in LH

hypersecretion is towards severe PCOS and hyperandrogenism. The effect of treatment can be seen as a change in position

of each individual PCOS patient on each of the axises. Copyright T. Bütsow, Helsinki, Finland.

LH HYPERSECRETION
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