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a b s t r a c t

Alterations of ovarian follicle morphology and function have been well documented in women with
PCOS. These include increased numbers of growing preantral follicles, failure of follicle growth beyond
the mid-antral stage, evidence of granulosa call degeneration, and theca cell hyperplasia. Functional
abnormalities include paradoxical granulosa cell hyperresponsiveness to FSH which is clinically linked
to ovarian hyperstimulation during ovulation induction. In addition, there is likely a primary theca cell
defect that accounts for the majority of excess androgen production in this disorder.

The precise mechanisms responsible for altered follicle function are not completely clear. However,
several factors appear to influence normal advancement of follicle development as well as impair ovarian
steroidogenesis. These include intra- as well as extraovarian influences that distort normal ovarian
growth and disrupt steroid production by follicle cells.

Published by Elsevier Ireland Ltd.

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2. Morphology of the polycystic ovary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3. Increased follicle number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.1. Preantral follicle population . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.2. Prolonged follicle survival. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.3. Role of growth and differentiation factor-9. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.4. Anti-mullerian hormone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.5. Androgen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4. Arrest of follicle development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.1. Premature luteinization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.2. Inadequate FSH secretion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.3. Role of anti-mullerian hormone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5. Granulosa cell steroidogenesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.1. Role of insulin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.2. Role of androgen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.3. Role of estrogen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

6. Theca cell androgen production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.1. Role of insulin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.2. Primary theca cell defect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
6.3. Role of LH secretion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

7. Intrafollicular paracrine interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
7.1. Inhibin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
7.2. Bone morphogenetic proteins. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
7.3. Insulin-like growth factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

8. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

0303-7207/$ - see front matter Published by Elsevier Ireland Ltd.
http://dx.doi.org/10.1016/j.mce.2012.07.011

⇑ Corresponding author. Tel.: +1 858 534 8930; fax: +1 868 534 8856.
E-mail addresses: rjchang@ucsd.edu (R.J. Chang), hcookandersen@ucsd.edu (H. Cook-Andersen).

Molecular and Cellular Endocrinology 373 (2013) 51–60

Contents lists available at SciVerse ScienceDirect

Molecular and Cellular Endocrinology

journal homepage: www.elsevier .com/locate /mce

http://dx.doi.org/10.1016/j.mce.2012.07.011
mailto:rjchang@ucsd.edu
mailto:hcookandersen@ucsd.edu
http://dx.doi.org/10.1016/j.mce.2012.07.011
http://www.sciencedirect.com/science/journal/03037207
http://www.elsevier.com/locate/mce


Acknowledgment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

1. Introduction

The classical description of women with polycystic ovary syn-
drome (PCOS) includes evidence of excess androgen production,
irregular or absent menstrual bleeding as a result of chronic anov-
ulation, and polycystic ovaries. The lack of regular ovulatory func-
tion in these women designates PCOS as the leading cause of
anovulatory infertility (Franks et al., 2008). The mechanism(s)
responsible for failure of ovulation is not known, although abnor-
malities of the follicle and its respective cellular investments – spe-
cifically, the oocyte, granulosa cell (GC), and theca cell (TC) – have
been well documented. In particular, among early and mid-antral
stage follicles, the degenerative appearance of GCs on histology be-
lies their sustained functional ability to respond to FSH and LH
stimulation. Nevertheless, in women with PCOS, alterations of GC
function likely contribute to the poor response to gonadotropin
administration during controlled ovarian hyperstimulation. Aber-
rant follicle growth and development does not, however, preclude
successful ovarian responsiveness to careful gonadotropin stimula-
tion during ovulation induction. Given these observations, it is
likely that extra- or intraovarian factors and not inherent defects
of GCs are responsible for disruption of progressive follicle devel-
opment, leading to mid-antral arrest. In contrast, a primary defect
of TC steroidogenesis appears to account for androgen excess in
this disorder. Whether and to what degree local androgen overpro-
duction may impact GC activity is not clearly known. However, evi-
dence suggests that androgen excess facilitates abnormal follicle
formation and, perhaps, follicle viability.

2. Morphology of the polycystic ovary

The ovaries of women with PCOS are slightly enlarged and con-
tain numerous small (2–9 mm) antral follicles, which are com-
monly arranged on the periphery with increased central stroma.
This distinctive appearance has been codified to establish diagnos-
tic criteria for the polycystic ovary as more than 12 follicles per
ovary or an ovarian volume over 10 ml (Rotterdam, 2004a,b). His-
tologically, growing preantral follicles appear similar to those of
normal ovaries. In addition, early antral follicle formation may also
appear normal. However, normal development beyond the mid-
antral stage is not observed as the follicle begins to exhibit evi-
dence of arrested growth and degenerative change. There is pro-
gressive accumulation of follicular fluid and expansion of the
antrum. As the follicle enlarges, the GC layer undergoes apoptosis
and becomes increasingly atretic. Eventually, the follicle wall
may become devoid of GCs, leading to the appearance of a thin-
walled cyst.

3. Increased follicle number

A distinctive feature of the polycystic ovary is a pronounced in-
crease in follicle number as the population of growing preantral
and antral follicles exceed by 2–3-fold that of normal ovaries (Hug-
hesdon, 1982; Webber et al., 2003; Maciel et al., 2004). The process
responsible for excessive follicle formation in PCOS ovaries has not
been established; however, several possibilities have emerged,
including increased primordial follicle activation, slowed preantral
follicle development, increased follicle survival and/or decreased
atresia, or a combination of these processes.

3.1. Preantral follicle population

In one of the earliest descriptions of PCOS ovaries, Hughesdon
found a 2-fold increase in the number of growing follicles, but
the same number of primordial follicles in PCOS ovaries and
normal ovaries (Hughesdon, 1982). These findings suggested that
the increased number of preantral and early antral follicles in poly-
cystic ovaries was not likely due to either an increased initial pri-
mordial pool or an accelerated rate of primordial follicle
activation. Subsequent studies have shown increases in the num-
ber of total follicles; however efforts to determine the size of the
primordial pool have been inconsistent. Webber et al. calculated
that the number of healthy primordial follicles as a percentage of
total follicles present was lower in both anovulatory and ovulatory
polycystic ovaries compared to normal ovaries (Webber et al.,
2003). This was interpreted to suggest that increased primordial
follicle activation might contribute to the greater number of folli-
cles in PCOS. An alternative explanation is that the growth of pre-
antral follicles occurs more slowly in PCOS, resulting in an
accumulation of growing follicles. This possibility is consistent
with a study by Maciel et al., in which there were similar numbers
of primordial follicles in PCOS and normal ovaries but a higher
number of growing preantral follicles in PCOS (Fig. 1) (Maciel
et al., 2004). As a result, the proportion of resting primordial folli-
cles to the total number of growing follicles would remain de-
creased. Furthermore, there is no evidence that women with
PCOS exhibit early menopause (Webber et al., 2003) as might be
expected with accelerated primordial follicle recruitment. Taken
together, these data clearly indicate that there are higher numbers
of growing follicles in PCOS compared to normal ovaries with no
consistent effect on primordial follicle number. However, the
mechanism for this pattern remains to be determined.

3.2. Prolonged follicle survival

The observation of an increased preantral follicle population in
PCOS suggests either increased entry into or decreased exit from
the growing follicle pool. To investigate the latter possibility, small
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Fig. 1. The size (mean ± SE) of the follicle population (primordial, primary,
secondary, and Graafian) in sections of ovaries from normal and PCOS patients.
⁄P = 0.001; ⁄⁄P = 0.02; ⁄⁄⁄P < 0.001.
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