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Abstract

Polycystic ovary syndrome (PCOS) is a very common endocrine disorder characterized by chronic 

anovulation, clinical and/or biochemical hyperandrogenism, and/or polycystic ovaries. But most 

experts consider that hyperandrogenism is the main characteristic of PCOS. Several theories 

propose different mechanisms to explain PCOS manifestations: (1) a primary enzymatic default in 

the ovarian and/or adrenal steroidogenesis; (2) an impairment in gonadotropin releasing hormone 

(GnRH) secretion that promotes luteal hormone (LH) secretion; or (3) alterations in insulin actions 

that lead to insulin resistance with compensatory hyperinsulinemia. However, in the past 20 years 

there has been growing evidence supporting that defects in insulin actions or in the insulin 

signalling pathways are central in the pathogenesis of the syndrome. Indeed, most women with 

PCOS are metabolically insulin resistant, in part due to genetic predisposition and in part 

secondary to obesity. But some women with typical PCOS do not display insulin resistance, which 

supports the hypothesis of a genetic predisposition specific to PCOS that would be revealed by the 

development of insulin resistance and compensatory hyperinsulinemia in most, but not all, women 

with PCOS. However, these hypotheses are not yet appropriately confirmed, and more research is 

still needed to unravel the true pathogenesis underlying this syndrome. The present review thus 

aims at discussing new concepts and findings regarding insulin actions in PCOS women and how 

it is related to hyperandrogenemia.
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1. Introduction

The polycystic ovary syndrome (PCOS) affects 6–10% of women of childbearing age and is 

one of the commonest endocrine disorders [1,2]. Defining this syndrome is a difficult task 

because of its multiform symptoms. During a National Institute of Health meeting in 1990, 

many experts in the field decided on the criteria that must be retained to established a 

diagnostic of PCOS, both for clinical and research purposes [3]. They conclude that PCOS is 
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a diagnostic of exclusion that associates hyperandrogenism and ovulatory dysfunction. 

Hyperandrogenism is defined by the state characterized or caused by excessive production 

and/or secretion of androgens, which is usually manifested by acne, hirsutism or frontal 

alopecia. Hyperandrogenemia refers to increased blood levels of androgens. During the 

Rotterdam consensus workshop group meeting in 2003 [4], the experts revised PCOS 

diagnostic criteria and concluded that it is necessary to have 2 of the 3 subsequent criteria: 

[i] oligo and/or anovulation, [ii] clinical and/or biochemical signs of hyperandrogenism, and 

[iii] polycystic ovaries. These criteria also recognize that other androgen excess or related 

disorders should be excluded before making the diagnosis of PCOS. In 2006, the Androgen 

Excess-PCOS (AE-PCOS) Society Task Force resolved that PCOS should be first 

considered a disorder of androgen excess or hyper-androgenism [5]. It was considered that 

there may be forms of PCOS without overt evidence of hyperandrogenism, but that more 

data were required before validating this supposition. Therefore, the AE-PCOS Society Task 

Force proposed in 2009 a novel definition of PCOS based on available data. They declare 

that PCOS should be defined by the presence of hyperandrogenism (clinical and/or 

biochemical), ovarian dysfunction (oligo-anovulation and/or polycystic ovaries), and the 

exclusion of related disorders [1].

PCOS definition is an evolving and difficult task because a combination of environmental 

and genetic factors influences PCOS pathophysiology and manifestations [6], but also 

because many aspects of this syndrome remain to be discovered. Indeed, PCOS is now 

recognized to be associated with important concomitant and future metabolic consequences. 

In fact, most women with PCOS display impaired glucose tolerance and are at higher risk 

for developing type 2 diabetes mellitus (T2DM) [2,7]. Recent clinical data showed the 

positive impacts of insulin-sensitizing drugs, such as metformin, to improve metabolic, 

ovarian and androgenic status in PCOS women (for review, see Nestler [8]). As 

hyperandrogenism remains the main feature of PCOS, because up to 70–80% of PCOS 

women exhibit clinical manifestations of hyperandrogenism [9], it is thus becoming of great 

importance to understand the mechanisms by which insulin resistance or insulin actions may 

produce hyperandrogenemia in PCOS women. The aim of this review is to discuss new 

concepts and findings regarding insulin actions in PCOS women and how it is related to 

hyperandrogenemia. For a list of the abbreviations used in this review, please refer to Table 

1.

2. Hyperandrogenism

2.1. Steroidogenesis

Since androgen excess is the main feature of PCOS, it is of great importance to clearly 

define how these androgens are normally produced. Androgens are part of the steroid 

hormone family. For the matter of this paper, we will review only steroidogenesis occurring 

within the ovary and the adrenal gland. In both human tissues, cholesterol is the precursor 

for pregnenolone being then converted to steroid hormones following a series of enzymatic 

processes (Fig. 1). Cholesterol can be delivered either by circulating lipoproteins (mostly 

low-density lipoproteins [LDL] in human) or by de novo biosynthesis via the rate-limiting 

enzyme 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCoA reductase) [10,11]. In the 
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ovary, the first steps of androgen formation are performed in LH-stimulated thecal cells, as 

these cells express the cytochrome P450c17 gene (see below), with the synthesis of DHEA 

(dehydroepiandrosterone) and androstenedione [11–13]. Most of these precursors will be 

converted to estrogens by granulosa cells, which express the enzyme P450aromatase [14]. 

But ovaries will also directly secrete androgens in the circulation, mainly as androstenedione 

and testosterone. Interestingly, ovarian androgens will not significantly feedback on LH 

production, such that an excess in free testosterone or androstenedione will not reduce 

ovarian production of these androgens in women, as opposed to men.

Adrenal production of androgens is frequently observed in mammals, such as in primates, 

dogs, bovine, pigs, etc... However, rodents’ adrenals do not produce androgens [15]. In 

women, adrenal gland contribution to androgen production is very important. Indeed, 

ovarian and adrenal glands contribute approximately half and half to circulating testosterone 

in women of reproductive age [16]: they each contribute directly to approximately 25% of 

total testosterone production and to 25% of total androstenedione secretion, which is in turn 

converted peripherally to testosterone [17]. Adrenal glands are, however, the major source of 

circulating testosterone in postmenopausal women because at this stage, ovaries 

progressively diminish their androgen production [18]. The cortex of the adrenal gland is 

composed of three layers and each has distinct enzymatic cascades resulting in three 

different types of steroids. The outer part of the adrenal gland (zona glomerulosa) has the 

capacity to secrete mineralocorticoids, such as aldosterone. In humans, the inner parts of the 

adrenal cortex (zona fasciculata and zona reticularis) produce androgen such as DHEA and 

androstenedione. The zona fasciculata is relatively less efficient in producing androgen and 

thus secretes mainly glucocorticoids, namely cortisol [19,20]. The most potent stimulus of 

adrenocortical cells is unquestionably the adrenocorticotropin hormone (ACTH), which 

induces a substantial increase in all steroids, both in vivo and in vitro conditions [21]. In 

both men and women, adrenal androgens do not significantly feedback on ACTH 

production, which is mainly under the control of cortisol. Accordingly, both adrenal and 

ovarian androgen production is not significantly regulated by circulating androgen levels in 

women.

2.1.1. The key enzyme for androgen biosynthesis: P450c17—P450c17 is a very 

important enzyme for steroid production and most importantly, for androgen biosynthesis. 

To further emphasize on its importance, P450c17 was also termed the “qualitative regulator 

of steroidogenesis” as it determines which class of steroid will be produced [22]. Class of 

steroid is either dependent upon P450c17 absence or upon expression of its two different 

enzymatic activities. In fact, P450c17 is an enzyme coded by one single gene, having both 

17α-hydroxylase and 17,20-lyase activities, and showing some species-related differences 

[19,23,24]. Thus, human adrenal gland zona fasciculata mostly expresses the 17α-

hydroxylase activity, thus favoring cortisol production [25]. The 17,20-lyase specific activity 

of P450c17 is weak in zona fasciculata, but strong in zona reticularis in order to produce 

DHEA and androstenedione [26]. In the ovary, the general consensus is that only thecal cells 

express both the 17α-hydroxylase and 17,20-lyase activities of the P450c17 enzyme [27], 

although one report showed the presence of P450c17 within human cultured granulosa cells 

[28]. Thus, androgen formation is dependent upon the 17,20-lyase/17α-hydroxylase 
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activities ratio. This ratio is regulated at the post-translational level and lyase activity is 

favored by: (1) a high molar ratios of P450 oxidoreductase (flavoprotein carrying electron 

from NADPH) to P450c17, (2) the serine/threonine phosphorylation of P450c17, and (3) by 

the presence of cytochrome b5. These last two factors promote the interaction of 

P450oxidoreductase with P450c17 [29].

2.2. Origins of hyperandrogenemia in PCOS

In PCOS, the ovaries produce up to 60% of androgens, while the adrenals contribute the 

remaining 40% [30]. It is established that androgens incoming from both the ovary and the 

adrenal are the underlying sources of hyperandrogenemia in PCOS women. When ovarian 

androgen synthesis is suppressed with GnRH agonists, PCOS women were found to have 

higher androgen levels in comparison to normal women, thus suggesting adrenal 

overproduction of androgens [31–35]. Similarly, when adrenal androgen synthesis is 

suppressed with dexamethasone, PCOS women again display higher androgen levels in 

comparison to normal women, indicating exaggerated ovarian production [36,37]. Low 

levels of sex-hormone binding globulin (SHBG) also contribute to high free testosterone 

levels in women with PCOS, by reducing testosterone binding. SHBG levels are negatively 

correlated with the circulating levels of insulin or with the degree of insulin resistance in 

women with or without PCOS, as shown in many studies. Moreover, a study found that 

reducing insulin levels in obese PCOS women with diazoxide, a drug that only decreases 

insulin secretion without modifying insulin sensitivity, caused an increase in SHBG levels 

[38]. This suggests that insulin can directly suppress SHBG secretion by the liver and that 

compensatory hyperinsulinemia, rather than insulin resistance, explains low SHBG levels in 

obese women with PCOS.

A dysfunction of the hypothalamic-pituitary-ovarian or adrenal axis was proposed to be the 

cause of hyperandrogenemia in women with PCOS. But it was demonstrated that chronic 

suppression of LH or ACTH did not alter the exaggerated 17α-hydroxyprogesterone 

response to LH/human chorionic gonadotrophin (hCG) [34] or ACTH [39] stimulation in 

PCOS patients, as compared to control women. These results suggest that chronic LH 

stimulation is not implicated in ovarian androgenic hyper-secretion typical of PCOS. On the 

other hand, several studies have demonstrated that treatments aimed at improving insulin 

resistance in lean and obese PCOS women (e.g. weight loss, metformin, D-chiro-inositol 

and peroxisome proliferator-activated receptor gamma (PPARγ) agonists) reduce androgen 

levels [2] and improve the exaggerated androgenic response to LH [40–42] or ACTH [43–

46] stimulation tests. Taken together, these studies suggest that the androgenic hyper-

responsiveness that characterizes women with PCOS is probably due to factors controlled by 

insulin sensitization rather than LH, ACTH or ovarian steroids per se.

We conducted a randomized-controlled trial using two insulin-sensitizing drugs (metformin 

and rosiglitazone, a PPARγ agonist), alone or in combination, in 100 non-obese women with 

PCOS having normal insulin levels, both during fasting and following an oral glucose 

tolerance test (OGTT) [47]. Metformin has some direct effects on insulin sensitization, but 

its main mechanism of action is the reduction of hepatic glucose production, which reduces 

the need for insulin stimulation. PPARγ agonists are insulin sensitizers that have been 
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shown to increase insulin-stimulated glucose metabolism in adipose, muscle and hepatic 

tissues, while decreasing compensatory hyperinsulinemia [48], but insulin levels are 

unchanged in subjects with normal insulin sensitivity. In our trial, testosterone levels were 

decreased (Fig. 2a) in actively treated groups comparatively to placebo. Despite 

normoinsulinemia at baseline, metformin reduced insulin levels, but not rosiglitazone (Fig. 

2b). Therefore, metformin may have improved hyperandrogenemia in these women mainly 

by reducing insulin levels, which decreased below normal baseline levels. These results 

suggest that even in non-obese normoinsulinemic PCOS women, hyperandrogenemia is 

related to insulin action and might result from increased insulin action on androgen 

biosynthesis [49]. On the other hand, in our study population, rosiglitazone reversed 

hyperandrogenemia without decreasing insulin levels, suggesting that PPARγ agonists 

might directly improve this androgenic hyper-responsiveness to insulin [49].

3. Insulin action in PCOS women

3.1. Insulin molecular signalling pathways

Insulin’s actions are mediated via its receptor through two major pathways: the 

phosphatidylinositol 3-kinase (PI-3K)/Akt pathway implicated in the metabolic effects of 

insulin and the mitogen-activated protein kinase (MAPK) pathway responsible for the 

proliferative effects of insulin. Insulin receptor is part of the tyrosine-kinase family. It is a 

tetrameric protein consisting of two α- and two β-subunits. Activation of the receptor, 

following insulin binding, leads to conformational changes thus increasing kinase activity 

necessary for substrates phosphorylation, such as insulin receptor substrate (IRS) family 

[50]. These phosphorylated proteins are recognized by effector molecules, such as PI3K that 

further activates Akt. Akt is then the major effector for signal transduction of glucose 

regulation and metabolism [51]. For example, Akt activation potentiates glucose transporter 

4 (GLUT4) translocation from intracellular compartments to the plasma membrane, thus 

increasing glucose uptake by the cells. In addition of Akt, recent data showed that glycogen 

synthase kinase-3 (GSK-3) and membrane-associated non-classical protein kinase C (PKC) 

effectors are involved in the insulin transduction pathway leading to glucose metabolism 

[52]. Insulin is involved in many other metabolic pathways of glucose, such as the inhibition 

of gluconeogenesis and glycogenolysis [53,54]. Insulin is also implicated in lipid 

metabolism, such as lipid synthesis and inhibition of their catabolism. These modulations 

require an increase in the transcription factor steroid regulatory element-binding protein 

(SREBP)-1c [55]. In adipocytes, insulin also inhibits lipolysis through inhibition of the 

enzyme hormone-sensitive lipase (HSL) [56]. Recent data showed that protein kinase B 

(PKB) is required for the regulation of lipogenesis and for the antilipolysis effect of insulin 

[57].

Growth signal induced by insulin receptor activation can be obtained either via IRS and 

growth factor receptor-bound protein 2 (Grb2) association or following recruitment of the 

adaptor protein, SHC (src homologous and collagen protein) that also recognizes Grb2. 

Grb2 is able to activate the SOS factor, itself activating Ras. These cascades of 

phosphorylations lead to MAPK activation, such as JNK, Erk1/2 and p38. These molecules 

are involved in cell proliferation and apoptosis. Recent data reported that the growth and 
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survival effects mediated by glucose on β-cells of mice were mediated through the activation 

of insulin receptor and IRS-2, thus providing a dominant role for insulin in the regeneration 

and function of the pancreas [58]. Furthermore, in rat ovarian thecal-interstitial cells, it was 

demonstrated that insulin increases proliferation by acting, in part, through increased 

phosphorylation of the MAPK3/1 and the PI3K pathways [59].

3.2. Defective insulin actions in PCOS

PCOS is a common and well-defined clinical model of insulin resistance and pre-diabetic 

state. Insulin sensitivity is decreased by an average of 35% to 40% in women with PCOS, as 

compared to matched controls, similar to what is seen in women with non-insulin-dependent 

diabetes mellitus [60–62]. Thus, most women with PCOS are insulin resistant and develop 

compensatory hyperinsulinemia [1], which seems to play a critical role in the syndrome’s 

pathogenesis [1,2]. However, those features are not essential to develop PCOS since a 

subgroup of women with typical PCOS are neither insulin resistant nor hyperinsulinemic. 

Nevertheless, in those lean, normoinsulinemic and normally insulin-sensitive PCOS women, 

increased free testosterone and androstenedione were significantly reduced following 

diazoxide-induced lowering of insulin levels [63]. Notably, suppression of insulin secretion 

with diazoxide did not alter testosterone levels in healthy, non-obese women [64]. These 

results suggest that hyperandrogenemia is related to insulin action even in lean PCOS 

women with normal insulin sensitivity and levels [49].

3.2.1. Cellular mechanisms of metabolic insulin resistance—Most of the recent 

studies in PCOS women done with tissues like muscle, adipocytes and ovaries have shown 

that causative defects of insulin resistance probably involve insulin post-binding signalling 

pathways [62,65–67]. It has been demonstrated that early steps in insulin signalling 

(maximal rate of glucose uptake, abundance of GLUT4, inhibition of lipolysis stimulated by 

insulin) were all decreased in PCOS women compared to controls, even if the number and 

affinity of insulin receptors are not obviously decreased in adipocytes from obese PCOS 

women [68]. These findings were also observed in PCOS women presenting no obesity, 

glucose intolerance, or increased waist-to-hip ratio [69], suggesting that they may be 

intrinsic to the syndrome. Moreover, muscles biopsied from PCOS obese women during 

insulin-glucose clamp protocols presented impaired insulin-stimulated association of IRS-1 

with PI-3K, concomitant with a decrease in glucose transport in vivo [62]. Therefore, defects 

in the metabolic actions of insulin in PCOS women appear to implicate an early step in 

insulin signalling and were independent of obesity and T2DM.

In cultured myotubes obtained after biopsies from obese PCOS women, the activity of PI3-

kinase was significantly decreased, when normalized for total IRS-1 abundance, as well as 

insulin signalling via IRS-2-associated PI-3K [70]. This study also found that the 

phosphorylation of IRS-1 at a key regulatory site on Ser312 was constitutively increased in 

PCOS, which may have contributed to its signalling defect. This study highlights one very 

important point: decreased insulin-induced glucose uptake observed in PCOS women in vivo 
seems to be secondary to impaired association between PI3K and IRS1, suggesting that in 
vivo factors are involved in this defect. Another study, in skeletal muscle of obese PCOS 

women, demonstrated that decreased insulin action on peripheral glucose metabolism is 
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associated with impaired insulin signalling at the level of Akt and AS160. Akt is an 

important mediator of insulin-stimulated GLUT4 translocation and glucose transport [71], 

and seems to be dependent on the phosphorylation of AS160 at several sites by Akt [72–74]. 

In obese PCOS women, a decrease in insulin-mediated phosphorylation of AS160 and of 

Akt (at Thr308 and Ser473) has been described [75]. This may be due to dephosphorylation 

of Akt by protein phosphatases, including protein phosphatase 2A (PP2A), that are activated 

by ceramide metabolites of palmitate [76].

In perpetuated cultured skin fibroblasts, it was observed that in approximately 50% of PCOS 

subjects, autophosphorylation of insulin receptors following insulin stimulation was 

decreased [66]. It has been also reported that the number or affinity of insulin receptors were 

not affected compared to normal subjects [66,77]. Furthermore, PCOS insulin receptors 

displayed a constitutive increase in the phosphorylation of their serine residues and a 

decrease in insulin-stimulated phosphorylation of their tyrosine residues. Insulin receptors 

were also less efficient to phosphorylate IRSs, suggesting that the activity of insulin 

receptors were impaired by this exaggerated serine phosphorylation [66]. This insulin 

receptor’s state seems to be independent of the presence of obesity and non-insulin-

dependent diabetes mellitus, suggesting that this defect might be specific to PCOS. 

Moreover, this defect was probably due to an extrinsic factor that increases the serine 

phosphorylation state of the cells, because normal insulin signalling was restored by 

inhibitors of serine kinase activity [67].

Interestingly, FFA metabolites (e.g. diacylglycerols and ceramides) that accumulate in cells 

have been postulated to activate intracellular serine/threonine kinases [78] and protein 

phosphatases, such as PP2A [76]. Most women with PCOS present increased circulating 

levels of free fatty acids (FFAs), which have been shown to cause insulin resistance in vivo 
[79,80]. In fact, several in vivo studies demonstrated that elevating circulating FFAs leads to 

peripheral tissue insulin resistance [81–83]. Accumulation of plasma fatty acids in muscle 

and liver tissues induce mitochondrial dysfunction, oxidative stress, inflammation and 

immune disorders [84]. On the other hand, high circulating FFA levels have been shown in 
vivo to increase the production of all androgens in normal women [85]. Another study found 

that male rats fed on a high monounsaturated fatty acid (MUFA) diet for 6 weeks display 

increased testosterone levels (vs. low MUFA diet), and that free fatty acid with different 

degree of saturation increased testosterone levels to significantly different extent [86]. In 

addition, serine phosphorylation of P450c17 have been shown to increase its 17,20-lyase 

activity [87,88]. Therefore, FFAs may be the serine phosphorylation key factor that induces 

both an increase in P450c17 activity and a defect in the insulin signalling pathways causing 

insulin resistance (Fig. 3). Moreover, the saturated fatty acid (SFA) palmitate was found to 

decrease MAPK activity in vitro in rat fibroblasts [89], and evidence suggests that such 

defect in the MAPK component of the insulin signalling pathway may contribute to increase 

androgen biosynthesis both in adrenal and ovarian tissues, as discussed in the next section.

3.2.2. Cellular mechanisms of insulin-related hyperandrogenism—As previously 

discussed, PCOS is also characterized by insulin-related hyperandrogenemia, which implies 

an important role of insulin in the regulation of ovarian androgen biosynthesis [41,90,91]. In 

fact, multiple studies have shown that insulin stimulates androgenesis in normal ovarian in 
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vitro models [92]. Indeed, PCOS thecal cells in culture show increased androgen 

responsiveness to insulin and LH when compared to normal thecal cells [93,94]. 

Physiological doses of insulin are able to activate androgen production in PCOS thecal cells, 

while higher concentrations of insulin are necessary in normal thecal cells. In both type of 

the-cal cells, the combination of physiological doses of LH and insulin synergistically 

increases androgen biosynthesis [93,95]. Androgenesis is also increased in long-term 

cultures of PCOS thecal cells, as compared with normal ones, suggesting that this 

hyperandrogenism may be an intrinsic property of PCOS thecal cells [96,97]. Taken 

together, these observations support that PCOS thecal cells present an androgenic hyper-

responsiveness that involves a crosstalk between LH and insulin pathways. Similarly, insulin 

increases basal and ACTH-stimulated production of androgens or expression of P450c17 in 

normal cultured human [98,99] and bovine [100] adrenal cells.

Wu et al. [101] found that PCOS luteinized granulosa cells have a selective increase in 

insulin activation of its mitogenic pathway, via the MAP kinase pathway, concomitant to 

resistance in the metabolic pathway of insulin action. The same group also found, in 

cultured porcine thecal cells, that dexamethasone induces resistance to insulin-mediated 

glucose transport with increased testosterone production and expression of P450c17 [102]. 

These studies also showed that a PPAR-γ agonist, an insulin sensitizer, can reverse both the 

increased insulin-stimulated mitogenic pathway and hyperandrogenism, on one side, and the 

insulin resistance of the metabolic pathway, in the other side. These observations support the 

possibility that increased insulin action on androgen production may co-exist with normal or 

reduced metabolic activity of insulin in PCOS.

The cellular mechanisms by which insulin regulates androgenesis are not well understood, 

but potential pathways are proposed and illustrated in Fig. 3. Insulin acts through its own 

receptor in the-cal [94,103] or fasciculata [104] cells. Specific blockade of PI-3K in normal 

human thecal cells markedly inhibits the combined insulin and LH stimulation of P450c17 

activity [105]. It was also suggested that insulin may stimulate P450c17 activity through 

some players of the MAPK pathway such as MKK3/p38 and MKK4/JNK (see for review: 

[106] and Fig. 3). On the other hand, specific inhibition of MEK/ERK, another component 

of the MAPK insulin pathway, increases P450c17 activity [105]. Increased expression of 

P450c17 after inhibition of MEK/ERK was also found in human adrenal cells [107]. The 

attenuated MEK/ERK signal could stimulate androgen production via a reduction in c-fos 

expression, because c-fos was shown to inhibit P450c17 expression in a thecal cell tumor 

model [108]. Since insulin stimulates MEK/ERK activity, such a defect would not contribute 

to insulin-stimulated androgen production, but it could promote baseline androgenesis or its 

responsiveness to stimulation with insulin (via PI-3K, MKK3/p38 and MKK4/JNK 

pathways) and LH/ACTH.

3.2.3. Obesity and PCOS—At diagnosis, the prevalence of overweight and obesity in the 

PCOS population is above 50% in the United States [109] and between 30% and 50% in 

Europe [110]. Obesity by itself is associated with insulin resistance and compensatory 

hyperinsulinemia, which is worst following intra-abdominal accumulation of fat. Indeed, the 

visceral fat depot metabolism is more active than the subcutaneous one [84]. Intra-

abdominal fat tissue is more sensitive to lipolysis and releases more FFAs in the circulation, 
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and produces several cytokines (i.e. tumor necrosis factor-α [TNF-α], IL-6, leptin, resistin) 

involved in insulin resistance [84]. As previously mentioned, circulating FFAs can 

accumulate in non-adipose tissues, causing lipotoxicity and insulin resistance (for a review, 

please refer to [84]). During obesity development, insulin resistance is also related to TNF-α 
that enhances serine phosphorylation of IRS-1 and inhibits insulin receptor signalling [111]. 

Furthermore, insulin resistance associated to obesity induces leptin resistance and reduced 

adiponectin levels, two factors that may reduce fatty acid oxidation and promote lipotoxicity 

[84,112].

Obesity is not an essential feature of PCOS, but by aggravating the degree of insulin 

resistance and hyperinsulinemia, obesity will precipitate the clinical manifestations of the 

syndrome in predisposed women or will aggravate them in those already affected [49,113]. 

It is probably because of its pathophysiologic role in the syndrome, in association with 

genetic or other primary predisposition, that women with PCOS are on average more obese 

or abdominally overweight than normal women. Of note, overweight in PCOS is 

characterized by a central distribution, with increased visceral rather than subcutaneous fat, 

which is more closely associated with insulin resistance [110,114–116], as previously 

discussed. Even in lean women matched for body mass index (BMI, defined by weight in kg 

divided by height in m2), PCOS women have a higher percentage of body fat, a larger waist-

to-hip ratio (WHR) and increased accumulation of intra-abdominal peritoneal and visceral 

fat than their matched controls [110,114–116].

As compared to non-obese PCOS women, obese women with PCOS have more menstrual 

irregularities and uterine dysfunctional bleeding, as well as an increased prevalence of 

infertility, which were also associated with an abdominal distribution of fat [113,117,118]. 

Obese women with or without PCOS display increased risk of miscarriage, gestational 

diabetes and pre-eclampsia [119]. Moreover, PCOS women who are obese tend to have 

higher hirsutism and acne scores than their lean counterparts. Indeed, SHBG levels are 

reduced in obese PCOS women, especially if they present with abdominal obesity [113,120]. 

Lower SHBG levels increase the bioavailability of testosterone and thus further increase 

hyperandrogenemia. Obese PCOS women also have a higher risk of developing glucose 

intolerance or diabetes than lean PCOS women [120,121]. Therefore, since obesity is an 

important environmental factor exacerbating the clinical symptoms and metabolic risks of 

the syndrome, it is essential in the management of PCOS to start by lifestyle modifications 

and to put emphasis on weight loss in all obese and overweight women with PCOS.

4. Management of insulin-related hyperandrogenism and insulin resistance 

in PCOS women

4.1. Weight loss and exercise

Lifestyle modification, such as diet re-calibration and increased physical activity, is 

considered as the first-line treatment for PCOS women [122,123], particularly when their 

BMI exceeds 25 kg/m2. In order to improve fertility, 343 overweight infertile women with 

PCOS were randomized to either clomiphene citrate alone, the insulin sensitizer metformin 

alone, the combination of both, or a lifestyle modification program (low-calorie diet and 
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risk-free exercise for 30 min/day) [124]. Lifestyle group women did better than the 

medicated groups with regard to waist circumference, LDL and insulin levels, while SHBG 

was improved equally in lifestyle and metformin groups. More importantly, pregnancy rate 

was higher in the lifestyle group (20%) than in the combination group (14.8%), although this 

difference did not reach statistical significance. A recent clinical trial randomized 30 obese, 

insulin-resistant PCOS women to lifestyle modification with the addition of metformin or 

placebo for 4 months [125]. The authors found that a small decrease in body weight trough 

lifestyle changes was enough to improve menstrual cycles in these PCOS women and that 

metformin offered additive effects regarding insulin resistance and hyperandrogenism. Thus, 

a modest weight loss in obese PCOS women of only 5% of initial body weight can result in 

pregnancy [126], while a weight loss of 5–10% can reduce hyperandrogenism and insulin 

levels [127].

There are no conclusive data regarding the optimal composition of the diet in order to 

improve clinical consequences of PCOS. Twenty-eight overweight PCOS women were 

randomized to a low-or high-protein diet for 12 weeks [128]. Both diet decreased weight 

(7.5%) and abdominal fat (12.5%), and improved pregnancy rates, menstrual cyclicity, lipid 

profile, and insulin resistance, but without significant difference based on diet composition. 

Similarly, a randomized-controlled trial comparing high-protein and high-carbohydrate diets 

did not find significant differences in weight loss and clinical or biochemical improvements 

between diets [129]. However, based on the hypothesis that accumulation of fatty acids in 

androgen-secreting cells may play an important role in PCOS pathophysiology, fat 

composition of the diet might prove to be more important than other macronutrients. For 

example, in male rats saturated fatty acids were more prone to accumulate in cells and to 

increase androgen levels than polyunsaturated fatty acid (PUFA), and to a lesser extent than 

MUFA [86]. Accordingly, a prospective study found that after a 3-month habitual diet, partly 

replacing fat by PUFAs for another 3 months improved glucose homeostasis, plasma lipids 

and sex steroids in women with PCOS [130]. A cross-over study comparing eucaloric diets 

either enriched with MUFA or low in carbohydrates (CHO), evidenced that both 

interventions lowered fasting insulin levels and circulating triglycerides, but the acute insulin 

response to glucose was lower following the low CHO diet relative to the MUFA diet [131]. 

However, diets were tested for only 16 days, which was probably too short for fat 

modulation to impact on insulin sensitivity and testosterone levels. Since very few studies 

assessed the role of dietary fat content modulation in women with PCOS, we propose that 

further investigations should be done in order to better characterize and understand the 

effects of dietary fat in PCOS management.

4.2. Insulin-sensitizing drugs

Following failure of non-pharmacological methods, medical treatments for the management 

of insulin-related hyperandrogenism and insulin resistance can be suggested to women with 

PCOS. Indeed, all insulin-sensitizing or insulin-lowering agents used for treatment of type 2 

diabetes, namely metformin, thiazolidinediones (TZDs, PPARγ agonists), D-chiro- or myo-

inositols, and acarbose, have been shown to improve hyperandrogenemia [2,122,132], both 

in lean and obese women with PCOS. Metformin is a biguanide who mainly acts by 

reducing hepatic glucose production, but also improves insulin sensitivity to some extent. 
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This drug also reduces appetite in many PCOS women and is thus often [133], but not 

always [134], associated with more weight loss. Metformin has been shown to be effective 

in all women with PCOS, even those without insulin resistance and hyperinsulinemia 

[47,135–137], but tends to be more effective in lean as compared to obese PCOS women 

[138]. The effects of metformin in PCOS are probably mainly mediated through a reduction 

in insulin levels, which is observed both in insulin-sensitive and insulin-resistant PCOS 

women because of the reduction in hepatic glucose production. Metformin also seems to 

reduce androgen production by a direct action on the ovaries [139,140], which could be 

related to improvement in intracellular accumulation of FFA. But this hypothesis needs to be 

verified in vitro.

TZDs are other insulin-sensitizing agents that can be used for the treatment of PCOS 

manifestations. TZDs binding to gamma peroxisome proliferator activator receptors (PPARγ 
receptors), induce gene transcription and activate genes that encode for insulin action and 

normal FFA metabolism in adipocytes and androgen-secreting cells. TZDs, unlike 

metformin, are true sensitizers, such that insulin levels will be maintained stable in 

individuals with normal insulin sensitivity. To date, three molecules were released: 

troglitazone, rosiglitazone and pioglitazone, but troglitazone was withdrawn from the market 

because of idiosyncratic hepatotoxicity. Several studies have demonstrated the therapeutic 

benefits of one or another TZD on insulin resistance, ovulatory dysfunction and 

hyperandrogenism in PCOS women [141–144]. Similar to metformin, TZDs were found to 

improve hyperandrogenism and ovulation rates even in lean women with PCOS [47,135] 

and with normal insulin levels [47]. TZDs seem at least as effective as metformin for clinical 

improvement of PCOS [2,122]. For example, in obese PCOS patients treated over a 12 

weeks period with metformin, orlistat (weight loss inducer) or pioglitazone, features of 

hyperandrogenemia were equally reduced with the three drugs [145].

PPARγ receptors were found in adrenal fasciculata and ovarian thecal cells, and ligands of 

these receptors decreased P450c17 and 3βHSD2 activity in human adrenal cells, and LH- 

and/or insulin-stimulated testosterone production in porcine thecal [146,147] and human 

ovarian cells [148]. PPARγ agonists have also been shown to reverse the enhanced 

expression of P450c17 induced by specific inhibition of MEK/ERK in human adrenal cells 

[107] (Fig. 3). Thus, PPARγ seems directly implicated in androgen production and its 

activation may improve some of the insulin signalling protein defects associated with PCOS 

hyperandrogenemia described in previous sections (Fig. 3). Furthermore, since all insulin-

sensitizing therapies decrease circulating FFA levels by improving adipocyte insulin 

sensitivity; this might be a common mechanism by which insulin sensitization improves 

hyperandrogenemia (see previous discussion).

5. Conclusion

In summary, PCOS is a very common endocrine disorder that affects the quality of life of 

women suffering from its multiform symptoms. Moreover, those women are at greater risk 

to develop metabolic syndrome and T2DM. The main feature of PCOS is hyper-

androgenism and evidence suggest that insulin resistance or insulin action play critical roles 

in its pathophysiology. The aim of this review was to discuss on new insights and findings 
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regarding insulin actions in PCOS women and how it is related to hyper-androgenemia. It 

remains difficult to understand the mechanisms involved because many defects are observed 

and they might be caused either by genetic predisposition, environmental impact or both. 

New studies are necessary to elucidate the pathophysiology of PCOS in order to develop 

better treatments with beneficial short-term and long-term effects.
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Fig. 1. 
Steroidogenesis occurring both in gonads and adrenal gland of human origin. As cholesterol 

is the precursor for all steroids, each zone of the adrenal gland or cell types of the ovary 

expresses specific enzymes necessary for appropriate steroid production. The ovaries, more 

particularly the thecal cells, possesses the P450c17 enzyme having both the 17α-

hydroxylase/17,20-lyase activities needed for androgens secretions, DHEA/testosterone. 

Granulosa cells expresses the P450aromatase enzyme necessary for estrogens production. 

The adrenal gland has the capacity to secrete mineralocorticoid (aldosterone) due to the 

presence of the P450aldo synthase enzyme in the zona glomerulosa. The adrenal gland zona 

fasciculata, and to a much lesser extent the zona reticularis, produces glucocorticoid (such as 

cortisol in human) because they express the 17α-hydroxylase activity of the P450c17 

enzyme. The zona reticularis expresses to a larger extent than the zona fasciculata both 17α-

hydroxylase and 17,20-lyase activities of the P450c17 that are necessary to produce 

androgens, adapted from Ref. [13].
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Fig. 2. 
Serum free testosterone, fasting insulin levels and insulin sensitivity (HOMA IS), in women 

with PCOS having normal insulin levels, before and after the administration of insulin-

sensitizing drugs or placebo for 6 months. (a) Testosterone concentrations and (b) fasting 

insulin levels and HOMA IS are shown as data represented by mean and 95% confidence 

interval. *P < 0.05 for comparison with the group given placebo and †P < 0.05 for 

comparison with the group given rosiglitazone, using Tukey HSD tests after ANCOVA 

analysis, adapted from Baillargeon et al. [47], with permission.
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Fig. 3. 
Proposed cellular mechanisms involved in insulin-stimulated androgen biosynthesis, PCOS-

associated defects, free fatty acids-induced insulin resistance and increased androgen 

production, and PPARγ actions. Insulin binds to its receptor resulting in tyrosine 

phosphorylation of the receptor and insulin receptor substrates (IRSs) such as the IRS-1. 

IRS-1 activates phosphoinositide-3-kinase (PI-3K) and Akt, which mediate insulin-

stimulated glucose metabolism. Serine phosphorylation of IRS-1 prevents its binding with 

PI-3K and inhibits insulin signalling. Furthermore, serine phosphorylation of P450c17 

increases its 17,20-lyase activity and thus androgen biosynthesis. Interestingly, serine 

phosphorylation of IRS-1 is constitutively increased in PCOS women and increased by fatty 

acids (FAs) accumulation, and PPARγ agonists increase tyrosine phosphorylation of IRS-1. 

On the other hand, insulin-stimulated androgen production has been shown to be reduced by 

specific inhibition of PI-3K and increased by specific inhibition of MEK. MEK/ERK 

activity was found to be constitutively reduced in PCOS women, activated by PPARγ 
agonists and inhibited by FFAs. It was also suggested that P450c17 activity may be 

stimulated by other players of the MAPK pathway, such as MKK3/6-p38 and MKK4/7-JNK, 

which are at least normally functional in women with PCOS, adapted from Baillargeon [92].
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Table 1

List of abbreviations.

ACTH Adrenocorticotropin hormone

AE-PCOS Androgen Excess-PCOS society

BMI Body mass index

CHO Carbohydrates

DHEA Dehydroepiandrosterone

FFA Free fatty acid

GLUT4 Glucose transporter 4

GnRH Gonadotropines releasing hormone

Grb2 Growth factor receptor-bound protein 2

GSK-3 Glycogen synthase kinase-3

hCG Human chorionic gonadotrophin

HMGCoA reductase 3-Hydroxy-3-methyl-glutaryl-CoA reductase

HSL Hormone-sensitive lipase

IRS-1 Insulin receptor substrate 1

LH luteal hormone

LDL Low-density lipoprotein

NADPH Nicotinamide adenine dinucleotide phosphate-oxidase

OGTT Oral glucose tolerance test

MAPK Mitogen-activated protein kinase

MUFA Monounsaturated fatty acids

PCOS Polycystic ovary syndrome

PI-3K Phosphoinositide 3-kinase

PKB/C Protein kinase B/C

PPAR Peroxisome proliferator-activated receptor

PUFA Polyunsaturated fatty acids

P450c17 Cytochrome P450 α-hydroxylase

SHBG Sex-hormone binding globulin

SHC src homologous and collagen protein

SREBP Steroid regulatory element-binding protein

TNF-α Tumor necrosis factor-α

TZD Thiazolidinedione

T2DM Type 2 diabetes mellitus

WHR Waist-to-hip ratio

3βHSD2 3β-Hydroxysteroid dehydrogenase type 2
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