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Abstract

Insulin has complex effects on cell growth, metabolism and differentiation, and
these effects are mediated by a cell-surface bound receptor and eventually a
cascade of intracellular signaling events. Among the several metabolic and
growth-promoting effects of insulin, insulin resistance is defined as an attenuated
effect of insulin on glucose metabolism, primarily the limited export of blood
glucose into skeletal muscle and adipose tissue. On the other hand, not all the
signaling pathways and insulin-responsive tissues are equally affected, and some
effects other than the metabolic actions of insulin are overexpressed. Ovaries and
the adrenal glands are two examples of tissues remaining sensitive to insulin
actions where insulin may contribute to increased androgen secretion. Polycystic
ovary syndrome (PCOS) is the most common form of androgen excess disorder
(AED), and its pathogenesis is closely associated with insulin resistance. Patients
with idiopathic hirsutism also exhibit insulin resistance, albeit lower than patients
with PCOS. Although it is not as evident as in PCOS, patients with congenital
adrenal hyperplasia may have insulin resistance, which may be further
exacerbated with glucocorticoid overtreatment and obesity. Among patients with
severe insulin resistance syndromes, irrespective of the type of disease,
hyperinsulinemia promotes ovarian androgen synthesis independently of
gonadotropins. It is highly debated in whom and how insulin resistance should be
diagnosed and treated among patients with AEDs, including PCOS. It is not
suitable to administer an insulin sensitizer relying on only some mathematical
models used for estimating insulin resistance. Instead, the treatment decision
should be based on the constellation of the signs, symptoms and presence of
obesity; acanthosis nigricans; and some laboratory abnormalities such as impaired
glucose tolerance and impaired fasting glucose.

Key Words: Insulin; Insulin resistance; Hyperinsulinemia; Hyperandrogenism; Androgen
excess
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Core Tip: In patients with insulin resistance, not all signaling pathways and insulin-
responsive tissues are equally affected, and some effects other than the metabolic
actions of insulin are overexpressed. Ovaries and the adrenal glands are two examples
of tissues remaining sensitive to insulin actions where insulin may contribute to
increased androgen secretion leading to androgen excess disorders. Therefore, the role
and contribution of hyperinsulinemia triggered by (selective) insulin resistance has
paramount importance for elucidating the pathogenesis of these disorders and
establishing the right patient for insulin sensitizer therapy.

Citation: Unluhizarci K, Karaca Z, Kelestimur F. Role of insulin and insulin resistance in
androgen excess disorders. World J Diabetes 2021; 12(5): 616-629

URL: https://www.wjgnet.com/1948-9358/full/v12/i5/616.htm

DOI: https://dx.doi.org/10.4239/wjd.v12.i5.616

INTRODUCTION

Androgen excess disorders (AEDs) affect approximately 10% of childbearing women.
Most of these patients suffer from hirsutism. Various pathogenetic factors play a role
in the evolution of these disorders. Most of these disorders are associated with
metabolic abnormalities during the course of the disease. Insulin resistance and
hyperinsulinemia are the main contributors to metabolic derangements and are
players in the pathogenesis of some of these disorders. In this review, we present the
relationship among insulin resistance, hyperinsulinemia and AEDs.

INSULIN AND INSULIN SIGNALING

Insulin is an anabolic hormone and is secreted by the beta cells of the pancreas.
Although it has a large number of cellular responses/effects, maintaining glucose
homeostasis is considered the main physiological function of insulin. Insulin exerts its
effect on muscle cells to promote glucose uptake and protein synthesis; in adipose
tissue, insulin promotes fatty acid and glucose uptake and inhibits lipolysis; and in the
liver, insulin suppresses glucose production. Insulin has complex effects on cell
growth, metabolism and differentiation, which and these effects are mediated by a
cell-surface bound receptor and eventually a cascade of intracellular signaling
events[1,2] (Figure 1).

The insulin signaling cascade is composed of reversible enzymatic reactions. The
cornerstone of insulin signaling is the sequential phosphorylation of downstream
targets. Following insulin binding, insulin receptor tyrosine kinase is activated,
leading to tyrosine phosphorylation of the insulin receptor. The autophosphorylation
of the insulin receptor leads to tyrosine phosphorylation of insulin receptor substrate
(IRS) proteins and Src homology 2 domain-containing transforming proteins
(SHCs)[3]. There are four isoforms of IRS; however, isoforms 1 and 2 are the main
isoforms involved in metabolic actions[4]. In addition to the differences in their
functions, these isoforms show different tissue distributions, thus leading to
pleiotropic actions of insulin. IRS proteins are adaptor proteins that convert the
tyrosine phosphorylation signal into a lipid kinase signal via the catalytic subunit of
the enzyme phosphatidylinositol-3-kinase (PI3K). During the insulin signaling
cascade, tyrosine phosphorylation is activated, while serine/threonine phospho-
rylation inactivates insulin receptor and IRS proteins[5]. In general, although the
effects are site-dependent, the major mechanism of the termination of insulin receptor
signaling is serine/threonine phosphorylation.

The phosphorylation of IRS leads to the binding of PI3K and the synthesis of
phosphatidylinositol-triphosphate. These intracellular cascades lead to the
phosphorylation and activation of serine/threonine-specific protein kinase B (AKT).
There are three isoforms of AKT, and AKT?2 is the most important isoform for glucose
homeostasis[6]. Several substances interact, and via the PI3K/AKT pathway, anabolic
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Figure 1 A brief scheme of the insulin signaling pathway under physiological conditions. After insulin binds to its own receptor, several pathways
are activated/inactivated, resulting in an anabolic state of insulin. The autophosphorylation of insulin receptor tyrosine kinase is followed by tyrosine phosphorylation
of insulin receptor substrate. The phosphatidylinositol-3-kinase/serine/threonine-specific protein kinase B (AKT) signaling pathway promotes glucose uptake and
glycogen and lipid synthesis while inhibiting hepatic gluconeogenesis and lipolysis. Moreover, AKT kinases activate mechanistic target of rapamycin complex 1, which
promotes de novo synthesis of proteins and lipids. An additional insulin signaling pathway via Src homology 2 domain-containing transforming proteins and the
mitogen-activated protein kinase/extracellular signal-related kinase pathway promotes cell proliferation and protein synthesis. Dotted lines represent inhibition, and
solid lines represent stimulation/activation. IRS: Insulin receptor substrate; SHC: Src homology 2 domain-containing transforming proteins; MEK: Mitogen-activated
protein kinase; ERK: Extracellular signal-related kinase; PI3K: Phosphatidylinositol-3-kinase; AKT: Serine/threonine-specific protein kinase B; mTORC: Mechanistic
target of rapamycin complex.
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effects of insulin, such as glycogen synthesis, glucose uptake and de novo lipid
synthesis, occur. This pathway also induces protein synthesis and de novo lipogenesis,
which is mediated by mechanistic target of rapamycin complex 1 (mTORC1)[3].
Another insulin receptor-activated pathway is mitogen-activated protein kinase
(MEK)-extracellular signal regulated kinase (ERK), which is triggered by the
phosphorylation of SHC. Under physiological conditions, the activation of this
pathway induces cell proliferation and protein synthesis[3,7]. There are dozens of
proteins that are phosphorylated in response to insulin, and it has been shown that
tyrosine phosphorylation of insulin receptor and IRS occurs within a minute upon
insulin secretion/treatment[8-10]. Other downstream events occur within up to 45
min. Therefore, the occurrence of insulin receptor signaling at different times and
specific patterns of phosphorylation may underlie the various responses of each
insulin signaling pathway. For recent and detailed reviews on insulin signaling in
normal and insulin-resistant individuals, we refer the reader to references 3 and 5.

INSULIN RESISTANCE AND HYPERINSULINEMIA

Among the several metabolic and growth-promoting effects of insulin, insulin
resistance is defined as an attenuated effect of insulin on glucose metabolism,
primarily the limited export of blood glucose into skeletal muscle and adipose tissue.
Beta cells secrete much more insulin to compensate for and overcome insulin
resistance. The resultant hyperinsulinemia is the hallmark of insulin resistance, at least
at the beginning of the disease. Under physiological conditions, transient elevations in
insulin concentrations are adaptive responses to environmental factors such as dietary
stimuli[11]. In the case of prolonged hyperinsulinemia, there is less insulin receptor
expression on the plasma membrane, which is one of the primary mechanisms of
insulin resistance. However, this is not the sole mechanism of insulin resistance, and
glucose homeostasis is also maintained by decreased insulin signaling via the
PI3/ AKT pathway for glucose transport from the circulation into tissues. Thus, at
early stages, insulin resistance is considered a part of the defense mechanism to avoid
hypoglycemia[12]. In the presence of prolonged/chronic insulin resistance and
hyperinsulinemia, not all the abovementioned signaling pathways are equally
affected, and relatively insulin-sensitive pathways of the insulin signaling cascade
result in metabolic, vascular and reproductive dysfunctions (Figure 2).
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Figure 2 A brief scheme of the insulin signaling pathway in the presence of insulin resistance. Not all insulin signaling pathways are equally
affected, and selective insulin resistance is observed. (Partial) resistance in the phosphatidylinositol-3-kinase/serine/threonine-specific protein kinase B pathway
results in decreased glucose uptake mediated by insufficient translocation of glucose transporter 4 and decreased inhibition of lipolysis and gluconeogenesis.
Additionally, deficient activation of endothelial nitric oxide synthase is also observed. Insulin-resistance-associated hyperinsulinemia promotes anabolic cell activities
via the mitogen-activated protein kinase (MEK)/extracellular signal-related kinase (ERK) pathway and via mechanistic target of rapamycin complex 1. In addition to
the anabolic actions of signaling via the MEK/ERK pathway, there is also enhanced expression of plasminogen 1 and endothelin 1. The inhibition of nuclear factor 2
compromises cell defense mechanisms against radical stress. Dotted lines represent inhibition, and solid lines represent stimulation/activation. IRS: Insulin receptor
substrate; SHC: Src homology 2 domain-containing transforming proteins; MEK: Mitogen-activated protein kinase; ERK: Extracellular signal-related kinase; PI3K:
Phosphatidylinositol-3-kinase; AKT: Serine/threonine-specific protein kinase B; mTORC: Mechanistic target of rapamycin complex 1; GLUT4: Glucose transporter 4;
ET-1: Endothelin 1; eNOS: endothelial nitric oxide synthase; PAI: Plasminogen activator.
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Insulin action via the MAP kinase MEK/ERK pathway and partially via the
PIBK/AKT pathway are relatively less inhibited, and these pathways promote a
number of insulin-mediated functions. The activation of mTORC1 results in the
suppression of autophagy, leading to a dysfunction of the turnover and removal of
lipids and proteins. Insulin resistance suppresses the activation of endothelial nitric
oxide synthase by AKT, and endothelial dysfunction is further enhanced by
MEK/ERK-dependent expression of plasminogen activator-1 and endothelin-1.
Moreover, insulin-resistance-mediated hyperinsulinemia promotes calcium influx into
smooth vascular cells, leading to increased contractility and increased sodium
reabsorption in renal tubules. In addition to the abovementioned systems, prolonged
hyperinsulinemia also triggers functional impairments in the adrenal glands and
ovaries, contributing to AEDs.

AEDs

Androgens are steroid hormones synthesized by the adrenal glands and the ovaries of
women. Among the several effects on the skin, hirsutism is the main complaint of
women with androgen excess. Although using some drugs, such as anabolic steroids,
androgens and valproic acid, may lead to hirsutism, in most cases, the underlying
cause is an AED[13]. These include polycystic ovary syndrome (PCOS), idiopathic
hirsutism, nonclassic congenital adrenal hyperplasia (CAH), syndromes of severe
insulin resistance and androgen-secreting tumors[14,15]. Each AED has its own
pathogenesis, and different mechanisms are responsible for the increased androgen
level or androgen effect. The role of insulin resistance and hyperinsulinemia in the
pathogenesis of AED has been implicated for a long time. In this review, we have
concentrated on the possible relationships among insulin resistance, hyperinsulinemia
and AEDs; thus, the clinical manifestations and diagnostic and therapeutic aspects of
AEDs are beyond the scope of this review.
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PCOS AND INSULIN RESISTANCE

Theca and granulosa cell functions in normal physiology

Ovarian function is regulated by the changing levels of gonadotropic hormones
(FSH/LH) as well as nonsteroidal substances such as inhibin A and B. Ovulation is the
ultimate target and is the rupture and release of the dominant follicle from the ovary
into the fallopian tube. The stimulation of immature oocytes by FSH results in their
maturation into secondary follicles before ovulation. FSH receptors are found in the
granulosa cells that surround developing ovarian follicles. Granulosa cells exclusively
produce the estrogen needed to mature the developing dominant follicle. Estradiol is
the main hormone of the follicle during the follicular phase of the menstrual
cycle[16,17].

After the sustained elevation of estrogen levels, the characteristic midcycle LH surge
causes the luteinization of granulosa cells. Prior to the LH surge, LH interacts with
theca cells that are adjacent to granulosa cells in the ovary. Ovarian theca cells produce
androgens that diffuse into granulosa cells and are converted to estrogen for follicular
development. Luteinized granulosa cells start to respond to LH and produce proges-
terone. LH is responsible for inducing ovulation and induces ovarian progesterone
production via the stimulation of theca cells and luteinized granulosa cells[16,17].

In contrast to the abovementioned physiological conditions, insulin resistance and
hyperinsulinemia result in significant disturbances in ovarian functions, such as
premature arrest of follicle growth and anovulation. Moreover, hyperinsulinemia has
a role in amplifying LH-induced androgen production by theca cells.

Potential mechanisms of insulin resistance

In addition to being a reproductive disorder, PCOS is considered a metabolic disease
associated with insulin resistance. The prevalence of insulin resistance among women
with PCOS is 60%-70%; however, the detection of insulin resistance among patients
with PCOS is dependent on the method used[18-20]. Although lean women with
PCOS may also have insulin resistance, obesity further increases insulin resistance in
those patients. Several mechanisms have been proposed for the cellular mechanisms of
insulin resistance among women with PCOS. In vitro studies showed that the
mechanisms of insulin resistance among women with PCOS are heterogeneous and
involve various steps of insulin signaling. Although altered postreceptor signaling
mechanisms are considered the main defect, the insulin receptor beta subunit is
described as a novel molecular marker of insulin resistance. Decreased insulin receptor
beta subunit has been demonstrated in several tissues, such as skeletal muscle, the
liver, adipose tissue and the kidneys, during insulin-resistant states[21]. Some of the
studies indicating the cellular mechanisms of insulin resistance in women with PCOS
are shown in Table 1[22-24].

The role of insulin resistance and hyperinsulinemia is not limited to ovarian
dysfunction. Endometrial physiology is also negatively affected since this tissue is also
dependent on the action of steroids and insulin[25]. Lee et al[26] found that insulin
receptors, IRS proteins and glucose transporters are aberrantly regulated in the
endometrium of women with PCOS and are associated with hyperandrogenemia. The
authors used human endometrial stromal cells (hESCs) obtained from seven healthy
women and 13 women with PCOS. They demonstrated increased phosphorylation of
IRS1/IRS2 on Tyr612 in androgen-treated hESCs, suggesting the role of hyperandro-
genemia in the insulin signaling pathway of the endometrium. They also found that
increased expression of glucose transporter (GLUT) 1 and GLUT12 was inhibited after
dihydrotestosterone treatment in decidualizing hESCs. This is the only study
evaluating the quantification of a series of GLUTs in the endometria of women with
PCOS[26]. In addition, the insulin signaling pathway and endometrial energetic
homeostasis are compromised in women with PCOS. Concomitantly, defects in
GLUT#4 synthesis and its translocation to the cell surface are reduced. The results
obtained clearly show that molecular defects in PCOS endometria could partially
explain the reproductive problems of these patients[25]. In addition to ovulatory
dysfunction, blastocyst implantation and maintenance also contribute to the fertility of
women with PCOS[27]. It has been shown that metformin administration to women
with PCOS increases GLUT4 endometrial levels and improves the fertility of these
patients.

Inflammatory cytokines are also involved in insulin resistance by triggering
inhibitory phosphorylation in the insulin signaling cascade. Macrophages infiltrating
adipose tissue secrete inflammatory cytokines such as tumor necrosis factor (TNF)-
alpha, which act in a paracrine manner and activate serine kinases in adipocytes[28].
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Table 1 Studies demonstrating cellular mechanisms of insulin resistance in women with polycystic ovary syndrome

Ref. Objective Method(s) Main result(s) Conclusion

Dunaif  To investigate the Cultured skin fibroblasts Increased serine phosphorylation and One of the mechanisms of insulin

etal[22]  cellular mechanisms of from 14 women. reduced tyrosine phosphorylation of resistance at the receptor level was
insulin resistance in insulin receptor. demonstrated. However, 50% of women
PCOS. did not show this abnormality,

indicating heterogeneity in the
pathogenesis of insulin resistance in

PCOS.
Book To explore the Metabolic and mitogenic No difference in the number and affinity of Women with PCOS show decreased
and mechanisms of the actions of insulin and IGF-1 insulin receptor in either group. Decreased metabolic action but mitogenic action of
Dunaif[ paradox in metabolic ~ were evaluated in cultured glucose incorporation into glycogen in insulin signaling was similar between
23] and mitogenic actions  skin fibroblasts of 16 PCOS women with PCOS.Thymidine the groups.
of insulin. and 11 control women. incorporation was similar between the
groups.
Belani ~ To unravel insulin and Insulin receptor beta subunit ~Compared to controls, 64% of cells show Lower viability of luteinized granulosa
etal[24]  steroidogenic signaling expression was investigated ~ reduced insulin receptor beta subunit cells in insulin-resistant women with
pathways in PCOS. in luteinized granulosa cells  expression.Insulin-resistant women also PCOS.
obtained from 30 healthy showed decreased PI3 kinase expression.
women and 39 women with
PCOS.

PCOS: Polycystic ovary syndrome; IGF-1: Insulin-like growth factor-1; PI3 kinase: Phosphatidylinositol-3-kinase.

These kinases exhibit inhibitory phosphorylation of IRS-1, thus causing insulin
resistance in adipocytes. Macrophages may constitute 40% of the cells in the adipose
tissue of obese individuals. Women with PCOS, particularly obese women, show an
increased amount of TNF-alpha in their adipose tissue, which contributes to the
development of insulin resistance[29]. It is well known that weight loss is associated
with improved insulin sensitivity and metabolic parameters in addition to decreased
serum and tissue TNF-alpha levels. Moreover, cytokines such as TNF-alpha may enter
the systemic circulation from adipose tissue, resulting in endocrine actions and
decreasing insulin sensitivity in insulin target tissues. In cultured adipocytes, TNF-
alpha reduced insulin signaling by attenuating the phosphorylation of IRS proteins by
insulin receptor tyrosine kinases[30].

The role of insulin in ovarian/adrenal androgen secretion

PCOS is a reproductive and metabolic disease exhibiting an insulin paradox in which
ovarian and adrenal tissue remain sensitive to the stimulatory effects of insulin despite
resistance to metabolic effects[31-33]. In other words, women with PCOS have a
selective defect in insulin action that is characterized by resistance in metabolic
signaling pathways but not in mitogenic pathways, which is particularly important in
androgen production by the ovaries[33]. Patients with PCOS also have an increased
adrenal androgen responsiveness to ACTH stimulation, and adrenal hyperand-
rogenemia is also a characteristic feature of PCOS. Some of the studies showing the
effects of insulin on ovarian/adrenal hormone secretion are shown in Table 2[34-38].

Critical points in the evaluation of insulin resistance in women with PCOS

There are different phenotypes of PCOS that differ not only by the clinical spectrum of
the symptoms but also by the presence/absence and the degree of insulin resistance.
Euglycemic clamp studies showed that insulin sensitivity is remarkably reduced in
PCOS patients who have a classic/complete phenotype, while it is less severe in those
with normoandrogenic or ovulatory phenotypes[39]. It is important to note that the
accurate estimation of insulin resistance in clinical studies and in outpatient clinics is a
matter of debate. Although some surrogate indices of insulin resistance, such as the
homeostasis model assessment (HOMA) index, have fair correlations with direct
measures of insulin action, it may be misleading to categorize patients as insulin
resistant or vice versa according to these parameters. There may be mismatches when
using a glucose clamp and surrogate indices[19,40].

In surrogate indices such as the HOMA index, the important player is insulin, and
its concentrations depend on both the metabolic clearance rate and the secretion rate
from beta cells. Although there is ample evidence for the secretion of insulin, a limited
number of studies have investigated the metabolic clearance rate of insulin in women
with PCOS. Recently, Tosi et al[41] investigated the metabolic clearance rate of insulin
and its relationship with the clinical, hormonal and metabolic characteristics in 190
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Table 2 Studies showing the effects of insulin on ovarian and adrenal hormone secretion

Ref. Objective Method(s) Main result(s) Conclusion

Cadagan  To investigate the effects  Cells were obtained from three PCOS theca cells exhibit increased CYP17  There is a defect of steroid

et al[34] of insulin and LH on women with PCOS and three enzyme activity/expression and increased  biosynthesis in ovarian theca
PCOS theca cell CYP17  healthy women. androgen secretion. cells, which is further
expression and androgen augmented under
secretion. hyperinsulinemia and

increased LH secretion.

Munir To define the Third-passage human ovarian Insulin regulation of 17-alpha hydroxylase Insulin stimulates ovarian
et al[35] intracellular signaling theca cells were used. activity is mediated by PI3 kinase. androgen production, which is
pathways that link the different from the effects on
insulin receptor to glucose metabolism.
androgen biosynthesis.
laMarca  To test the hypothesis of HCG test before and one month After metformin, women with PCOShad ~ Metformin leads to a reduction
et al[36] the linkage of after metformin (1500 mg/ d) significantly lower insulin and testosterone in stimulated ovarian P45017-
hyperinsulinemia and therapy in 11 women with PCOS concentrations as well as lower 17-OHP alpha hydroxylase activity.
abnormal activity of responses.
P450CYP17.
Homburg To elucidate the Serum concentrations of IGF-1, Similar serum IGF-1 levels were found. Hyperinsulinemia and raised
et al[37] relationship and role of ~ IGFBP-1, insulin and LH in women However, IGFBP-1 levels were decreased =~ LH are independently capable
IGF-1, IGFBP-1, insulin ~ with PCOS with or without in anovulatory PCOS, which is negatively  of stimulating ovarian
and LH in the anovulation. correlated with insulin concentrations. androgen production. Growth
pathogenesis of PCOS. factors may have a role in
PCOS pathogenesis.
Tosi To investigate the role of ~Hyperinsulinemic clamp and saline ~Acute insulin elevation resulted in an Acute hyperinsulinemia in a
et al[38] hyperinsulinemia on infusion tests were performed on increased response of 17 alpha range found in insulin-
adrenal steroidogenesis  separate days in 12 hydroxysteroid intermediates.Increased 17- resistant individuals enhances
in women with PCOS. hyperandrogenic women. OHP/androstenedione and 17-OH adrenal response to ACTH
Concurrent ACTH infusion to pregnanolone/ DHEA molar ratio suggest  stimulation.
evaluate intermediate metabolites  relative inhibition of 17-20 lyase activity by
of adrenal steroid biosynthesis. insulin.

PCOS: Polycystic ovary syndrome; LH: Luteinizing hormone; PI3 kinase: Phosphatidylinositol-3-kinase; P450CYP17: Cytochrome 450, 17 hydroxylase;
HCG: Human chorionic gonadotropin; 17-OHP: 17-hydroxyprogesterone; IGF-1: Insulin-like growth factor-1; IGFBP-1: Insulin-like growth factor-binding
protein-1; ACTH: Adrenocorticotropic hormone; DHEA: Dehydroepiandrosterone.

women with PCOS. It has been shown that insulin clearance is remarkably reduced in
women with PCOS compared to healthy women with similar indices[41]. Moreover, in
multivariate analysis, body fat, estimates of insulin secretion and levels of serum
androgens were all independent predictors of insulin clearance, and they all had
negative relationships. The authors revealed that obesity contributes to hyperinsu-
linemia by both lowering insulin metabolism and increasing insulin secretion in
addition to regulating insulin clearance by serum androgens.

Although insulin resistance is associated with PCOS, it is well known that not all
women with PCOS have insulin resistance and hyperinsulinemia. Baillargeon et al[42]
evaluated 100 nonobese women with PCOS with normal indices of insulin sensitivity
indicated by normal glucose tolerance, fasting insulin, peak insulin during an OGTT
and fasting glucose/insulin ratio. Those women received 850 mg metformin twice
daily, 4 mg rosiglitazone, a combination of both drugs or at least one placebo for six
months. In comparison to placebo, insulin sensitizers significantly improved
ovulation. After treatment, serum testosterone levels also decreased significantly in
comparison to the placebo group. The authors suggest that there is a subgroup of
women with normal insulin sensitivity, and even those patients may benefit from
insulin-sensitizing therapies in terms of the resumption of menses and improvement
in hyperandrogenemial[42].

Several studies have demonstrated the role of insulin resistance in the pathogenesis
of PCOS, and insulin sensitizers have been used for different clinical indications, such
as metabolic effects, aiming to decrease hirsutism, resume menses and increase the
ovulatory rate. If we look at the other side of the coin, do insulin sensitizers have a role
in the prevention of PCOS? Ibafez et al[43] investigated body composition, lipids,
gonadotropins and the progression to PCOS in 24 nonobese postmenarcheal girls with
hyperinsulinemic hyperandrogenemia and precocious pubarche. They were randomly
assigned to receive metformin (850 mg/d) or no treatment for 12 mo. In comparison to
untreated girls, metformin-treated girls had significantly improved parameters
(insulin sensitivity, androgens, lipids), and the authors concluded that early metformin
treatment helps to prevent the progression of precocious pubarche to PCOS. The
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authors also investigated the effects of metformin (1250 mg/d) alone or in combination
with an antiandrogen (flutamide, 250 mg/d) in nonobese young women with
hyperinsulinemic hyperandrogenism for 9 mo[44]. In comparison to the flutamide
alone group, the combination group had greater improvements in serum androgens,
insulin resistance and ovulation rates (75% and 92% in the metformin alone and
combination groups, respectively, but not in the flutamide alone group). These results
suggest that insulin sensitizers, mainly metformin, may have a role in the early stages
of PCOS and may be used as additives to other therapies, such as antiandrogens.

Apart from insulin-induced androgen secretion, androgens also contribute to the
occurrence of hyperinsulinemia in women with PCOS[41]. Moghetti et al[45]
previously assessed the effects of androgens on insulin sensitivity in 43 women (13
obese, 30 nonobese) with normal glucose tolerance and hirsutism and compared the
results with those of healthy individuals matched for body mass index.
Hyperandrogenic women were studied before and 3-4 mo after antiandrogen
(spironolactone, flutamide, GnRH agonist buserelin) treatment. Insulin-mediated
glucose uptake was lower than that in healthy individuals irrespective of ovarian or
nonovarian hyperandrogenism. After antiandrogen therapy, insulin action,
determined in both oxidative and nonoxidative metabolism, significantly increased,
albeit it remained lower than that of the control groups. This study also showed that
androgen excess per se contributes to insulin resistance and that antiandrogen therapy
partially reverses peripheral insulin resistance regardless of which antiandrogen was
used. These bidirectional relationships between insulin and androgens in the presence
of other confounding factors are reminiscent of the relationship of the egg and the
chicken.

Idiopathic hirsutism and insulin resistance

Idiopathic hirsutism is the second most common form of hirsutism and is charac-
terized by normal serum androgen levels, normal ovulatory function and normal
ovaries[46,47]. Data regarding the presence/absence of insulin resistance in patients
with idiopathic hirsutism are limited in comparison to PCOS. In one of the earliest
studies in this area, we investigated the presence/absence of insulin resistance in 32
patients (eight of the patients had body mass index higher than 30 kg/m?) with
idiopathic hirsutism by using basal insulin levels, HOMA scores, and OGTT and
intravenous insulin tolerance test results. Patients with idiopathic hirsutism had
significantly higher basal insulin levels and HOMA scores and a lower plasma glucose
disappearance rate than control individuals. Six patients (18.7%) had impaired glucose
tolerance (IGT); however, they were more obese than the patients with normal glucose
tolerance. It is remarkable that after omitting the patients with IGT, the rest of the
patients were still insulin resistant[46]. We have concluded that idiopathic hirsutism is
associated with some degree of insulin resistance and an increased tendency for
glucose intolerance, particularly in obese patients.

In most of the studies, lean patients with idiopathic hirsutism were also investigated
to exclude the effect of obesity. Talaei et al[48] also investigated the presence of insulin
resistance among nonobese women with PCOS (n = 16), idiopathic hirsutism (n = 30)
and healthy individuals (n = 60). All the groups were investigated by using basal
insulin levels and HOMA scores. The authors found that patients with idiopathic
hirsutism had lower insulin resistance than patients with PCOS, but they had higher
insulin resistance than control individuals[48]. Similarly, Sarac et al[49] also invest-
igated the presence of insulin resistance among nonobese women with idiopathic
hirsutism (n = 20) by using the euglycemic hyperinsulinemic clamp technique and
compared the results with those of 20 healthy individuals. Patients with idiopathic
hirsutism had lower glucose disposal rates than control individuals[49]. Although
most of the studies[46,48-50] showed increased insulin resistance, opposite results
have also been reported, albeit rarely. Bonakdaran et al[51] investigated insulin
resistance in nonobese patients with PCOS (n = 30), idiopathic hirsutism (n = 30) and
healthy individuals (n = 30) by using basal insulin levels and HOMA scores. They
reported that insulin resistance was no more common than in healthy individuals. In
that study, the authors classified the patients as insulin resistant (whose HOMA score
> 2.68 based on a previous Iranian study) or insulin sensitive (wWhose HOMA score <
2.68). When they analyzed their data without classifying the patients, they again did
not find any difference in insulin sensitivity between the patients with idiopathic
hirsutism and healthy individuals. However, it is notable that they did not find any
insulin resistance even in patients with PCOS[51].

Although it has been shown that patients with idiopathic hirsutism may exhibit
some degree of insulin resistance, there are not adequate data regarding the
(molecular) mechanisms of insulin resistance. Idiopathic hirsutism is considered
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among AEDs; patients with idiopathic hirsutism have normal serum androgen levels,
and it may be asked, how the patients exhibit similar insulin resistance as their
hyperandrogenic counterparts. In that case, an important question arises: are these
patients truly defined as normoandrogenic and are they truly idiopathic[52]?
Previously, we showed that, although within normal limits, patients with idiopathic
hirsutism have relatively higher serum androgen levels than healthy individuals[46].
In other words, those patients are actually hyperandrogenic at the tissue level;
however, when we use some cutoff values derived from the reference values of
commercial assays, we consider those patients to have (normoandrogenic) idiopathic
hirsutism. However, those patients exhibit a lower estradiol/testosterone ratio, which
is a function of aromatase activity, leading to relative hyperandrogenemia[46].
Moreover, patients with idiopathic hirsutism also demonstrate metabolic
derangements compatible with insulin resistance, such as IGT[46,50].

Insulin resistance and CAH

Deficiencies in the main pathways of steroid biosynthesis lead to CAH, which is a
group of disorders characterized by enzymatic defects in cortisol biosynthesis. When
any mutation/ mutations cause complete or near complete deficiency of the enzymes,
the classic form of the disease ensues with severe clinical manifestations, such as the
virilization of females or salt wasting in both sexes[53,54]. The milder form of the
disease, called the nonclassic form, is typically asymptomatic at birth and is not distin-
guishable from other hyperandrogenic disorders, such as PCOS. Both forms of the
disease differ in terms of the severity of the clinical signs and symptoms, and their
treatment modalities are also different[54,55].

In patients with milder forms of CAH, glucocorticoid treatment is rarely indicated
since these patients do not exhibit overt glucocorticoid deficiency. Saygili et al[56]
investigated insulin resistance in 18 patients with untreated nonclassic CAH (NCAH),
and the data were compared to those of 26 healthy individuals. Serum basal insulin
levels, post glucose loading (2 h) insulin responses and HOMA scores were
significantly higher in NCAH patients than in control individuals. The authors also
showed a positive correlation between serum androgen and insulin levels[56]. On the
other hand, glucocorticoid replacement therapy is the mainstay of therapy in the
classic form of the disease, and some patients may be overtreated since the androgen
suppressive dose of glucocorticoids is much more than the replacement dose.
Recently, Kurnaz et al[57] depicted another aspect of the relationship between CAH
and insulin resistance. In 56 patients with CAH and 70 healthy individuals, in addition
to biochemical and hormonal investigations, the authors measured serum insulin and
fetuin-A levels. Fetuin-A is a protein produced in the liver. Insulin and fetuin-A levels
were significantly higher in patients with CAH than in controls, and unfavorably high
levels of these proteins exhibited a positive correlation with total and free testosterone
levels[57]. Since androgen receptors are also expressed in pancreatic and liver cells,
high levels of testosterone can result in hyperinsulinemia. Moreover, Fetuin-A is a
natural inhibitor of tyrosine kinase, and its overexpression in the liver leads to insulin
resistance.

Kroese et al[58] investigated insulin resistance and hyperinsulinemia in 12 patients
with the classic form of CAH and 12 controls matched for body mass index and age by
using a euglycemic clamp. Patients were randomized to treatment with either placebo
followed by pioglitazone (45 mg/d) for 16 wk or treatment with pioglitazone for 16
wk followed by placebo in a randomized crossover study design. The results of this
study showed that patients with CAH who were treated with glucocorticoids were
more insulin resistant than controls, and sixteen weeks of treatment with pioglitazone
(45 mg/ d) significantly improved insulin resistance[58].

Metformin is an oral hypoglycemic drug that has several other effects and has
therefore been used in various clinical conditions[59]. Hirsc et al[60] investigated the
effects of metformin on adrenal androgen synthesis by using human adrenal NCI-
H295R cells. Cells were treated with different doses of metformin for 48 hr and tested
for steroid profiles. The authors demonstrated in vitro that metformin reduces the
activity of two important enzymes in adrenal androgen biosynthesis, 17 alpha
hydroxylase/17-20 lyase and 3 beta hydroxysteroid dehydrogenase, in a dose-
dependent manner by affecting the mitochondrial respiratory chain[60]. Recently,
Parween et al[61] investigated the effect of metformin on melanocortin receptor 2
(MCR-2), which plays an important role in ACTH-mediated intracellular signaling.
The authors performed the studies in an established adrenal OS3 cell model. They
observed a fivefold increase in MCR-2 expression after ACTH stimulation, which was
reduced 55% with metformin treatment, indicating that metformin directly affects
MCR-2 expression induced by ACTH. These results provide another possible

WJD | https://www.wjgnet.com 624 May 15,2021 | Volume12 | Issue5 |



Jaishideng®

Unluhizarci K ef al. Insulin resistance and androgen excess disorders

mechanism of action by which metformin reduces adrenal steroidogenesis, and this
mechanism of action may be beneficial in conditions where the hypothalamic-
pituitary-adrenal axis is overactivated, such as CAH.

Although it is not as evident as in PCOS, patients with CAH may have insulin
resistance, which may be further exacerbated with glucocorticoid overtreatment and
obesity. Han et al[62] investigated whether the type and dose of glucocorticoid
treatment impacts health outcomes, including insulin resistance, in 196 patients with
CAH. Increasing the glucocorticoid dose with the aim of reducing serum androgen
levels increased blood pressure without a remarkable benefit in disease control. The
authors found that compared with those receiving prednisolone or hydrocortisone,
patients on dexamethasone had lower serum androgens but greater insulin resistance.
Moreover, they reported that using dexamethasone once daily was more likely to
induce insulin resistance than using dexamethasone twice daily, which is explained by
the higher peak of dexamethasone at night possibly inducing insulin resistance,
similar to that seen in patients with primary adrenal failure[62].

On the other hand, inappropriate management of women with CAH mimics an
additional PCOS-like phenotype in these women. Lifestyle modifications, changes in
glucocorticoid regimens and insulin sensitizers such as metformin and/or
pioglitazone may help to overcome this problem.

Syndromes of severe insulin resistance

Syndromes of severe insulin resistance are rare diseases of acquired or genetic origin.
There are two main forms of these syndromes: insulin receptor gene mutations cause
Type A syndrome, whereas autoantibodies against insulin receptors cause Type B
syndrome. The role of insulin and insulin resistance in ovarian functions was
established 45 years ago, when Kahn et al[63] described patients with acanthosis
nigricans, hirsutism and virilization. Today, it is well known that the ovaries express
not only insulin receptors but also type 1 and type 2 insulin-like growth factor (IGF)
receptors, and the major hyperinsulinemia observed in Type A insulin resistance
syndrome mediates its stimulatory effects via IGF receptors. Patients with Type A
syndrome are mostly nonobese and demonstrate severe hyperinsulinemia,
hyperandrogenism and acanthosis nigricans. Most of the patients are incorrectly
diagnosed with PCOS. Irrespective of the type of disease, hyperinsulinemia promotes
ovarian androgen synthesis independently of gonadotropins[64].

Although it is considered a subtype of PCOS, hyperandrogenism, insulin resistance,
and acanthosis nigricans (HAIR-AN) syndrome is also associated with severe insulin
resistance. Acanthosis nigricans is a clinical manifestation of insulin resistance charac-
terized by velvety, hyperpigmented skin lesions mostly found on the axillary region
and on the back of the neck. Abnormally increased insulin levels cross-react with
insulin and IGF receptors on the ovary, leading to androgen overproduction.
Metformin and/or pioglitazone may be used and have beneficial effects on serum
androgen levels[65]. Recently, in five women with HAIR-AN syndrome, liraglutide
improved insulin resistance, serum androgen levels and menstrual abnormalities, with
one pregnancy[66].

Links between hyperandrogenism and insulin resistance. How to translate in daily

practice

Apart from PCOS and syndromes of severe insulin resistance, the role and contri-
bution of insulin resistance in the pathogenesis of AEDs are a matter of debate,
although several molecular and clinical relationships have been given above.
Currently, it is highly debated in whom and how insulin resistance should be
diagnosed and treated among patients with AEDs, including PCOS.

It is certain that insulin resistance is a common but not universal feature of PCOS.
Thus, assuming all patients are insulin resistant is not logical. In daily practice, the
most important problem is the correct estimation of insulin resistance. Due to its
complex and time-consuming procedures, the gold-standard “euglycemic hyperinsu-
linemic clamp” technique cannot be applied to all women with PCOS. Instead, some
surrogate markers have been suggested for the evaluation of insulin sensitivity.
However, surrogate markers such as the basal insulin, glucose/insulin ratio, HOMA
index, and quantitative insulin sensitivity check index are all based on basal insulin
and fasting glucose and provide similar information[67,68]. Therefore, it is not suitable
to administer an insulin sensitizer relying on only some mathematical models. Instead,
treatment decisions should be based on the constellation of the signs, symptoms and
presence of obesity; acanthosis nigricans; and some laboratory abnormalities such as
IGT and impaired fasting glucose. On the other hand, given that metformin is a very
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safe drug, in clinical practice, metformin may be used for trial without some sophist-
icated laboratory investigations if there are no other causes of concern.

Based on several molecular and clinical studies indicating the role of insulin
resistance and compensatory hyperinsulinemia in PCOS pathogenesis, many
drugs/compounds, including nutraceuticals, have been tested in the treatment of
PCOS with the aim of weight reduction and metabolic and reproductive outcomes.
Among these, metformin, orlistat, pioglitazone, inositol, glucagon-like peptide-1
agonists, and alpha-lipoic acid were all tested. A recent guideline raised by the
International PCOS Network mentioned metformin as the only insulin-sensitizing
agent among women with PCOS and suggested its use for weight, hormonal and
metabolic outcomes in addition to lifestyle modifications[69]. Metformin has also been
suggested alone or in addition to clomiphene citrate for anovulatory infertility.
Additionally, the guidelines suggest considering metformin (in addition to lifestyle
modification) in adolescents with a clear diagnosis of PCOS or with symptoms of
PCOS before the diagnosis is established[69]. Regarding women with lean PCOS,
weight maintenance through dietary interventions and obesity avoidance should be a
treatment goal. Regular physical exercise has been shown to improve insulin
resistance in addition to some other beneficial effects on the symptoms of PCOS[70].
Although the number of patients is limited, Anastasiou et al[71] showed that lean or
even underweight women with PCOS may benefit from metformin therapy for the
resumption of menses and ovulation. In brief, we suggest using the same principles for
the decision to treat insulin resistance in patients with AEDs.

CONCLUSION

AEDs are associated with several metabolic and reproductive consequences. Data
regarding insulin resistance and its role in AEDs, except for PCOS, are scarce, and
current evidence shows that insulin has receptors both on the adrenal glands and the
ovaries and stimulates androgen production in several ways. Increased androgens in
turn trigger insulin resistance. Furthermore, obesity contributes to established insulin
resistance in patients with AEDs in many ways. Future studies are needed to establish
the most appropriate time for initiating therapy and candidate patients for prescribing
insulin-sensitizing agents.
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