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Abstract

Background: Evidence favours insulin resistance and compensatory hyperinsulinemia as the predominant, perhaps primary,
defects in polycystic ovary syndrome (PCOS). The aim of the present study was to evaluate insulin metabolism in young
women with PCOS but normal glucose tolerance as compared with age, body mass index and insulin resistance-matched
controls to answer the question whether women with PCOS hypersecrete insulin in comparison to appropriately insulin
resistance-matched controls.

Research Design and Methods: Sixty-nine cases were divided according to their body mass index (BMI) in normal-weight
(N = 29), overweight (N = 24) and obese patients (N = 16). Controls were 479 healthy women (age 16–49 y). Whole body
Insulin Sensitivity (WBISI), fasting, and total insulin secretion were estimated following an oral glucose tolerance test (C-
peptide deconvolution method).

Results: Across classes of BMI, PCOS patients had greater insulin resistance than matched controls (p,0.0001 for all the
comparisons), but they showed higher fasting and total insulin secretion than their age, BMI and insulin resistance-matched
peers (p,0.0001 for all the comparisons).

Conclusion: Women with PCOS show higher insulin resistance but also larger insulin secretion to maintain normal glucose
homeostasis than age-, BMI- and insulin resistance-matched controls.
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Introduction

Polycystic ovary syndrome (PCOS) occurs in about 10% of

women of reproductive age, thus representing one of the

commonest endocrine disorders in women [1]. The syndrome is

defined, after excluding other disorders which might present in a

similar fashion, by occurrence of two of the following three

features: i) oligo- or anovulation, ii) clinical and/or biochemical

signs of hyperandrogenism, and iii) polycystic ovaries [2].

Severe insulin resistance characterises up to 90% of women with

PCOS beyond that predicted by their body mass index (BMI) [2–

4]. Indeed, even lean women with PCOS have elevated insulin

resistance compared with BMI-matched controls [5].

As a consequence of highly common severe insulin resistance,

the risk of impaired glucose tolerance (IGT) and type 2 diabetes

mellitus (T2DM) in patients with PCOS significantly exceeds

estimates of diabetes in the normal population [6]. Nevertheless,

progression from insulin resistance to diabetes requires impaired

b-cell function.

As regards insulin secretion, many studies have examined b-cell

function in PCOS, but thus far, the results are equivocal. Studies

have shown that there is a defect in the glucose-stimulated insulin

secretion [7–9], but other studies have found that insulin response

is enhanced in women with PCOS, likely as compensation for the

peripheral insulin resistance [10–12].

Excess body weight in women with PCOS may accelerate

progression toward diabetes by exacerbating both insulin resis-

tance and inappropriate insulin-response. In a longitudinal study

of 25 women with PCOS, the BMI of those whose glucose

tolerance deteriorated was significantly higher than that of the

group whose glucose tolerance improved or remained stable [13].

It is, thus, likely that obesity acts in concert with the intrinsic

and apparently distinctive defects in insulin action of women with

PCOS to enhance the risk of diabetes. However, no data have
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been provided on the effect of BMI on the compensatory insulin

response, particularly in patients with a normal body weight.

Aim of the present investigation was to assess insulin resistance

and compensatory insulin secretion by means of the oral glucose

tolerance test (OGTT) in a sample of young PCOS women as

compared to a large sample of age and body mass index matched

controls. All cases and controls had normal glucose tolerance

(NGT) and their BMI ranged from normality to severe obesity.

Methods

A total of 69 women with clinical and hormonal evidence of

PCOS were recruited at the Department of Internal Medicine,

Catholic School of Medicine in Rome. All women had a standard

oral glucose tolerance test (OGTT) with measurement of glucose,

insulin and c-peptide levels at every 30 min time-point. They had

normal fasting glucose (,5.6 mmol/l) and glucose tolerance (#

7.8 mmol/l at 2 h) [14].

PCOS was diagnosed in presence of at least two out of the three

diagnostic criteria established by the revised 2003 Rotterdam

European Society for Human Reproduction/American Society of

Reproductive Medicine PCOS Consensus Workshop Group: i)

oligo- and/or anovulation, ii) clinical and/or biochemical signs of

hyperandrogenism, and iii) polycystic ovaries [2].

A pregnancy test was ordered on all subjects and none was

found to be pregnant. The amount of excess terminal hair growth

was first assessed using the modified Ferriman-Gallwey (mF-G)

method, scoring the presence of terminal hairs over nine body

areas (i.e. upper lip, chin, chest, upper and lower abdomen, thighs,

upper and lower back, and upper arms) from 0 to 4. To maximize

the accuracy of hirsutism scoring, subjects were examined by two

physicians (EA & GM). Hirsutism was diagnosed by the presence

of mF-G score $6 [15].

The presence of acne was also recorded, although no specific

scoring system was used.

The study was performed in the early follicular phase (i.e.

between d 2 and 5 after the last menstrual period). In oligo- or

amenorrheic patients, the last menstrual period was either

spontaneous or induced by the administration of didrogesterone

(10 mg/d for 7 d).

Other endocrinopathies were ruled out by measuring thyroid

stimulating hormone, basal serum 17-hydroxyprogesterone, pro-

lactin, and 24 hour urine free cortisol levels. Exclusion criteria

included age.50y, known cardiovascular disease, immune and

non immune thyroid disease, neoplasm, current smoking,

impaired glucose tolerance or diabetes, hypertension (blood

pressure, BP, .135/85 mmHg), liver dysfunction, and renal

impairment. None of the patients had taken any of the following

medications for at least 6 months prior to enrolment in the study:

hormonal contraceptives, glucocorticoids, ovulation induction

agents, antidiabetic or antiobesity drugs, estrogenic, antiandro-

genic, or antihypertensive medications.

Healthy normal-weight volunteers were recruited among

medical students, young physicians, and nurses as normal-weight

controls. Overweight/obese subjects with no evidence PCOS were

recruited from those at their first referral to the Department of

Internal Medicine at the Catholic University or the Research Unit

for Multifactorial Disease at the Bambino Gesù Hospital for

overweight/obesity. They were all free of medication despite

severe obesity.

Most of the controls have been enrolled in previous studies [16–

19] and were women aged 16–49 y on free diet, with regular

menses, no clinical signs of hyperandrogenism (either hirsutism,

acne or alopecia) or ultrasound evidence of polycystic ovaries; no

systemic/endocrine disease including thyroid disease, no use of

medication (including lipid lowering drugs, antihypertensive and

insulin sensitizer agents or any medication able to interfere with

glucose metabolism), no impaired fasting glucose or glucose

intolerance. In all cases and controls, overweight was defined as a

BMI $25.0 kg/m2 and obesity as a BMI $30 kg/m2.

The study was approved by the Institutional Review Board at

the Catholic School of Medicine. It was conducted in accordance

with the Declaration of Helsinki for research in human beings. All

patients provided written informed consent prior to study

participation. For adolescent girls, written full informed consent

was obtained from parents/tutors and written assent absence from

patient.

Oral Glucose Tolerance Test and Insulin Metabolism
Blood samples were obtained at baseline and at 30-min intervals

for 2 h for measurement of glucose, insulin and c-peptide after

ingestion of the glucose load. Insulin resistance was estimated by

the homeostasis model of insulin resistance (HOMA-IR; www.dtu.

ox.ac.uk/homa) and the Whole-Body Insulin Sensitivity Index

(WBISI) [20). Area under the glucose and the insulin curves were

calculated by using the trapezoidal curve. The insulin secretion-

sensitivity index-2 (ISSI-2) was calculated as the ratio of the area-

under-the-insulin-curve to the area-under-the-glucose curve,

multiplied by the Matsuda index [21]. b-cell function was assessed

from the OGTT using the C-peptide deconvolution method [22]

which provides estimation of both fasting and total insulin

secretion and normalized for the body surface area. Total insulin

secretion was normalized for a value of WBISI of 5 in order to

allow the comparison of insulin secretion between cases and

controls with different degree of insulin sensitivity.

Analytical Methods
Serum concentrations of FSH, LH, estradiol (E2), testosteron

(T), androstenedione (A), dehydroepiandrosterone sulphate

(DHEAS), 17-hydroxyprogesterone (17-OHP), and Sex Hormone

Binding Globulin (SHBG) were all assayed by commercially

available radioimmunoassays (RIA; Radim, Pomezia, and Ares

Serono, Milan, Italy). Samples were immediately processed in a

refrigerated centrifuge and stored at 220uC until assay. The intra-

assay and inter-assay coefficients of variation obtained were #9%

for all variables. The free androgen index (FAI) was calculated by

the formula: (total T/SHBG)6100. Serum AMH concentrations

were determined by enzyme immunoassay (Immunotech–Beck-

man-Coulter, Fullerton, CA).

Serum glucose, insulin and c-peptide were analyzed at the

Catholic University in all subjects. Glucose was measured by the

glucose oxidase method (Beckman, Fullerton, CA). Insulin was

assayed by microparticle enzyme immunoassay (MEIA; Abbott,

Pasadena, CA) with a sensitivity of 1 mU/ml and an intra-assay

coefficient of variation (CV) of 6.6%. C-peptide was assayed by

radioimmunoassay (MYRIA; Technogenetics, Milan, Italy); this

assay has a minimal detectable concentration of 17 pmol/l and

intra-assay and interassay CVs of 3.3–5.7 and 4.6–5.3, respec-

tively. Triglycerides, total and high-density lipoprotein (HDL)

cholesterol were measured by using commercial methods (ADVIA

2400 Chemistry System, Siemens Healthcare Diagnostic, and

Deerfield, IL).

Statistical Analysis and Data Analysis
Continuous data are reported as means and standard devia-

tions, with categorical data as counts and percentages. The Mann

Whitney U-test and the nonparametric Spearman correlation

coefficient were used for comparisons and correlations. The
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ANOVA analysis was used for comparisons among normal-

weight, overweight and obese cases.

The p value was set as statistically significant at p,0.05.

Data analysis was performed by using SPSS statistical software

(SPSS V17.0, Inc., Chicago, IL).

Results

Patients were 69 young women (age 16–49 y, BMI 16.1–

53.3 kg/m2); controls were 479 women of matched age (25.763.7

y). Among cases, 29 women were normal-weight, 24 overweight

and 16 were obese patients. Controls were 271 normal-weight, 151

overweight and 57 obese women. Tables 1 illustrates anthropo-

metrics, laboratory parameters, and values of insulin metabolism

in cases and controls according to their obesity status. In PCOS

patients, HOMA-IR, WBISI, fasting and total insulin secretion,

ISSI-2 were all statistically different respect with values observed in

controls belonging to the different BMI groups.

Regards cases, 66 patients (95.6%) presented with hirsutism,

which was equally distributed across classes of BMI; 38 (55%) had

acne and 7 (10%) alopecia. The mean m-FG was 14.265.3.

Oligo/anovulation was diagnosed in 48 cases (69.6%) and

ultrasound evidence of polycystic ovaries was observed in 39 cases

(56.3%). At the ANOVA, obese cases were the oldest (p = 0.02),

presented with the highest concentrations of SHBG (p = 0.012);

fasting insulin (p,0.0001), FAI (p = 0.023); the worst lipid profile

(HDL cholesterol, p,0.0001; LDL-cholesterol, p = 0.007; and

triglycerides, p = 0.009), insulin action (HOMA-IR and WBISI,

p,0.00001 for both); and the highest fasting insulin secretion (p,

0.0001).

Figure 1 shows the relationship between WBISI and total

insulin secretion in cases and controls.

To further assess whether insulin hypersecretion in PCOS

patients results from increased insulin resistance, control and

PCOS women were successively defined as insulin sensitive or

resistant by using tertiles of both HOMA-IR and WBISI in

controls (insulin resistance as HOMA-IR$1.26 and WBISI,

7.91). Accordingly, 98.6% of PCOS patients were resistant having

HOMA-IR$1.26 and 81.2% with WBISI ,7.91. Figure 2 shows

in control and PCOS women values of fasting and total insulin

secretion in the groups of women insulin resistant according to the

HOMA-IR index (panel A); in insulin sensitive (panel B) and

insulin resistant women (panel C) according to the values of

WBISI.

Mean concentrations of androgens and sex hormones were as it

follows: A4 227.4636.2 ng/dl; AMH 7.4063.2 ng/ml; T 6.656

4.43 ng/dl; DHEAs 249.76113.4 mg/dl; E2 99.4668.3 pg/ml;

FAI 6.6567.4 ng/100 ml; LH 5.463.08 IU/l; FSH 4.456

1.78 IU/l; LH/FSH 1.2460.56; SHBG 45.15636.2 nmol/l.

Correlation Analysis
In cases, fasting insulin secretion and WBISI were significantly

correlated with BMI (ro = 0.571; p,0.0001 and ro = 20.520; p,

0.0001, respectively) and waist circumference (ro = 0.687; p,

0.0001, and ro = 20.590; p,0.0001). Table 2 reports correlation

Figure 1. Relationship between insulin sensitivity and secretion in cases and controls. Scatter plot of the relationship between whole
body insulin sensitivity (WBISI) and Total insulin secretion in controls (empty circles) and patients with PCOS (filled circles).
doi:10.1371/journal.pone.0092995.g001
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coefficients of androgens and sex hormone with BMI, HOMA-IR,

WBISI, fasting and total insulin secretion, ISSI-2.

In controls, fasting and total insulin secretion were significantly

correlated with BMI (ro = 0.443; p,0.0001; ro = 0.230; p,0.0001)

and waist circumference (ro = 0.429; p,0.0001; ro = 0.175; p,

0.0001). WBISI was correlated with BMI (ro = 20.482; p,0.0001)

and waist (ro = 0.477; p,0.0001). ISSI-2 was correlated with waist

(ro = 0.776; p,0.0001).

Furthermore, multivariate analysis was performed. Fasting

secretion was predicted (r2 = 0.46; p,0.0001) by having PCOS

(coefficient 17; 95%CI 10.5–2.35), being obese (coefficient 15.7;

95%CI 12.3–19), and insulin resistant (coefficient 26.9; 95%CI

22–31.8); total insulin secretion by having PCOS (coefficient 14;

95%CI 10.8–17.4), and being insulin resistant. (coefficient 13.6;

95%CI 11.1–16).

Discussion

Young women with polycystic ovary syndrome but normal

glucose tolerance are able to compensate for severe insulin

resistance with enhanced b-cell function. They are less insulin

sensitive but able to release much more insulin following the

glucose ingestion than age and BMI matched controls (Figure 1).
Indeed, insulin secretion was normalized for a fixed value of

WBISI to take into account differences in insulin sensitivity

between PCOS patients and controls and the former hyper-

secreted insulin in comparison with insulin-resistance matched

control women.

Among the three groups of patients with PCOS differing by the

obesity status, lipid profile and insulin action worsened and b-cell

insulin release increased significantly with the increasing BMI

(Table 1). In our series, the use of a glucose disposition index (the

ISSI-2) provides an estimate of b-cell functionality relative to the

prevailing level of insulin resistance. Moreover, we normalised

total insulin secretion by the fixed value of insulin sensitivity of 5 to

compare secretion among cases and controls with different BMI.

Furthermore, when control and PCOS women were divided as

insulin sensitive or resistant according to tertiles of HOMA-IR or

Figure 2. Insulin secretion in insulin sensitive and resistant cases and controls. Fasting and total insulin secretion (box and whiskers, min to
max) in control and PCOS women having insulin resistance defined as HOMA-IR $1.26 (panel A); insulin sensitivity defined as WBISI $7.91 (panel B)
and insulin resistance as WBISI,7.91 (panel C).
doi:10.1371/journal.pone.0092995.g002
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WBISI, PCOS patients showed still higher fasting and total insulin

secretion (Figure 2).

Past studies that investigated either insulin action by using the

euglycemic hyperinsulinemic clamp, which is considered the gold-

standard technique to estimate insulin sensitivity, or the intrave-

nous glucose tolerance test (IVGTT) and b-cell function by the c-

peptide deconvolution method, provided divergent results.

Indeed, about half of the past clamp studies found preserved

insulin sensitivity in normal-weight women with PCOS when

compared with weight-matched controls [10–11,23–26], but some

other studies reported some degree of insulin resistance [4,13,27–

28]. By using the IVGTT, Gennarelli et al [25] found in women

with PCOS a significant reduction of the glucose effectiveness, i.e.

the proportion of glucose uptake independent from insulin activity,

while insulin sensitivity, i.e. the proportion of glucose uptake

dependent of insulin was normal. As reminded by the authors, the

clamp cannot discriminate between insulin dependent and insulin

independent glucose uptake, but in normal individuals between 30

and 50% of glucose disposal after an oral glucose load depends on

glucose effectiveness [29] which represents the major contributor

to glucose disappearance in states of severe insulin resistance [30].

Hence, reduced glucose effectiveness in patients with PCOS would

support lower insulin sensitivity following the glucose load as we

observed in the present investigation.

Some studies that carefully assessed b-cell function have claimed

dysfunctional insulin secretion [7,31–32]. Our data do not support

dysfunctional insulin secretion, at least in glucose normotolerant

cases, as the latter women release much more insulin than age,

BMI and insulin resistance-matched controls following the glucose

load. Findings from our study are in keeping with results of a

previous study which found in PCOS women higher basal and

24 h insulin concentration, reduced insulin clearance and

increased secretion by analysis of 24 hour profiles of insulin and

c-peptide and hyperglycaemic clamp [31]. While basal insulin

secretion was significantly increased as compared to secretion in

controls, their incremental insulin response to a meal was

significantly reduced. The reduction in the post-meal response

resulted from a reduction in the relative amplitude of meal-related

secretory pulses rather than from a reduction in the number of

pulses [31]. In our series we did not estimate secretory pulses, but

both absolute under the insulin curve and incremental areas were

significantly greater in patients with PCOS (Table 1). At the

IVGTT, Hermann et al [32] found that the ability of the b-cell to

respond to oscillations in plasma glucose is impaired in women

with PCOS. Arslanian et al [8] studied NGT and IGT PCOS

adolescents. They observed not only reduced insulin sensitivity at

the euglycemic clamp, but reduced first phase insulin secretion and

glucose disposition index and increased hepatic glucose production

by the hyperglycaemic clamp but limited to IGT patients. On the

contrary, Gennarelli et al [25] and Holte et al [10]. found no

significant difference in the acute (‘‘first-phase’’) insulin response to

intravenous glucose administration.

On purpose, we excluded from our investigation women with

IGT, who, for sure would present with increased insulin resistance,

defective b-cell function and, therefore, reduced glucose disposi-

tion index to focus, on the contrary, on NGT women with various

BMI, from normal weight to excess weight, to answer the question

whether b-cell function is dysfunctional or, conversely, women

with PCOS have insulin hypersecretion and to look at the impact

of excessive body weight on insulin secretion.

Major drawbacks of our study are due to the cross-sectional

design of the study, the small size-sample of cases, the lack of

information on body composition and family history on diabetes as

it is well accepted that the presence of family history of T2DM in

women with PCOS increases the likelihood of inappropriate b-cell

compensation for the degree of insulin resistance [32].

If the enrolment exclusively of cases with normal glucose

tolerance in our series does not allow comparing our findings with

other researchers’ results as they enrolled mostly women with

altered glucose tolerance, this choice, however, represents the

strength of our study. The lesson from PCOS patients with normal

glucose tolerance when considering their high risk of diabetes may

be that the b-cell of a woman with PCOS is very early challenged

by enhanced insulin resistance and obesity exacerbates this load.

The b-cell response to such a challenge may result defective in the

long-term in those women who are genetically prone to diabetes,

but in women who maintain a normal glucose tolerance it seems to

be significantly increased.

Regards to the role of excessive androgens in the natural

progression from NGT to diabetes in women with PCOS, our

findings are confirmatory of the association between A4, free

testosterone and SHBG with enhanced insulin resistance [32], but

Table 2. Coefficients of correlation in patients with PCOS.

Body weight HOMA-IR WBISI
Fasting insulin
secretion

Total Insulin
secretion ISSI-2

A4 0.131 P = 0.302 0.377 p = 0.006 20.395 p = 0.001 0.252 p = 0.045 0.208 p = 0.09 0.006 p = 0.962

AMH 20.231 P = 0.1 20.137 p = 0.334 0.142 p = 0.317 20.157 p = 0.266 20.055 p = 0.701 0.006 p = 0.966

DHEAS 0.183 p = 0.13 0.168 p = 0.174 20.256 p = 0.037 0.122 p = 0.325 0.189 p = 125 0.140 p = 0.259

E2 20.037 p = 0.771 20.106 p = 0.399 0.022 p = 0.859 20.90 p = 0.473 0.084 p = 0.504 20.10 p = 0.934

FAI 0.472 P,0.0001 0.503 p,0.0001 20.606 p,0.0001 0.494 p,0.0001 0.459 p,0.0001 20.075 p = 0.546

FSH 20.068 p = 0.623 0.269 p = 0.047 20.257 p = 0.06 0.150 p = 0.447 0.004 p = 0.974 20.281 p = 0.083

LH 0.122 p = 0.623 0.322 p = 0.016 20.298 p = 0.03 0.378 p = 0.004 0.244 p = 0.07 20.234 p = 0.03

LH/FSH 0.124 p = 0.377 0.173 p = 0.216 20.175 p = 0.209 0.273 p = 0.048 0.366 p = 0.007 20.109 p = 0.439

SHBG 20.546 P,0.0001 20.555 p,0.0001 0.566 p,0.0001 20.574 p,0.0001 20.359 p = 0.003 0.034 p = 0.784

T 0.472 P,0.0001 0.503 p,0.0001 20.606 p,0.0001 0.494 p,0.0001 0.459 p,0.0001 20.75 p = 0.546

A4, Androstenedione; AMH, Anti-Mullerian Hormone; BMI, body Mass Index;
CBG, Cortisol Binding Globulin; DHEAS, Dehydroepiandrosterone sulfate; E2, 17b-estradiol;
HOMA-IR, Homeostasis Model Assessment of Insulin Resistance; LH, Luteinizing Hormone;
FAI, Free androgen index; FSH, follicle-stimulating hormone; T, testosterone; WBISI, Whole Body Insulin Sensitivity Index; ISSI-2, Insulin.
doi:10.1371/journal.pone.0092995.t002
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they also suggest that hyperandrogenemia may affect also insulin

secretion as FAI and concentration of SHBG were correlated with

insulin secretion (Table 2). Unfortunately, as the cross-sectional

nature of the present study, we could not rule out whether such

effect is direct on the b-cell or indirect through increased insulin

resistance and whether b-cell becomes impaired with aging.

In conclusion, PCOS patients with normal glucose tolerance are

more insulin resistant than controls, their insulin secretion

increases in parallel with raised insulin secretion, but, more

importantly, they are able to secrete much more insulin than

insulin sensitivity matched peers. As expected, increasing BMI

exerts a major effect on both insulin resistance and b-cell insulin

response, but high levels of androgens seem to affect both sites, i.e.

insulin action and insulin secretion, of the glucose metabolism.
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