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Insulin Secretory Defects in Polycystic Ovary Syndrome
Relationship to Insulin Sensitivity and Family History of Non-Insulin-dependent Diabetes Mellitus
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and Kenneth S. Polonsky*
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Abstract

The increased prevalence of non-insulin-dependent diabe-
tes mellitus (NIDDM) among womenwith polycystic ovary
syndrome (PCOS) has been ascribed to the insulin resis-
tance characteristic of PCOS. This study was undertaken
to determine the role of defects in insulin secretion as well
as familial factors to the predisposition to NIDDMseen in
PCOS. Westudied three groups of women: PCOSwith a

family history of NIDDM(PCOSFHx POS; n = 11), PCOS
without a family history of NIDDM (PCOS FHx NEG; n

= 13), and womenwithout PCOSwho have a family history
of NIDDM(NON-PCOSFHx POS; n = 8). Beta cell func-
tion was evaluated during a frequently sampled intravenous
glucose tolerance test, by a low dose graded glucose infusion,
and by the ability of the beta cell to be entrained by an

oscillatory glucose infusion. PCOSFHx POSwomen were

significantly less likely to demonstrate appropriate beta cell
compensation for the degree of insulin resistance. The ability
of the beta cell to entrain, as judged by the spectral power
for insulin secretion rate, was significantly reduced in PCOS
FHx POSsubjects. In conclusion, a history of NIDDMin a

first-degree relative appears to define a subset of PCOS
subjects with a greater prevalence of insulin secretory de-
fects. The risk of developing NIDDM imparted by insulin
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1. Abbreviations used in this paper: AIRg, first-phase insulin secretion;
ANCOVA, analysis of covariance; AUCinsulin, area under the insulin
response curve from 0 to 10 min; AUCinsulin%, AUCinsulin divided
by one half the area under the insulin response curve from -20 to 0
min; BMI, body mass index; DHAS, dehydroepiandrosterone sulfate;
FSH, follicle-stimulating hormone; GnRH, gonadotropin-releasing hor-
mone; HbAI, hemoglobin Al; IGT, impaired glucose tolerance; ISR,
insulin secretion rate; IVGTT, intravenous glucose tolerance test; LH,
luteinizing hormone; NIDDM, non-insulin-dependent diabetes mellitus;
NON-PCOSFHx POS, without PCOSand with a family history of
NIDDM; OGTT, oral glucose tolerance test; PCOS, polycystic ovary

syndrome; PCOSFHx NEG, with PCOSand without a family history of
NIDDM; PCOSFHx POS, with PCOSand a family history of NIDDM;
SHBG, sex hormone-binding globulin; Si, sensitivity index.

resistance in PCOSmay be enhanced by these defects in
insulin secretion. (J. Clin. Invest. 1995. 96:520-527.) Key
words: polycystic ovary syndrome * non-insulin-dependent
diabetes mellitus * insulin secretion * insulin resistance
entrainment

Introduction
Womenwith polycystic ovary syndrome (PCOS)' are at in-
creased risk of developing impaired glucose tolerance (IGT)
and non-insulin-dependent diabetes mellitus (NIDDM) (1-
10). 20% of obese women with PCOSdevelop IGT or frank
NIDDM by age 40 yr (3, 11), and long-term follow-up of
womenwith polycystic ovaries reveals an increased prevalence
of NIDDM compared with controls (9, 10). This increased
prevalence of IGT and NIDDMhas been ascribed to the insulin
resistance characteristic of the syndrome (1-6, 12). Because
insulin resistance has been shown to antedate the onset of
NIDDMin some studies (13-16), it has been postulated to be
the primary pathogenetic factor in NIDDM. The high prevalence
of NIDDM in women with PCOSis therefore consistent with
similar findings in other populations in which insulin resistance
is common (14, 16). On the other hand, this formulation of the
pathophysiology of NIDDM in women with PCOSdoes not
explain the observation that only a subset of these insulin-resis-
tant women develop NIDDM. Defects in insulin secretion as
well as familial and environmental factors must therefore also
be considered as possible components in the predisposition to
NIDDMseen in PCOS.

Wehave previously shown that insulin secretory responses
to meals in insulin-resistant women with PCOSare reduced
relative to basal insulin secretion (8), an alteration characteris-
tic of NIDDM(17). In contrast, the acute ("first-phase") insu-
lin response to intravenous glucose administration, another mea-
sure of beta cell function, has been reported to be normal in
PCOS(12, 18).

The current study was therefore undertaken in an attempt
to determine whether insulin secretory abnormalities are more
common in a particular subset of insulin-resistant women with
PCOS. The experimental design was modified to differentiate
this study from our previous work and from other studies (8,
12, 18, 19). Insulin secretion was evaluated in relation to two
factors known to be important in the development of NIDDM,
namely, the presence or absence of a family history of NIDDM
and the degree of insulin resistance. Wewere thus able to test
the hypothesis that insulin secretory abnormalities, when
viewed in relation to the degree of insulin resistance, are more
common in womenwith PCOSwho have a first-degree relative
with NIDDMthan in womenwith PCOSwithout such a family
history.

Methods

Subjects
24 women with PCOSand 8 normal women volunteers were studied.
They were divided into three groups as follows: women with PCOS
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with a first-degree relative (parent) with NIDDM(PCOS FHx POS; n
= 11), womenwith PCOSwithout a family history of NIDDM(PCOS
FHx NEG; n = 13), and normal women with a first-degree relative
with NIDDM(NON-PCOSFHx POS; n = 8).

Womenwith PCOShad a history of infertility, oligomenorrhea/
anovulation (cycle lengths > 35 d), hirsutism, or acne plus hyperandro-
genemia (plasma free testosterone > 34.6 pmol/liter) (20). The ovarian
hyperandrogenism of PCOSwas characterized by the presence of an
abnormal 17-hydroxyprogesterone response to gonadotropin-releasing
hormone (GnRH) agonist (nafarelin) administration and/or a supranor-
mal plasma free testosterone level after administration of dexamethasone
as previously reported (20). The results of these two tests are highly
concordant and reflect related aspects of ovarian androgenic func-
tion (20).

Normal volunteers had regular menstrual cycles, lacked hirsutism
or acne, and had normal plasma concentrations of both total and free
testosterone as well as dehydroepiandrosterone sulfate (DHAS). Exclu-
sion criteria included the use of medications known to alter insulin
secretion and/or action within 2 moof study, including glucocorticoids
and oral contraceptives, and endocrinopathies, including nonclassic 21-
hydroxylase deficiency congenital adrenal hyperplasia, Cushing's syn-
drome, hyperprolactinemia, or thyroid dysfunction. A negative screening
pregnancy test was required.

The racial/ethnic composition of the study subjects was representa-
tive of that of women attending the clinics: 41% were Caucasian, 50%
African-American, and 9%were Asian. The protocols described in the
following section were approved by the Institutional Review Board of
the University of Chicago. Written informed consent was obtained from
each subject.

Experimental protocols
Studies were performed after an overnight fast. Intravenous catheters
were placed into antecubital veins. When appropriate, one catheter was
used for administration of intravenous glucose or other secretagogues,
and the catheter in the contralateral forearm was used for blood sam-
pling. The blood sampling arm was heated to obtain arterialized venous
samples.

GnRHagonist test. Hyperandrogenic women were studied in the
follicular phase (days 1-8) of the cycle or after 2 or more months of
amenorrhea. Blood samples were obtained before and at 16, 20, and 24
h after 100 tg of nafarelin ([6-D-(2-naphthyl)-alanine]-GnRH acetate;
Syntex Research, Palo Alto, CA) was administered as a subcutaneous
injection as previously described (20). Serum luteinizing hormone (LH)
and follicle-stimulating hormone (FSH) were measured every 20 min
for 1 h (baseline) before nafarelin administration. The response to
GnRHagonist administration was considered abnormal if the mean of
the plasma 17-hydroxyprogesterone obtained at 16, 20, and 24 h ex-
ceeded the 95th percentile of 23 previously studied normal volunteers
(5.1 nmol/liter) (21).

Dexamethasone androgen suppression test. Plasma concentrations
of total and free testosterone, sex hormone-binding globulin (SHBG),
and DHASwere measured before and after administration of dexameth-
asone (0.5 mg four times daily for 4 d); the second blood sample was
obtained at 0800 h on day 5. Dexamethasone suppression of androgen
was considered abnormal if the plasma free testosterone concentration
remained elevated (.2 27.7 pmol/liter) in the presence of normal adre-
nocortical suppression (20).

Oral glucose tolerance test. Glucose tolerance after ingestion of 75
g of glucose was evaluated by an oral glucose tolerance test (OGTT)
after an overnight fast using the criteria of the National Diabetes Data
Group (22).

Frequently sampled intravenous glucose tolerance test. A frequently
sampled intravenous glucose tolerance test (IVGTT) was performed as
described by Bergman et al. (23). To account for the impact of sex
steroids upon insulin sensitivity (24, 25), all subjects were studied in
the follicular phase of the menstrual cycle or after at least 2 mo of
amenorrhea. Blood samples for glucose and insulin were obtained every
5 min for 25 min, at which time 0.3 g/kg glucose was administered as
an intravenous bolus. Blood was obtained at 2, 3, 4, 5, 6, 8, 10, 12, 14,

16, and 19 min. At time 20 min, intravenous tolbutamide (125 mg/mi2;
Orinase; The Upjohn Co., Kalamazoo, MI) was administered. Thereaf-
ter, blood was sampled at 22, 24, 25, and 27 min, with subsequent
sampling every 10 min from 30 to 100 min and then every 20 min from
100 to 180 min.

Graded intravenous glucose infusion. A low dose graded glucose
infusion protocol designed to determine beta cell responsiveness over
the physiologic range of plasma glucose concentrations was performed
as previously described (26). Briefly, to investigate insulin secretory
responses at the lower end of the dose-response curve, each study
began with the intravenous administration of a small bolus of insulin
(0.007 U/kg). The administration of insulin at this dose to lower the
fasting glucose does not affect subsequent insulin secretory responses
(27). After a 20-min period during which the exogenously administered
insulin was allowed to decay, blood samples were drawn at 10-min
intervals for 30 min to define baseline levels of glucose, insulin, and
C-peptide. A graded intravenous infusion of 20% dextrose was then
started at a rate of 1 mg/kg/min for 40 min, followed by 2, 3, 4, 6, and
8 mg/kg/min, each for 40 min. Blood samples were drawn at 10, 20,
30, and 40 min into each period for measurement of glucose, insulin,
and C-peptide.

Insulin secretory responses to oscillatory glucose administration.
Wehave previously demonstrated that the peripheral administration of
glucose in an oscillatory pattern results in regular oscillations in plasma
glucose (19, 28). In normal subjects the beta cell is able to detect and
respond to the repetitive increases and decreases in glucose with parallel
changes in insulin secretion (19, 28). This adjustment of the insulin
secretory oscillations to the glucose oscillations is termed entrainment.
Lack of entrainment by glucose is an early manifestation of beta cell
dysfunction in individuals with impaired glucose intolerance and mild
diabetes (19).

To determine whether women with PCOSdemonstrate defects in
the ability of the beta cell to be entrained, a 20% glucose solution was
administered in an oscillatory pattern with a period of 144 min. This
period is 20% longer than the endogenous period observed in normal
subjects during constant glucose infusion (28) and most effectively
brings out defective entrainment of pulsatile insulin secretion by glucose
in states of impaired glucose tolerance (19). Glucose was administered
for 16 h via a computer-controlled pump. Each oscillation was shaped
as a sine wave with the amplitude being 33% above and below the
mean infusion rate of 6 mg/kg body weight per minute. After allowing
glucose to equilibrate during the initial 4 h (28, 29), samples were
drawn every 15 min for the remaining 12 h for the measurement of
glucose, insulin, and C-peptide.

Assay methods
Plasma glucose was measured immediately using a glucose analyzer
(YSI model 2300 STAT; Yellow Springs Instruments Co., Yellow
Springs, OH). The coefficient of variation of this method is < 2%.
Serum insulin was assayed by a double antibody technique (30) with
a lower limit of sensitivity of 20 pmol/liter and an average intraassay
coefficient of variation of 6%. The cross-reactivity of proinsulin in the
radioimmunoassay for insulin is - 40%. Plasma C-peptide was mea-
sured as previously described (31). The lower limit of sensitivity of
the assay is 0.02 pmol/ml, and the intraassay coefficient of variation
averaged 6%. Hemoglobin Al (HbA1) was measured by affinity chro-
matography (Glyc-Affin GHbkit; Isolab, Inc., Akron, OH). The intra-
and interassay coefficient of variation is 3%. Serum LH and FSH con-
centrations were measured using antisera and highly purified standards
provided by the National Hormone and Pituitary Program in polyclonal
radioimmunoassays with enhanced specificity for bioactive species
(32). In our assay, 1.0 ng of LH 1-2 is equivalent to 7.8 IU, and 1.0
ng of FSH I-3 is equivalent to 3.9 IU in a multi-laboratory quality
control program. The midrange coefficient of variation averages 5%
intraassay and 12% interassay. The sensitivity of these assays averages
0.1 ng/ml. Plasma concentrations of testosterone and DHASwere mea-
sured using kits obtained from Diagnostic Products Corp. (Los Angeles,
CA) and Diagnostic Systems Laboratories, Inc. (Webster, TX). The
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free fraction of plasma testosterone was measured by a competitive
protein binding (33). The concentration of SHBGbinding was measured
by a competitive protein binding assay as previously described (34).
The intra- and interassay coefficients of variation were 3.8% and 8.7%,
respectively. The radioimmunoassay for 17-hydroxyprogesterone was
performed after chromatographic purification, as previously reported
(32). The interassay precision of this assay approximates 12%.

Data analysis and statistical methods
Summary measures derived from IVGT7. Summary measures derived
from the IVGTT included the following: (a) The baseline insulin con-
centration (mean of values at -20, -15, -10, -5, and 0 min); (b) the
area under the insulin response curve from time 0 to 10 min (AUCin-
sulin); (c) the insulin response to glucose expressed as percent rise
(AUCinsulin%: area under the insulin response curve from time 0 to
10 min divided by one half the area under the insulin response curve
from time -20 to 0 min); (d) the first-phase insulin secretion (AIRg)
in response to glucose calculated as the mean increment above basal of
insulin values measured at 2, 3, 4, 5, 6, 8, and 10 min; (e) the insulin
sensitivity index (Si), calculated using the MINMODprogram provided
to us by Dr. R. N. Bergman (University of Southern California) (23,
35). The Si represents the increase in net fractional glucose clearance
rate per unit change in plasma insulin concentration after the intravenous
glucose load; (f ) intravenous glucose tolerance expressed as the glucose
disappearance constant, calculated as the slope of the least-squares re-
gression line relating the natural logarithm of the glucose concentration
to time between 10 and 19 min after glucose administration; and (g)
the relationship between the acute insulin response to glucose (AIRg)
and the degree of insulin resistance (Si). This relationship is calculated
from the equation Za = { ln [(Si X 10-') X AIRg)] + 3.8021/0.5613,
which defines the relationship for these parameters in normal subjects
(36). The percentile ranking based on the value of Za is obtained from
the table of the standard normal distribution.

Determination of insulin secretion rates. Standard kinetic parame-
ters for C-peptide clearance were used to derive insulin secretory rates
(ISRs). These standard parameters were calculated from 200 decay
curves of biosynthetic C-peptide obtained in normal, obese, and NIDDM
subjects (37). Age, sex, and body surface area were taken into account.
These parameters were derived by application of a two-compartment
model of C-peptide distribution as proposed by Eaton et al. (38). These
parameters were used to derive, in each 15-min interval between blood
sampling, the ISR from the plasma C-peptide concentrations by decon-
volution as previously described (39). The C-peptide profiles were
smoothed with a two-point moving average before the calculation of
the ISRs.

Relationship between glucose and ISR derived from graded glucose
infusion. Baseline glucose, insulin, C-peptide, and ISR were calculated
as the average of the four baseline samples, the first of which was drawn
20 min after insulin administration. During each glucose infusion period,
average glucose and ISR were calculated. Mean ISR for each period
was then plotted against the corresponding mean glucose level, thereby
establishing a dose-response relationship. Because insulin secretion is
best viewed in relation to the degree of insulin resistance (36), the
product of Si and the mean ISR for each glucose infusion period was
also plotted against the corresponding mean glucose level.

The average rate of insulin secreted over each sequential 1 mmol/
liter glucose concentration interval from 5.0 to 9.0 mmol/liter was
calculated as the area under the curve for each interval using the trape-
zoidal rule. This area was then divided by 1 mmol/liter to obtain the
correct units (picomoles per minute).

Spectral analysis. Each individual ISR and glucose profile from the
oscillatory glucose infusion protocol was submitted to spectral analysis
to determine whether the insulin oscillations were entrainable as pre-
viously reported (40, 41). Each spectrum was normalized assuming the
total variance of each series to be 100% and is expressed as the normal-
ized spectral power. Slow trends were removed by the first difference
filter before each spectrum was calculated with the window closing
procedure using a Tukey window with a width of 24 data points as
described by Jenkins and Watts (41).

Table I. Clinical, Hormonal, and Metabolic Characteristics of
Study Subjects

PCOS PCOS NON-PCOS
FHx POS FHxNEG FHx POS

No. subjects 11 13 8
Age (yr) 25.2±5.8* 26.8±4.9 32.0±2.3
BMI (kg/M2) 35.6± 11.3 31.5± 10.9 35.2±5.5
Waist/hip ratio 0.82±0.09 0.85±0.07 0.90±0.06
HbAl (%) 5.9±0.8 5.5±0.4 6.0±0.7
LH (IU/Witer) 21.0±12.2 19.1±5.6
FSH (IU/liter) 4.5±1.3 5.9±2.2
LH/FSH 4.7±2.0 3.5±1.4
SHBG(nM) 11.9±11.4* 16.5±12.0 29.1±11.5
Free testosterone (pM)

Pre-dexamethasone 173± 104*t 87±35 21±7
Post-dexamethasone 90±35 59±24

17-Hydroxyprogesterone
(nmollliter; 16-24 h
mean) 15.6±5.3t 9.5±4.0

OG1T
Basal glucose (mmol/

liter) 4.9±0.7 4.6±0.4 5.0±0.4
2-h glucose (mmol/liter) 7.3± 1.8 6.3± 1.7 7.0± 1.3

IVGTT
Basal insulin (pM) 265±222 179±196 127±51
Si (10-' min-'/pM) 2.2±3.0 3.8±3.0 2.6±3.2
AIRg (pM) 574±520 1397±1682 688±500
AUCinsulin 7502±6009 15015± 17535 8310±5074
AUCinsulin% 419±238t 1011±484 798±542
AIRg vs. Si (percentile

rank) 8± 11t 33±21 19±17
Normalized spectral power

ISR 5.8±3.9t 10.5±4.8 9.7±4.4
Glucose 15.9±2.8 16.5±3.2 17.2±1.9

P < 0.05 (ANOVA). * PCOSFHx POS vs. NON-PCOSFHx POS.
* PCOSFHx POS vs. PCOSFHx NEG.

Statistical analysis. The significance of differences between groups
was determined using the unpaired t test, ANOVA,or analysis of covari-
ance (ANCOVA) with Scheffe's allowance for multiple comparisons
as appropriate. For all analyses, a two-tailed P value of < 0.05 was
considered to indicate statistical significance. Unless otherwise noted,
all results are expressed as mean±SD. Data analysis was performed
using StatView SE+Graphics and SuperANOVA for the Macintosh
(Abacus Concepts, Inc., Berkeley, CA).

Results

Clinical characteristics of study subjects
Each study group comprised predominantly obese (body mass
index [BMI] > 27 kg/M2) subjects (Table I). The ranges for
BMI values among PCOSFHx POS, PCOSFHx NEG, and
NON-PCOSFHx POS groups, respectively, were 22.4-58.1,
20.2-54.7, and 26.2-40.1 kg/M2. The mean BMI and waist/
hip ratios were similar for all three groups. PCOSFHx POS
subjects did not differ from PCOSFHx NEGsubjects by ethnic/
racial background, hirsutism score, presence of acne, acanthosis
nigricans, or ovulatory status. 21 of 24 (88%) PCOSsubjects
were anovulatory as defined by cycle lengths > 35 d; 3 (12%)
had regular menstrual cycles (menses every 28-32 d). There
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were no significant differences in measures of insulin secretion
between anovulatory and ovulatory PCOSsubjects (data not
shown). As a group, PCOSsubjects were younger than NON-
PCOSvolunteers (P < 0.05).

Hormonal and metabolic characteristics of study subjects
Androgen and gonadotropin levels. The degree of androgen
excess was greatest in PCOSFHx POS subjects. This is re-
flected in a significantly higher baseline level of free testos-
terone (173±104 vs 87±35 pM; P = 0.01 vs PCOS FHx
NEG) and the 17-hydroxyprogesterone response to nafarelin
(15.6±5.3 vs 9.5+4.0 nmol/liter; P = 0.01 vs PCOSFHx
NEG). Levels of free testosterone after dexamethasone were
not significantly different between the two PCOSgroups. Al-
though an elevated serum LH or LH/FSH ratio was not required
for the diagnosis of PCOS(20), at least one of these findings
was present in 18 of 24 (75%) subjects.

Although there was no significant difference in the mean
serum SHBG, LH, FSH, or LH/FSH ratio between the two
PCOSgroups to account for the observed differences in andro-
gen concentrations (Table I), ANCOVArevealed a significant
effect of SHBGon free testosterone levels (P < 0.03) and of
the LH/FSH ratio on the 17-hydroxyprogesterone responses
to nafarelin (P < 0.05). There was, in addition, a significant
association (r = 0.48, P = 0.02) between the LH/FSH ratio
and the 17-hydroxyprogesterone response to nafarelin in PCOS
subjects.

To determine whether the differences in levels of free testos-
terone or 17-hydroxyprogesterone could account for differen-
ces in beta cell function between groups, we performed an
ANCOVA. The differences in measures of beta cell function
between PCOSFHx POS and PCOSFHx NEGgroups (see
the following discussion) remained significant even after free
testosterone and 17-hydroxyprogesterone levels were included
in the ANCOVAmodel.

Level of glucose tolerance. All three groups had comparable
indices of overall glucose tolerance. All subjects had HbAl
levels at or below the upper limit of normal (7.2%). The plasma
glucose concentrations at baseline and 2 h after a 75-g oral
glucose load did not differ between groups. None of the subjects
in any group had a fasting plasma glucose concentration above
normal (range: 3.7-6.0 mmol/liter). Although none of the sub-
jects met criteria for IGT or NIDDM(22), 7 of 24 (29%) PCOS
subjects had indeterminate ("nondiagnostic") (22) OGTTs. Of
note, these individuals were approximately equally distributed
among those with (n = 4; 36%) and those without (n = 3;
23%) a family history of NIDDM. There was no significant
effect of age upon HbAl, baseline, or 2-h glucose values. With
the exception of one subject from each PCOSgroup, all subjects
had normal intravenous glucose tolerance as reflected in a glu-
cose disappearance constant 2 1.0 ( 12).

Responses during the frequently sampled IVG7T
Basal insulin levels. Basal serum insulin levels obtained before
administration of intravenous glucose were highly correlated
with BMI (r = 0.80, p = 0.0001). Although not statistically
significant, basal serum insulin levels tended to be higher in the
PCOS subjects (220±209 pM) than in NON-PCOSsubjects
(127±51 pM) (Fig. 1). In turn, among women with PCOS,
basal serum insulin levels tended to be slightly higher in those
with a family history of NIDDM(265±222 vs 179+ 196), but
again these differences were not statistically significant.

Insulin sensitivity and first-phase insulin secretory re-

2 1j20 2---- - PCOSFHx NEG-2500 0
FIxNEG,and NON-PCOS FHx POSz
:i2000-

U' 1500-

1000-

500-

-20 0 20 40 60 80 10 120 140~ 16,0 180

TIME (min)

Figure 1. Mean (±SE) serum insulin levels in PCOSFHx P0S, PCOS
FHx NEG, and NON-PCOSFHx POS subjects before (-20 to 0 min)
and after intravenous administration of 0.3 g/kg glucose. At time 20
min, tolbutamide (125 mg/M2) was'administered as an intravenous
bolus. The acute (first-phase) insulin response to intravenous glucose
administration was significantly reduced in PCOSFHx POS subjects.

sponses to intravenous glucose. The three groups were similar
in their degree of insulin resistance. Since the degree of adipos-
ity is known to be a major determinant of insulin sensitivity
(36), there was a highly significant inverse correlation between
BMI and Si among all subjects (r = -0.71, P = 0.0001).
The slope of this relationship was similar among subgroups.
Although it has been reported that womenwith PCOSare more
insulin resistant than normal subjects matched for BMI (6), we
did not find this to be the case in our study subjects.

The acute insulin response to intravenous glucose adminis-
tration was analyzed in absolute terms and in relation to both
the baseline insulin level and the degree of insulin resistance.
When the acute insulin response was expressed as the mean
increment above baseline (AIRg) or as the area under the insu-
lin curve (AUCinsulin), there was a tendency for a greater
response among PCOSFHx NEGsubjects, although these dif-
ferences did not achieve statistical significance (Table I).

When the acute insulin response was calculated as the per-
cent rise above the baseline level of insulin (AUCinsulin%)
or in relation to the magnitude of ambient insulin resistance
(percentile rank for AIRg vs Si), group differences in beta cell
function became significant. Specifically, PCOSsubjects with
a family history of NIDDM had first-phase insulin secretory
responses that were significantly lower than responses in PCOS
subjects without such a family history. These latter derived
expressions of the data take into account the effects of basal
hyperinsulinemia and insulin resistance, respectively, upon beta
cell function (36).

Responses to graded glucose infusion
The relationship between glucose and ISR obtained during the
graded glucose infusion protocol is depicted in Fig. 2 (upper
panel). The absolute ISR at any given concentration of glucose
achieved during the graded glucose infusion was similar be-
tween study groups. However, when the ISR was expressed in
relation to the degree of insulin resistance (the product of ISR
and Si), the dose-response relationship appears to be shifted
downward and rightward in PCOSFHx POS subjects when
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Figure 2. Relationship between glucose level and ISR (upper panel)
and between glucose level and the product of ISR and Si (lower panel)
during the graded glucose infusion protocol. The absolute ISR at any

given concentration of glucose achieved during the graded glucose infu-
sion was similar between study groups (upper panel). When the ISR
is expressed in relation to the degree of insulin resistance, however,
differences in the dose-response curves between groups become appar-

ent (lower panel). Data are mean±SE.

compared with PCOSFHx NEGsubjects (Fig. 2, lower panel).
In addition, at the upper end of the physiologic glucose range

(7.0-9.0 mmol/liter), PCOSFHx POS subjects secreted sig-
nificantly less insulin, when expressed in relation to the degree
of insulin resistance, than did PCOS FHx NEG subjects
(Fig. 3).

Responses to oscillatory glucose administration
The ability of the oscillatory infusion of exogenous glucose to
entrain insulin secretion was most impaired in PCOSsubjects
with a family history of NIDDM, as reflected in a significantly
lower mean value for the normalized spectral power for ISR
(Table I). This difference in the spectral power for ISR between
groups does not appear to be the result of either hyperglycemia
itself or insulin resistance, since the groups were similar with
respect to both. In addition, the normalized spectral power for
oscillations in plasma glucose resulting from the oscillatory
glucose infusion was similar between groups and thus could

GLUCOSE(mmol/1)

Figure 3. Product of average insulin secretion rates and Si for subjects
over 1 mmol/liter glucose intervals during graded glucose infusion.
Data are mean±SE. * P < 0.05 PCOSFHx POSvs PCOSFHx NEG.

not account for the difference in the normalized spectral power

for ISR.
Fig. 4 depicts the profiles of glucose and ISR in response

to the oscillatory glucose infusion in one representative FHx
NEGPCOSand one representative FHx POSPCOSsubject.

Discussion

The current study was undertaken to assess the prevalence of
beta cell secretory abnormalities in women with PCOSand to
examine their potential role in the predisposition that these sub-
jects have to develop NIDDM. Wehypothesized that insulin
secretory abnormalities are more commonin womenwith PCOS
who have a first-degree relative with NIDDM than in women

with PCOSwithout such a family history. Since defects in beta
cell function are well established once IGT or NIDDM has
developed (19), we studied three groups of subjects composed
of individuals with normal or indeterminate glucose tolerance.
These included women with PCOSwho have a family history
of NIDDM, women with PCOSwithout a family history of
NIDDM, and womenwithout PCOSwho have a family history
of NIDDM. Beta cell function was evaluated during the course

of a frequently sampled IVGTT using modifications of the Berg-
man (23) minimal model and in response to a graded intrave-
nous glucose infusion (26, 27). These methods permit assess-

ment of the adequacy of the insulin response to intravenous
glucose in both absolute terms and in relation to the degree of
insulin resistance. In addition, we evaluated the ability of the
beta cell to detect and respond appropriately to successive incre-
ments and decrements in the plasma glucose level provoked by
oscillatory administration of glucose (19, 28).

We found that during a rapidly sampled IVGTT, women

with PCOShave normal first-phase insulin secretion in absolute
terms when compared with womenwithout PCOS. This is con-

sistent with observations of other investigators (12, 18). How-
ever, when first-phase insulin secretion was analyzed in relation
to either the degree of insulin resistance or basal insulin secre-
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Figure 4. Profiles of the glucose concentrations (solid line) and ISR
(dashed line) in response to an oscillatory glucose infusion in one
representative PCOSFHx NEG(upper panel) and one representative
PCOSFHx POS(lower panel) subject. Although the subjects were
similarly insulin resistant (PCOS FHx NEG: Si = 0.5 10-5 min'-/pM;
PCOSFHx POS: Si = 0.1 10' min-1/pM), they differed in their
ability to entrain insulin secretion in response to the oscillatory glucose
infusion. The difference in the subjects' ability to adjust insulin secretory
oscillations in response to glucose oscillations is reflected in a normal-
ized spectral power of 11.1 (PCOS FHx NEG) vs 4.1 (PCOS FHx
POS).

tion, we found that women with PCOSwho have a family
history of diabetes were significantly more likely to demonstrate
alterations in beta cell function. The results of the graded glu-
cose infusion protocol were analogous to those of the IVGTT.
The absolute ISR at any given concentration of glucose achieved
during the graded glucose infusion was similar between study
groups. However, PCOSFHx POS subjects had significantly
lower rates of insulin secretion when expressed in relation to
insulin sensitivity than did PCOSFHx NEGsubjects, particu-

larly at the upper end of the physiologic glucose range (Figs.
2 and 3). These findings are consistent with recent evidence
that in individuals with reduced insulin sensitivity, a "normal"
insulin response to intravenous glucose administration may be
inappropriately low and therefore indicative of beta cell dys-
function (36). Specifically, when the product of the first-phase
insulin responses to intravenous glucose and Si were ranked by
percentile (36), the average value in the women with PCOS
who had a family history of NIDDM(8±11 ) was significantly
lower than the value in PCOSwomenwithout a family history
of NIDDM (33±21). Similarly, the acute insulin response to
intravenous glucose expressed in relation to basal insulin secre-
tion (AUCinsulin%) was significantly reduced in PCOSsub-
jects with a family history of NIDDM (419±238) compared
with those without such a family history (1011±484).

Wealso found that the ability of the beta cell to adjust and
respond to oscillations in the plasma glucose level as judged
by the spectral power for ISR was significantly reduced in the
PCOS subjects with a family history of NIDDM (5.8±3.9)
compared with those without such a family history (10.5+4.8)
(Table I; Fig. 4). Prior studies had shown that the spectral
power for ISR progressively declines with the transition from
normal glucose tolerance to IGT to NIDDM (19). However,
the observed difference in spectral power for ISR between
groups cannot be explained by differences in insulin sensitivity
or glucose tolerance, since our study groups were well matched
in measures of both insulin sensitivity and glucose tolerance
as reflected in the HbAl concentrations and plasma glucose
concentrations during OGTT. In addition, the spectral power
for glucose during the oscillatory glucose infusion was similar
between groups. Finally, although it has recently been reported
that pulsatile insulin secretion is abnormal in abdominally obese
subjects (42), this is unlikely to account for our findings since
our three study groups were similar in body fat distribution as
reflected in the waist/hip ratio.

What might account for our finding that PCOS subjects
with a positive family history of NIDDMhad higher androgen
concentrations than comparison groups, and more importantly,
could these higher androgen concentrations be responsible for
the observed differences in beta cell function? Despite the fact
that the SHBGconcentrations and the LH/FSH ratios were not
significantly different between PCOSFHx POSand PCOSFHx
NEGgroups, the differences in androgen concentrations be-
tween groups could be accounted for, at least in part, by the
effects of SHBGand the LH/FSH ratio on levels of free testos-
terone and 17-hydroxyprogesterone, respectively, as revealed
by ANCOVA.The differences in measures of beta cell function
between PCOSFHx POSand PCOSFHx NEGgroups remained
significant, however, even after free testosterone and 17-hydro-
xyprogesterone levels were accounted for by ANCOVA. Fi-
nally, although insulin clearance is reduced in PCOS(8) and
hepatic insulin extraction has been reported to be inversely
correlated with serum androgen concentrations in women(43),
there have been no reported direct effects of androgens upon
beta cell function. Thus, if androgens were to have any effect
on beta cell function, it might be indirectly by modulation of
insulin resistance. Although androgen excess has been impli-
cated as a cause of insulin resistance in PCOS(44), the majority
of evidence indicates that insulin resistance is an intrinsic defect
in PCOSthat is independent of androgen excess (45). Despite
the differences in androgen concentrations, our groups were
similarly insulin resistant.

Could our findings be accounted for by group differences
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in age or BMI? It appears that beta cell function declines with
age as assessed by spectral analysis of insulin secretion in re-
sponse to an oscillatory glucose infusion (46). Although PCOS
FHx POSsubjects were younger than controls, their defects in
beta cell dysfunction were greater. Thus, the differences in beta
cell function that we observed are unlikely to be related to the
effects of aging. In addition, ANCOVAdid not reveal a signifi-
cant impact of either BMI or age on measures of beta cell
function.

Although the degree of insulin resistance has been reported
to be greater in obese PCOSsubjects than in controls of similar
weight and fat-free body mass (3), such was not the case in
our study subjects. This may have resulted from the fact that
the majority of our subjects had a BMI > 30 kg/M2. It has
been suggested that the degree of variability for Si is greater in
lean compared with obese subjects and that once BMI exceeds
30 kg/M2, the development of further obesity is not predicted
to result in a measurable decrease in Si (36).

Our results suggest that the risk imparted by insulin resis-
tance to the development of NIDDMin PCOSmay be enhanced
by defects in insulin secretion. Furthermore, they suggest that
a history of NIDDM in a first-degree relative defines a subset
of PCOS subjects who may be at greatest risk for secretory
defects. Our evidence that beta cell dysfunction in PCOSmay
have a familial basis is consistent with the finding that first-
phase insulin secretion aggregates in families independent of
the aggregation of insulin action (13, 47, 48), as well as recent
evidence that when insulin sensitivity is accounted for, normog-
lycemic first-degree relatives of patients with NIDDM have
impairments in first-phase insulin secretion when compared
with controls (49).

It has been suggested that early onset NIDDM (age 25-40
yr) may represent a distinct entity resulting from a codominant
mode of inheritance of diabetogenic genes from both parents
(50). It is possible that inheritance of putative diabetogenic
genes from one or both parents of women with PCOSmay
underlie the abnormalities in beta cell function that are demon-
strable at such an early age. Alternatively, it is possible that
beta cell dysfunction is simply more apparent in PCOSin the
presence of additional cofactors, such as a unique form of insu-
lin resistance (51, 52). Additional studies are required to deter-
mine whether there is a genetic basis for defects in insulin
secretion and action in PCOS.

In summary, we have obtained evidence using several inde-
pendent methods that beta cell dysfunction in PCOSis demon-
strable in the absence of impaired glucose tolerance. This is
evidenced both by reduced insulin secretory responses either
to boluses or graded infusions of intravenous glucose when
expressed relative to the degree of insulin resistance and by the
impairment in the ability to entrain endogenous insulin secretion
with glucose. Such defects are most evident in PCOSsubjects
with a family history of NIDDM. Although it is known that
evidence of beta cell dysfunction among insulin-resistant sub-
jects is useful in predicting which subjects are likely to develop
NIDDM (14), prospective studies with long-term follow-up
will be required to determine whether this finding is applicable
to women with PCOS.
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