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Abstract

Objective: To evaluate serum adiponectin levels and organization into multimers in women with 

polycystic ovary syndrome (PCOS) and assess relationships between adiponectin, glucose 

tolerance, and insulin resistance.

Design: In vivo and in vitro study.

Setting: Outpatient clinic at university and Veterans hospitals in the United States and university 

laboratory.

Patient(s): Thirty-one obese women with PCOS and six age- and body mass index (BMI)-

matched normal cycling control subjects.

Intervention(s): All subjects studied in the fasting state.

Main Outcome Measure(s): A 75-g oral glucose tolerance test (OGTT), hyperinsulinemic/

euglycemic clamp, circulating adiponectin levels, adipocyte adiponectin content, and organization 

of adiponectin into multimeric forms.

Result(s): Whole body insulin action (glucose disposal rate, 5.61 ± 2.90 vs. 8.79 ± 0.81 mg/kg/

min, PCOS and control) and adiponectin levels (9.5 ± 0.7 7 vs. 17.4 ± 1 μg/mL, PCOS vs. control) 

were significantly reduced in the subjects with PCOS. There were significant correlations between 

glucose tolerance, insulin action, and circulating adiponectin levels in all subjects. The content of 

adiponectin protein was reduced in subcutaneous adipocytes from subjects with PCOS (252 ± 31 

vs. 388 ± 58 arbitrary units/10 μg protein). Subjects with PCOS had less of their circulating 

adiponectin organized into high molecular weight (HMW) multimeric complexes. Glucose-

intolerant subjects with PCOS also had less intracellular HMW adiponectin.
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Conclusion(s): Both circulating adiponectin levels and the portion present as the most active 

HMW form are reduced in PCOS, with differences related to the degree of glucose intolerance and 

insulin resistance.
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Polycystic ovary syndrome (PCOS) affects an estimated 4%–12% of women of reproductive 

age (1). In addition to oligomenorrhea and hyperandrogenism, insulin resistance and glucose 

intolerance are common clinical features of the syndrome (2). Women with PCOS often 

manifest multiple metabolic abnormalities such as impaired glucose tolerance, type 2 

diabetes, dyslipidemia, hypercoagulable state, hypertension, and obesity. Obesity, 

particularly visceral obesity, affects more than 50% of women with PCOS in North America, 

and exacerbates the reproductive and metabolic manifestations of the syndrome (3).

Adipose tissue is now appreciated as an integral component of the endocrine system, 

releasing multiple factors termed adipokines, which impact insulin sensitivity (4). Among 

these adipokines is adiponectin, a protein hormone produced exclusively in adipose tissue 

whose circulating levels are strongly positively correlated with measures of insulin 

sensitivity (5, 6), being reduced in insulin resistant states such as obesity and type 2 diabetes 

(7, 8). In vivo and in vitro studies in animal and cell models have suggested that adiponectin 

can have insulin-sensitizing actions (9). Consistent with such actions are the observations 

that after interventions that improve insulin action, such as the administration of 

thiazolidinediones and weight loss, circulating adiponectin levels increase in some, but not 

all, situations (10-13). The assembly of adiponectin into multimolecular forms has also been 

postulated to play a role in the regulation of insulin sensitivity, with a high molecular weight 

complex being the most active form (14, 15).

Although the presence of insulin resistance in PCOS has been well documented, the impact 

of PCOS on circulating adiponectin levels remains unclear, reduced in some reports (16), 

and unaltered in others (17). Several groups have reported that the most important 

determinant of circulating adiponectin levels in PCOS is the absence or presence of insulin 

resistance (18-21). The multimerization state of adiponectin in PCOS is unknown. We 

hypothesize that, like type 2 diabetes, circulating levels of the most active forms of 

adiponectin will be lower in PCOS, independent of obesity.

Thus, we evaluated circulating adiponectin levels and multimerization status in subjects with 

PCOS compared with age- and body mass index (BMI)-matched control subjects. We also 

investigated circulating adiponectin levels in relation to the extent of glucose tolerance and 

insulin resistance in PCOS.

MATERIALS AND METHODS

Subjects

Thirty-one women with PCOS and six normal cycling, non-hirsute control subjects were 

studied. The diagnosis of PCOS was made on the basis of criteria established at the 1990 
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National Institutes of Health Conference on PCOS: [1] evidence of chronic anovulation or 

oligomenorrhea by clinical history; [2] clinical (Ferriman-Gallwey score ≥8) or biochemical 

evidence of hyperandrogenism; and [3] the exclusion of other conditions. Pregnancy was 

ruled out by a urine pregnancy test. Normal thyroid and PRL function were established by 

hormonal evaluation. Late-onset non-classic congenital hyperplasia was excluded by basal 

17-OH P values of <300 ng/dL (22). Exclusionary medications included glucocorticoids, 

antiandrogens, or oral contraceptives (OC) within the previous 30 days, ovulation induction 

agents, antiobesity medications, or insulin sensitizing agents within the previous 60 days. 

Presence of polycystic ovaries (PCO) was also examined by transvaginal ultrasonography. 

The control subjects were screened by medical history, physical examination, laboratory 

evaluation, and transvaginal ultrasound to confirm their healthy status.

None of the subjects were affected by other significant unstable medical illness. The 

procedures used were in accordance with the guidelines of the Helsinki Declaration on 

Human Experimentation. The study was conducted in the Special Diagnostic and Treatment 

Unit of the Veterans Affairs Medical Center (San Diego, CA) and the General Clinical 

Research Center, University of CA, San Diego. The experimental protocol was approved by 

the appropriate institutional review boards. The purpose of the protocol was explained both 

to the research subjects with PCOS and the control subjects, and written informed consent 

was obtained from all subjects before beginning the study.

Protocol

All laboratory evaluations were performed in the early or midfollicular phase of the 

spontaneous menstrual cycle, except in subjects who did not have regular or predictable 

menses. All subjects underwent venous blood sampling after an overnight fast. All blood 

samples were immediately centrifuged, and the serum was stored at −70°C until analysis.

Hormonal Evaluation

Serum concentrations of T were measured by well-established RIA (23) with intra-assay 

coefficients of variation (CVs) less than 7%. Serum 17α-hydroxyprogesterone (17-OHP) 

and DHEAS were measured by RIA with intra-assay CVs less than 7% (Diagnostic Systems 

Laboratories, Webster, TX). Sex hormone-binding globulin (SHBG) was determined by the 

DSL 6300 kit with intra- and interassay CVs of 2.5% and 3.73%, respectively.

Oral Glucose Tolerance Test

Blood samples were obtained at baseline and at 30-minute intervals up to 2 hours after the 

ingestion of a 75-g glucose load. Glucose tolerance was evaluated using the criteria of the 

American Diabetes Association (24). Plasma glucose levels were determined by the glucose 

oxidase method with a YSI Glucose Analyzer (Yellow Springs, OH).

Quantitative Assay for Circulating Adiponectin

Circulating adiponectin was measured in serum using a commercially available 

radioimmunoassay kit (Linco, St. Louis, MO). According to the manufacturer’s instructions, 

samples were diluted before the assay. All samples were assayed in duplicate. The lower 
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limit of detection with this assay was 2 μg/mL; the interassay and intra-assay CVs were 7% 

and 11%, respectively.

Hyperinsulinemic Euglycemic Clamp

In vivo insulin action was determined by performing a 3-hour hyperinsulinemic (300 

mU/m2/min) euglycemic (5 mM) clamp, as described previously (25, 26). A high-dose 

clamp was used to ensure suppression of hepatic glucose production and to evaluate 

peripheral insulin action as we have previously shown (26). The whole body glucose 

disposal rate (GDR) in each subject was determined from the values obtained during the 

steady-state period, the average of the values between the 140th and 160th minute and the 

160th and 180th minute (26).

Analysis of Adiponectin Multimerization

Analysis of the multimerization status of adiponectin was performed by Western blotting 

after sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) under 

nonreducing conditions. Equal volumes of serum or amounts of adipocyte extract protein 

(discussed later) were combined 1:1 with Lamielli sample buffer (27), prepared without β-

mercaptoethanol. Samples were kept at room temperature during preparation. Samples 

equivalent to 2 μL of serum or 10 μg of cell protein were size fractionated on 2%–8% PAGE 

gels in a tris-acetate system. Proteins were transferred to nitrocellulose membranes and 

blocked with 5% nonfat dried milk. Membranes were incubated with a monoclonal antibody 

against human adiponectin (BD Bioscience, San Diego, CA) at a 1:500 dilution for 16 hours 

at 4°C. The secondary antibody was an antimouse IgG conjugated with horseradish 

peroxidase (Amersham, Arlington Heights, IL). Detection was by enhanced 

chemiluminescence, followed by densitometric analysis. Quantitative densitometry was 

performed using ChemImager software (Alpha Innotech Corp., San Leandro, CA).

Adipose Tissue Biopsy and Preparation of Human Adipocytes

Adipose tissue was obtained by needle biopsy of the lower subcutaneous abdominal depot 

using a 5-mm side-cutting needle. The adipose tissue biopsy was performed before initiation 

of the hyperinsulinemic/euglycemic clamp procedure. Lidocaine (1%) was infiltrated in a 

square field fashion and the biopsy was taken from the center of the field. Isolated 

adipocytes were prepared by a modification (28) of the method of Rodbell (29). After 

digestion and filtration, the cells were washed twice in a buffer consisting of 150 mM NaCl, 

5 mM KC1, 1.2 mM MgSO4, 1.2 mM CaC12, 2.5 mM NaH2PO4, 10 mM HEPES, 2 mM 

pyruvate, pH 7.4, supplemented with 4% bovine serum albumin (BSA). The cells were then 

washed twice in a buffer (HEPES washing salts [HWS]) consisting of: 116mM NaCl, 5 mM 

KCl, 0.5mM MgSO4, 0.7mM CaCl2, 25 mM HEPES, 5 mM glucose, 2% BSA, pH 7.4 and 

resuspended at ~5 x 104–10 x 104 cells/mL before cell extraction.

Adipocyte Extraction

Cells were concentrated by centrifugation (50 x g), then rapidly washed twice in 17°C, 

BSA-free HWS buffer, as described previously (30). A 2x-concentrated solubilization buffer 

was then added—final concentrations: 20 mM Tris-HCl, 145 mM NaCl, 10% glycerol, 5 
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mM EDTA, 1% Triton X-100, 0.5% NP-40, 200 μM sodium orthovanadate, 200 μM PMSF, 

1 μM leupeptin, 10 mg/mL aprotinin, pH 7.5. After lysis/extraction for 30 minutes at 4°C 

with repeated vortexing, nonsolubulized material was removed by centrifugation at 14,000 x 

g (10 minutes, 4°C) and the cell extracts stored at −70°C before analysis.

Statistical Analysis

Statistical analyses were performed using unpaired Student’s t-test and linear regression 

analysis (Pearson coefficient). Multiple linear regression analysis was performed after log 

transformation of T levels to achieve normal distribution. Data are presented as mean ± SE 

with a P<.05 considered statistically significant.

RESULTS

Subject Characteristics

The basal clinical and hormonal characteristics of the PCOS and normal control subjects are 

given in Table 1. Because subjects with PCOS in our catchments area are predominantly 

obese (BMI ≥ 30), normal subjects with comparable obesity were also studied. The PCOS 

and control subjects were matched for age and BMI. There were no significant differences in 

waist circumference and waist-to-hip ratio between subject groups. As expected, subjects 

with PCOS had significantly higher Ferriman-Gallwey scores, higher levels of total T, 

DHEAS, and 17-OHP. The SHBG levels were lower only in subjects with PCOS who 

demonstrated an impaired glucose response (P=.05).

Metabolic characteristics of the subjects are presented in Table 2. Responses to the oral 

glucose tolerance test (OGTT) revealed that 60% of our subjects with PCOS had a 2-hour 

glucose value of ≥ 140 mg/dL. Those individuals were designated as having an impaired 

glucose response (IGR). Subjects with PCOS with 2-hour glucose values <140 mg/dL are 

designated as normal glucose tolerant (NGT). There were no significant differences in 

glycosylated hemoglobin levels between subject groups, whereas fasting glucose in the 

NGT-PCOS group was marginally lower than in the normal controls, possibly due to the 

elevated insulin levels in these subjects.

Whole Body Insulin Action

Comparisons of whole body insulin action, as calculated from the hyperinsulinemic 

euglycemic clamp procedure, revealed a significant decrease in glucose disposal rate in all 

subjects with PCOS compared with control subjects (5.61 ± 2.90 vs. 8.79 ± 0.81 mg/kg/min, 

P<.02). An impact of glucose intolerance on whole body insulin action was evident as 

indicated by statistically significant decreases in glucose utilization and whole body insulin 

action in subjects with PCOS compared with control, with the greatest impairment in whole 

body glucose disposal in the IGR-PCOS subjects (Fig. 1A). Based on this observation, we 

performed a correlation analysis of 2-hour glucose values with GDR and found a significant 

inverse correlation for all subjects combined (r = −0.547, P<.001). This correlation remained 

significant when evaluating GDR with the absolute increment in 2-hour glucose levels over 

fasting values (r = −0.496, P<.01). The relationship was the same for control and PCOS 

subjects when evaluated as separate groups.
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Circulating Adiponectin Levels

In all subjects with PCOS fasting circulating serum adiponectin levels were lower compared 

with those of normal controls (9.5 ± 0.7 vs. 17.4 ± 1.7 μg/mL, P<.005). As with GDR we 

noted a spectrum of adiponectin levels. When subjects with PCOS were categorized by 

glucose response to the OGTT, differences became more marked, revealing a significantly 

lower fasting adiponectin level in IGR-PCOS women compared with control subjects (8.4 

± 0.9 μg/mL, P<.001; Fig. 1B). In NGT-PCOS subjects circulating adiponectin levels were 

intermediate (11.13 ± 1.10, P<.01 vs. control, P=.065 vs. IGR).

To explore whether the presence of glucose intolerance was predictive of metabolic 

abnormalities, such as reduced adiponectin levels, a correlation analysis was performed. 

This revealed significant relationships between circulating adiponectin levels and two 

indicators of glucose tolerance: absolute 2-hour glucose values after oral glucose challenge 

(r = −0.3996, P<.02) and the increment in 2-hour glucose after OGTT (r = −0.418, P<.01) 

for all the subjects. There was also a statistically significant correlation between adiponectin 

and GDR (r = 0.3939, P<.05). There was no correlation between fasting glucose and 

circulating adiponectin levels (data not shown). With regard to the hyperandrogenemia of 

PCOS, there were no correlations between adiponectin and either total (r = −0.009, P=.96) 

or free T levels (r = −03339, P=.2239). Once again, the same relationships were present in 

control and PCOS subjects when evaluated separately. However, when multiple linear 

regression analysis was performed with adiponectin as the dependent variable and GDR and 

T as predictors, both GDR (standardized β = −0.444, P=.004) and total T (β = −0.477, P=.

002) were identified as predictors of adiponectin levels.

Adiponectin Multimerization

Adiponectin exists in the circulation as higher order forms, predominantly a hexamer and a 

larger multimer designated as the high molecular weight form (HMW) (14, 31). We 

evaluated the multimerization status of adiponectin in our subjects by gel electrophoresis 

under nonreducing conditions followed by Western blotting. With this method at least six 

immunoreactive forms of adiponectin were detected in the serum (Fig. 2A), a pattern similar 

to those seen by other investigators (31-33). Following the practice of other investigators, the 

different multimers were placed in three groups of high (HMW), medium (MMW), and low 

molecular weight (LMW) forms (Fig. 2A). The HMW forms could be converted in a 

temperature-dependent manner to MMW and LMW forms. High temperature (100°C) and 

chemical reduction (β-mercaptoethanol) were needed to convert all immunoreactive 

adiponectin to the ~32-kDa monomer (not shown).

Taking the sum of the signals within each individual lane as an indicator of the total 

adiponectin content of that sample showed that the values were highest in control subjects 

(8.3 ± 0.7 arbitrary units/2 μL serum), lowest in IGR-PCOS (4.7 ± 0.4, P<.001 vs. control) 

subjects, and intermediate in the NGT-PCOS group (5.7 ± 0.4, P<.01 vs. control). This was 

the same pattern seen with adiponectin levels determined by RIA (Fig. 1B). Several 

differences in the distribution of adiponectin between multimeric complexes were observed. 

The proportion of circulating adiponectin present in the highest molecular weight forms 

(HMW) was reduced in both groups of PCOS subjects compared to controls (Fig. 2B). This 
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difference was also seen for the absolute amounts of the HMW form among groups (2.02, 

1.23, and 0.98 arbitrary units for control, NGT, and IGR, respectively). Accordingly, both 

PCOS groups had proportionally more of their adiponectin in a lower molecular weight form 

(~90 kDa). Although total T was not associated with total adiponectin levels, there was an 

inverse relationship between total T and the percentage of circulating adiponectin in the 

HMW form (r .= −0.448, P<.05).

Because adiponectin is produced exclusively in adipocytes (34-36), we investigated the 

adipocyte content of adiponectin to determine the sources of the quantitative and qualitative 

differences seen in the circulation. The patterns of multimeric forms within adipocytes (Fig. 

3A) differed from those observed in the circulation (Fig. 2A). This was true for all subjects. 

The largest HMW form was not detectable within adipocytes, whereas LMW forms were 

readily identifiable, with longer exposure of the blots, the ~32-kDa adiponectin monomer 

was observed in adipocytes but not seen in the serum. The total adipocyte content of 

adiponectin, determined by the sum of the signals for each sample, was similar in NGT (267 

± 58 arbitrary units/10 μg total cell protein) and IGR (247 ± 37 arbitrary units/10 μg total 

cell protein) subjects. When the data were pooled, PCOS adipocytes contained less 

adiponectin that control adipocytes (252 ± 31 vs. 388 ± 58 arbitrary units/10 μg total cell 

protein, P<.05). The IGR-PCOS adipocytes contained a lower proportion of the HMW form 

(P<.05) and more of the LMW form (Fig. 3B).

DISCUSSION

Adipokines are protein hormones secreted by adipose tissue that play an integral role in 

glucose and lipid metabolism (4). Among this family of proteins, adiponectin is potentially 

important in the control of energy metabolism and insulin action. Unlike other adipokines, 

such as leptin, circulating levels of adiponectin decrease with increasing adiposity (7). In 

addition, adiponectin levels are lower in insulin resistant states such as type 2 diabetes and 

obesity (7, 8) and have been shown in some studies to increase with improvement of insulin 

sensitivity and weight loss (10-13). In addition, several studies suggest that low adiponectin 

levels predict development of type 2 diabetes (5, 6, 37, 38). A strong sexual dimorphism has 

been found for circulating adiponectin levels, independent of the contributions of obesity or 

diabetes, with higher levels in women (14, 31, 39).

In PCOS, the roles of adiponectin and glucose intolerance, or insulin resistance, remains 

undefined. One might expect that with the increased prevalence of insulin resistance, glucose 

intolerance, and type 2 diabetes in PCOS, there might be a significant decrease in circulating 

adiponectin levels in women with this disorder. However, initial reports revealed conflicting 

results with regard to adiponectin levels in PCOS. Some investigators showed that 

circulating adiponectin levels were not different between subjects with PCOS and BMI-

matched controls (16). However, other investigators have reported a significant decrease in 

adiponectin levels in obese women with PCOS compared to normal weight subjects with and 

without PCOS (17). More recently it has been observed that insulin sensitivity is an 

independent determinant of circulating adiponectin levels in individuals with PCOS (18-21).
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In the current study, we showed that, when controlled for BMI, adiponectin is lower in 

subjects with PCOS compared to that observed in normal cycling women. In particular, the 

reduction in circulating adiponectin was correlated with the degree of glucose intolerance in 

women with PCOS. These findings suggest that although adiponectin levels are lower in 

women with PCOS, it is the degree of glucose intolerance and insulin resistance that is the 

strongest predictor of the decrement in circulating adiponectin levels, which would be in 

agreement with these recent publications. Such metabolic heterogeneity may account for 

some of the differences in the current literature regarding a relationship between PCOS and 

circulating adiponectin. Evidence suggests that the subcutaneous adipose tissue depot is a 

major source of adiponectin (40), therefore the lower adiponectin protein content of 

subcutaneous adipocytes from subjects with PCOS reported in the present study would 

contribute to the reduced circulating levels. This could be due to decreased synthesis but 

does not appear to involve sequestration of adiponectin in adipocytes.

Beyond associations with metabolism, there is a sexual dimorphism for adiponectin that has 

been seen in both rodents and humans after puberty, with significantly higher levels in 

women (39, 41). Both in vitro and in vivo studies have demonstrated that T treatment can 

suppress adiponectin release (39), which suggests that elevated T levels in subjects with 

PCOS may contribute to lower circulating adiponectin levels in these individuals. However, 

although our normal glucose tolerant and impaired glucose response PCOS subjects 

displayed equal elevations in total T (of approximately twofold) compared to control 

subjects, they differed in adiponectin levels. In addition, there were no correlations between 

total or free T and circulating adiponectin levels, as has been found by several other 

investigators (17, 19). Thus, it does not appear that T is necessarily the primary factor 

responsible for the lower adiponectin level in the impaired glucose response subjects, 

although multiple linear regression analysis indicates that insulin sensitivity (GDR) and T 

each contribute to adiponectin levels.

There are other possibilities for the differences in glucose tolerance and insulin action in 

subjects with PCOS. Circulating levels of total adiponectin reveal only part of the story. 

Although adiponectin is synthesized as a 32-kDa monomer, it rapidly multimerizes in the 

adipocyte to higher order forms and these multimers are released into the circulation (14, 

31). The major circulating forms include a trimer, the building block for higher order forms, 

a hexamer, and high molecular weight forms (HMW) that may contain as many as six 

hexamers (14, 15). In vivo and in vitro studies indicate that the highest order forms exert the 

greatest influence on glucose and lipid metabolism (42). In fact, it is the ratio of HMW 

forms to total adiponectin in the circulation that has the strongest association with glucose 

tolerance (43) and tracks closely with improvements in insulin sensitivity after 

thiazolidinedione treatment (42). Interestingly, both human and rodent females have a 

greater proportion of the HMW form in their circulation compared to their male counterparts 

(14, 31, 43). Meanwhile, T treatment can also reduce secretion from adipocytes of the HMW 

form (44). The current results would be consistent with that observation, as the NGT and 

IGR PCOS groups with similar average T levels display similar reductions in circulating 

HMW adiponectin.
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In summary, the current results indicate that there are both quantitative (lower total levels) 

and qualitative (fewer HMW forms) differences in adiponectin in individuals with PCOS, 

which are independent of obesity. That the differences from normal control subjects are 

greatest in the most insulin resistant/glucose intolerant subjects strengthens the importance 

of the specific nature as well as absolute amounts of adiponectin in regulating insulin 

sensitivity. Thus, adiponectin synthesis/secretion and organization into multimeric forms 

may each represent targets for therapeutic intervention in PCOS.
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FIGURE 1. 
Whole body insulin action (insulin-stimulated glucose disposal rate) (A) and circulating 

adiponectin levels (B) in normal cycling control subjects (control [Cont], n = 6) and subjects 

with polycystic ovary syndrome (PCOS) categorized as normal glucose tolerant (NGT, n = 

13), and impaired glucose response (IGR, n = 18). All values reported as average ±SEM. 

*P<.02 vs. control.
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FIGURE 2. 
Distribution of adiponectin between multimers in the serum of control, normal glucose 

tolerant– polycystic ovary syndrome (NGT-PCOS) and impaired glucose response (IGR)-

PCOS subjects. Equal amounts (2 μL) of serum loaded for each individual. (A) 

Representative Western blots of 2%−8% tris-acetate gels run under nonreducing conditions. 

(B) Quantitation of blots. Results are expressed as percent of the total densitometric signal 

for each individual, within each lane. Results are average ±SEM, n = 6 for control, 10 for 

NGT, 16 for IGR. *P<.05 vs. control (Cont). HMW = high molecular weight; MMW = 

medium molecular weight; LMW = low molecular weight.
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FIGURE 3. 
Distribution of adiponectin between multimers in adipocytes of control, normal glucose 

tolerant– polycystic ovary syndrome (PCOS) and impaired glucose response-PCOS subjects. 

(A) Representative Western blots. Equal amounts of cell protein (10 mg) loaded for each 

individual. (B) Quantitation of blots. Results are expressed as percent of the total 

densitometric signal in each lane for each individual. Results are average ±SEM, n = 6 for 

control, 6 for NGT, and 16 for IGR. *P<.05 vs. control (Cont). HMW = high molecular 

weight; MMW = medium molecular weight; LMW = low molecular weight.
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