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Abstract
Objective—To determine whether insulin sensitizers lower androgen levels and whether androgen
suppression improves insulin resistance in non-diabetic postmenopausal women.

Design—Randomized, double-blind, placebo-controlled study

Setting—Clinical and Translational Research Center of a university hospital

Patients—Thirty-five postmenopausal women aged 50-79 yr with insulin resistance and higher
testosterone levels

Interventions—Subjects were randomized to metformin plus leuprolide placebo (LP), leuprolide
plus metformin placebo (MP), or LP plus MP in a 1:1:1 fashion over a 12 week period.

Main Outcome Measures—Insulin sensitivity (M) assessed by euglycemic-hyperinsulinemic
clamp and free testosterone by equilibrium dialysis.
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Results—In those randomized to metformin, free testosterone decreased by 19% (p=0.02)
compared to placebo, along with an expected improvement in M. Total testosterone also decreased
significantly (p=0.001) whereas sex hormone binding globulin (SHBG) did not change. In those
randomized to leuprolide, the percent change in M was not different from placebo (p=0.56), despite
a 48% relative decrease in free testosterone levels (p<0.001).

Conclusions—These data are the first to establish a causal link between insulin resistance and
testosterone in postmenopausal women. They confirm that treatment of insulin resistance decreases
testosterone production in this population and demonstrate that pharmacologic lowering of
testosterone does not affect insulin resistance.

Keywords
Testosterone; insulin resistance; polycystic ovary syndrome; metabolic syndrome; aging; elderly;
women

Introduction
Mechanistic studies in women with PCOS largely suggest that hyperinsulinemia secondary to
insulin resistance causes hyperandrogenism (1,2). However, the direction of causality in the
association between insulin resistance and testosterone has not been examined in
postmenopausal women, the group of women with the highest prevalence of metabolic
syndrome and cardiovascular disease (3,4). We hypothesized that insulin resistance also
increases androgen production in older women, and that endogenous androgens do not have a
clinically meaningful impact on insulin resistance in this population. To test this hypothesis,
we conducted a randomized, double-blind, placebo-controlled trial in which we evaluated the
effects of metformin and leuprolide acetate in non-diabetic postmenopausal women with
insulin resistance and higher testosterone levels.

Materials and Methods
Eligibility

This trial was conducted at the University of Pennsylvania Clinical and Translational Research
Center (CTRC). Eligible women were aged 50-79 years, postmenopausal (no menses for ≥12
months, plus FSH > 30 mIU/mL for those aged 50-54 years) with at least 1 ovary, and had a
calculated free testosterone concentration ≥ 3.0 pg/mL and a fasting insulin concentration ≥
12 μU/mL; these cutoffs were based on the top quartile of a random sample of nondiabetic
postmenopausal women from the Cardiovascular Health Study (5,6). There were no BMI
cutoffs for inclusion, though women with a BMI of ≥ 25 mg/kg2 were targeted for recruitment.
Women with a history of PCOS or evidence of hyperandrogenism were not specifically targeted
for recruitment. Women were not eligible if they had diabetes mellitus or had taken glucose
lowering medication in the past 3 months. Additional exclusions included contraindications to
metformin or leuprolide acetate, use of medications known to affect free testosterone
concentration (estrogen or estrogen agonists, androgens, antiandrogens, or oral
corticosteroids), serious illness, or participation in an investigational drug study in the past 6
weeks. The study was approved by the Institutional Review Board. All participants gave written
informed consent before enrollment.

Study Design
The study design was a three arm, parallel, randomized, double-blind, placebo-controlled
clinical trial. From July 2005 until April 2008, 101 women were screened and 40 were eligible
to participate. The 36 women enrolled in the study returned for a baseline euglycemic-
hyperinsulinemic clamp and randomization. Interim visits were conducted at 4 weeks and 8
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weeks. A final euglycemic-hyperinsulinemic clamp was performed at 12 weeks. Blood samples
were collected at each visit between 7AM and 10AM after a 12 hour overnight fast.

Eligible women were randomly assigned in a 1:1:1 fashion to two simultaneous therapies:
metformin plus leuprolide placebo (LP), leuprolide plus metformin placebo (MP), or MP plus
LP. Blocked randomization with a block size of 12 was performed by the Investigational Drug
Service (IDS) at the University of Pennsylvania using a web-based program available from
Tufts University at www.randomization.com. The IDS purchased metformin and created an
identical-appearing placebo. Lupron® was donated by the manufacturer, TAP
Pharmaceuticals, which had no role in trial design, data accrual, data analysis, or preparation
of the manuscript.

Women randomized to metformin (or MP) took 500 mg (1 capsule) daily for the first week,
and via weekly follow-up phone calls were advised to uptitrate by 500 mg (1 capsule) each
week until they reached the maximum recommended dose of 1000 mg (2 capsules) twice a
day. All women achieved the maximum recommended dose with the exception of one woman
taking MP. Women randomized to leuprolide (or LP) were administered a leuprolide acetate
(or saline) IM injection at a dose of 3.75 mg at baseline and interim visits for a total of 3
injections. All women received all of the leuprolide injections with the exception of one woman
taking LP, who refused her second and third injections.

Women were reminded not to change their diet and physical activity for duration of the study.
Pill compliance was assessed by pill count at each visit and measurement of metformin levels
after study completion.

Euglycemic-hyperinsulinemic clamp and glucose disposal (M)
All study participants underwent a euglycemic-hyperinsulinemic clamp at baseline and final
visits. After a 12 hour overnight fast, a continuous infusion of regular insulin was administered
at a rate of 1 mU/kg·min for 120 minutes (7). A variable infusion of 20% glucose was delivered
to maintain a target plasma glucose concentration of 85-90 mg/dL. Plasma glucose was
measured every 5 minutes at the bedside with a YSI glucose analyzer to adjust the glucose
infusion rate and achieve the desired plasma glucose concentration. Additional plasma samples
were taken every 15 minutes for glucose and insulin. Insulin sensitivity (M) was estimated
from the glucose infusion rate required to maintain euglycemia, determined between 90-120
minutes of the clamp (8).

Bioassays
Free testosterone was measured by equilibrium dialysis (Esoterix, Inc). This assay had a
detection limit of 0.03 pg/mL and CV of 6.6%. Total T was measured by liquid chromatography
with mass spectrometry after nonpolar solvent extraction (Esoterix, Inc). The detection limit
was 3 ng/dL and CV was 2.6%. SHBG was measured by immunoradiometric assay (IRMA,
Esoterix, Inc) with a CV of 2.7%. Free testosterone was also estimated by the law of mass
action (9). Insulin levels were measured in duplicate by radioimmunoassay (Millipore,
Billerica, MA) and glucose levels were measured on a Hitachi 912 analyzer. Serum
measurements of fasting insulin and glucose were used to calculate the homeostasis model
assessment of insulin resistance (HOMA-IR) (10). LH and FSH were measured by IRMA
(Seimens Medical Diagnostics, Los Angeles, CA) and each had detection limits of 1 mIU/ml
and CVs of 2.5 and 4.5%, respectively. Estradiol and DHEAS were measured in duplicate by
radioimmunoassay (Seimens Medical Diagnostics, Los Angeles, CA), with detection limits of
5 μg/dL and 5 pg/mL and CVs of 5.4 and 11.6%, respectively.
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Blood concentrations of metformin were measured at the final visit by HPLC (NMS Labs,
Willow Grove, PA).

Statistical analysis
The first part of our hypothesis was that improving insulin sensitivity would lower free
testosterone levels. Assuming an effect size of 1.25 (similar that detected in studies of PCOS)
and a significance level (alpha) of 0.05 using a two-sided two-sample t-test, we anticipated
80% power with group sizes of 12. This estimate was conservative because power was
increased by the longitudinal data structure. The second part of our hypothesis was that
lowering testosterone levels would not affect insulin sensitivity (M). Proof of equivalence
would have required 1749 subjects per arm. Therefore, we calculated the detectable difference
in M with 12 subjects per arm. Using an SD of 0.4 mg/kg·min (obtained from PCOS studies
of the effects of androgen suppression on insulin sensitivity), the effect size of 1.25
corresponded to a detectable difference in M of 0.5 mg/kg·min relative to placebo, suggesting
power to detect a clinically significant difference. One study subject who had a baseline fasting
glucose of 123 mg/dL took metformin outside of the study randomization, against study
protocol, and was subsequently excluded from the study, yielding a final sample of 35 women.

Differences in baseline characteristics between the groups were analyzed based on the chi-
square test for categorical variables, ANOVA for normally distributed continuous variables,
and the Kruskall-Wallis test for non-normally distributed continuous variables.

For outcomes only obtained at baseline and the final study visit, absolute and percent change
analyses were performed comparing metformin and placebo groups and/or leuprolide and
placebo groups. A standard t-test was used to compare M values, and the Wilcoxon Rank Sum
test was used for non-normal distributions (DHEAS and lipids). For all other outcomes,
longitudinal analyses examined data from baseline through final visits and compared
metformin and placebo groups and/or leuprolide and placebo groups by fitting a non-linear
mixed effects model at 4 timepoints. Log transformations were used where appropriate. For
these outcomes, percent change from baseline to the final visit is reported in the text along with
the p-value for the adjusted longitudinal analysis. Because of an imbalance in baseline weight
among study groups, all analyses were adjusted for weight except for those examining M, since
M is weight-corrected. We did not adjust for multiple comparisons, as we had defined specific
hypotheses a priori for each analysis. For the reproductive hormones, the primary comparison
was metformin to placebo, and for insulin sensitivity, it was leuprolide to placebo. All analyses
were performed using Stata version 9.

Results
The mean age of study subjects was 58 years and mean BMI was 36.6 kg/m2. Forty percent of
women had PCOS, defined as a history of irregular menses, excess facial or body hair growth,
or difficulty achieving pregnancy, and 69% met NCEP criteria for the metabolic syndrome
(11,12). Baseline median free testosterone levels by dialysis were lower than expected due to
differences between this assay and estimation of free testosterone by the law of mass action
(9) at the screening visit. Weight and estradiol concentrations were higher in the leuprolide
group, but there were otherwise no statistically significant differences in baseline
characteristics among the three groups (Table 1).

In those randomized to metformin, free testosterone by equilibrium dialysis decreased by 19%
(p=0.02) over the course of the study relative to placebo (Figure 1). Calculated free testosterone
similarly decreased by 22% during the study duration (p=0.002 vs placebo). Total testosterone
decreased significantly (p=0.001), whereas SHBG did not change. Insulin sensitivity (M)
increased by 37% (p=0.02 vs placebo), consistent with metformin's known mechanism of
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action (Table 2). HOMA-IR similarly improved by 36% and insulin by 31% over the course
of follow-up (p=0.005 and p=0.007 vs placebo, respectively; Figure 1).

In metformin users, LH, FSH, and DHEAS did not change over the study duration, however
estradiol decreased by 27% (p=0.02 vs placebo) (Figure 2). LDL decreased by 36% (p=0.007
vs placebo) and total cholesterol by 17% (p=0.02 vs placebo), while diastolic blood pressure
increased by 10% (p=0.048 vs placebo). There was no significant difference in BMI (−1.3%
vs. +0.3%), HDL, triglycerides, or systolic blood pressure in metformin users compared to
placebo.

In those randomized to leuprolide, the percent change in M was not different from placebo
(p=0.56, Table 2) despite a 48% relative decrease in free testosterone levels over the course of
the study (p<0.001, Figure 1). Similar results were found using HOMA-IR and insulin levels
(Figure 1). Total and calculated free testosterone decreased significantly during study follow-
up (p<0.001), as did estradiol, whereas SHBG did not change.

In leuprolide users, LH decreased by 95% (p<0.001 vs placebo, Figure 2) and FSH decreased
by 89% (p<0.001 vs placebo), consistent with leuprolide's known mechanism of action.
DHEAS was not affected by leuprolide administration. Diastolic blood pressure increased by
14% (p=0.001 vs placebo) in the leuprolide users. There was no significant difference in BMI
(+0.1% vs. +0.3%), cholesterol, or systolic blood pressure in leuprolide users compared to
placebo.

Adherence to study medications was high (96% for study pills and 98% for study injections)
for the 12 week study duration. Additionally, there was no difference in pill adherence between
those taking metformin or placebo. There were no serious adverse events. Non-serious adverse
events predominantly included nausea and diarrhea in the group taking metformin.

Discussion
In this randomized trial of metformin and leuprolide acetate in non-diabetic postmenopausal
women, treatment of insulin resistance significantly lowered free testosterone levels compared
to controls. Conversely, pharmacologic lowering of testosterone did not significantly improve
insulin resistance. These data are the first to establish a causal link between insulin resistance
and testosterone in postmenopausal women.

Until now, the causal relationship between high endogenous androgen levels and insulin
resistance in women was limited to premenopausal women with PCOS (13). Administration
of metformin results in significant decreases in testosterone in women with PCOS (1,2). The
converse effect of lowering testosterone levels, using gonadotropin-releasing hormone (GnRH)
agonists, on insulin resistance has been less conclusive in PCOS; two studies have shown no
effect on insulin resistance assessed via euglycemic-hyperinsulinemic clamp (14-16), whereas
one showed an improvement (16). Although we retrospectively diagnosed 40 percent of our
study population with PCOS, our findings were not limited to this group of women. Additional
small studies examining non-obese premenopausal women without PCOS showed no effect
of GnRH agonist therapy on insulin resistance (17,18).

Our data suggest that hyperinsulinemia secondary to insulin resistance may increase
endogenous androgen production across a woman's lifespan. Interestingly, BMI did not change
in the present study, suggesting that insulin resistance may modulate testosterone independent
of changes in body weight. In PCOS, studies have suggested that the cellular mechanism for
insulin resistance may involve a postreceptor defect in the insulin signal transduction pathway
(19,20). The subsequent development of hyperinsulinemia may increase testosterone
production by stimulation of ovarian cytochrome P450c17α (1). Whether a similar mechanism
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can be applied more broadly to postmenopausal women with insulin resistance is not known.
Though circulating androgen levels are lower in older than in younger women, it has been
shown that the ovary continues to synthesize testosterone after the menopausal transition
(21), and free testosterone levels may even rise in the later decades of life (22). In our study,
levels of DHEAS were not affected by an improvement in insulin sensitivity, suggesting that
hyperinsulinemia may not affect adrenal androgen biosynthesis, and further implicating the
postmenopausal ovary as the site where insulin acts to stimulate androgen production.

A major strength of our study, aside from its randomized and placebo controlled design,
includes the application of gold standard methodology to measure our study outcomes. We
performed euglycemic-hyperinsulinemic clamps to assess changes in insulin sensitivity and
used testosterone assays with sufficient sensitivity to detect levels in the postmenopausal range.
However, there are several study limitations. It is possible that our results would have differed
if we had used an androgen receptor antagonist instead of a GnRH agonist, though our degree
of testosterone suppression with leuprolide acetate was excellent. Although the prevailing
mechanism by which metformin mediates improvement in hyperandrogenemia is thought to
occur via reduction in hyperinsulinemia, there are data showing that supraphysiologic levels
of metformin inhibit androgen production in a human thecal tumor cell line (23). Our study
was only 12 weeks in duration, and it is possible that we would have seen a larger effect of
metformin on testosterone levels if our study were of longer duration. We also did not have
the power to prove equivalence in insulin sensitivity between leuprolide acetate and placebo;
however, our data do not suggest a trend toward improvement and support no effect of
leuprolide acetate on insulin sensitivity. Finally, we cannot determine from our study whether
exogenous testosterone administration has any impact on insulin sensitivity in postmenopausal
women.

Our study is the first to show a causal relationship between insulin resistance and testosterone
production in postmenopausal women. Our data suggest that testosterone is an epiphenomenon
of insulin resistance in this population and not part of the causal pathway. Several observational
studies have demonstrated associations between levels of testosterone and cardiovascular
disease in postmenopausal women (6,24-28). Since insulin resistance is a risk factor for
atherosclerosis (29-31), it is unclear whether there are atherogenic effects of endogenous
testosterone that are independent of insulin resistance. Further research is required to define
the mechanism whereby hyperinsulinemia increases testosterone production and to determine
any physiologic impact of endogenous testosterone in postmenopausal women.
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Figure 1.
Longitudinal data for (A) free testosterone, (B) calculated free testosterone, (C) total
testosterone, (D) SHBG, (E) HOMA-IR and (F) insulin by group. Mean values with SE bars
are presented. P-values are for longitudinal comparisons to placebo of log-transformed values.
Abbreviations: SHBG, sex hormone binding globulin; HOMA-IR, homeostasis model
assessment of insulin resistance

Patel et al. Page 9

Fertil Steril. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Longitudinal data for (A) LH, (B) FSH, (C) estradiol, and (D) DHEAS by group. Mean values
with SE bars are presented. P-values are for longitudinal comparisons to placebo. DHEAS
values were log-transformed for analysis.
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Table 1

Baseline Characteristics by Treatment Group

Characteristics Leuprolide Group (n=12) Metformin Group (n=12) Placebo Group (n=11) Total (n=35)

Age, yr 58 (7) 56 (4) 62 (7) 58 (7)

Race, no. (%)

    White 6 (50) 6 (50) 8 (73) 20 (57)

    African-American 5 (42) 6 (50) 3 (27) 14 (40)

    Asian 1 (8) 0 0 1 (3)

Current smoking, no. (%) 3 (25) 3 (25) 1 (9) 7 (20)

Alcohol intake, no. (%)

    0-1 drinks/day 12 (100) 11 (92) 11 (91) 33 (94)

    2 drinks/day 0 (0) 1 (8) 1 (9) 2 (6)

Weight, kg 108.7 (33.7) 96.5 (19.6) 93.3 (11.1) 99.7(23.9)a

BMI, kg/m2 41.2 (12.1) 34.4 (6.1) 34.0 (3.6) 36.6 (8.6)

Waist circumference, cm 109.9 (19.3) 95.9 (13.0) 98.0 (6.4) 101.4 (15.1)

PCOS, no. (%) 5 (42) 5 (42) 4 (36) 14 (40)

Metabolic Syndrome, no. (%) 7 (58) 9 (75) 8 (73) 24 (69)

Biochemical Measurements b

Glucose (mg/dL) 96 (90-117) 98 (92-106) 96 (91-110) 97 (91-108)

Insulin (uIU/mL)c 29.8 (17.8-38.5) 21.6 (17.1-31.7) 21.4 (10.8-22.1) 21.9 (11.8-32.4)

HOMA-IR (mg/dL × uIU/mL)c 7.06 (4.43-10.28) 5.30 (4.46-7.86) 4.91 (2.31-5.89) 5.37 (2.99-8.17)

Total testosterone (ng/dL)c 26 (19-35) 19 (15-20) 22 (17-34) 20 (15-29)

SHBG (nmol/L) 43 (32-76) 43 (38-53) 50 (31-54) 43 (35-55)

Free testosterone (pg/mL)c 2.8 (2.2-3.8) 2.3 (1.8-2.7) 3.0 (2.0-3.5) 2.6 (2.0-3.5)

LH (mIU/mL)c 28.7 (20.9-31.1) 26.1 (17.3-29.1) 29.8 (19.9-36.7) 26.7 (17.9-32.6)

FSH (mIU/mL) 60.9 (45.5-67.6) 58.4 (45.9-84.7) 80.3 (54.6-91.5) 62.6 (49.2-80.3)

Estradiol (pg/mL) 18.4 (13.5-22.1) 10.1 (6.6-14.2) 5.0 (5.0-18.0) 12.4 (5.3-20.6)a

DHEAS (ug/dL)c 60.4 (30.8-75.3) 72.1 (46.3-104.9) 39.8 (31.7-106.9) 65.2 (37.1-89.1)

Total cholesterol (mg/dL) 177 (155-194) 209 (156-230) 180 (152-196) 181 (152-212)

LDL (mg/dL) 97 (84-117) 117 (85-138) 95 (73-110) 100 (81-132)

HDL (mg/dL) 52 (47-57) 48 (45-51) 51 (49-61) 51 (47-57)

Triglycerides (mg/dL) 121 (84-164) 153 (104-185) 150 (86-173) 132 (85-173)

Abbreviations: BMI, body mass index; LDL, low-density lipoprotein; HDL, high-density lipoprotein; PCOS, polycystic ovary syndrome; HOMA-
IR, homeostasis model assessment of insulin resistance; SHBG, sex hormone binding globulin

Data are presented as mean (SD) unless otherwise indicated. ANOVA was performed to assess differences in all continuous variables except for BMI,
SHBG, estradiol, HDL, and triglycerides, for which the Kruskall-Wallis test was performed due to non-normal distribution.

Multiply by 0.0347 to convert total testosterone concentrations from ng/dl to nmol/l. Multiply by 3.47 to convert free testosterone concentrations from
pg/ml to pmol/l. Multiply by 3.671 to convert estradiol from pg/mL to pmol/L.

a
p<0.05 for differences among groups

b
median (IQR)
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c
log-transformed values were used in statistical comparisons
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Table 2

Insulin Sensitivity

Leuprolide Group (n=12) Metformin Group (n=12) Placebo Group (n=11)

Baseline M (mg/kg−1·min−1) 2.13 (0.85) 1.99 (0.98) 2.57 (0.74)

Final M (mg/kg−1·min−1) 2.17 (1.07) 2.43 (0.60) 2.49 (0.79)

Absolute change in M (mg/kg−1·min−1) 0.04 (0.81) 0.44 (0.80) −0.08 (0.73)

% change in M 6.4 (30.9) 36.3 (37.7)a −1.10 (28.9)

Data are presented as mean (SD) unless otherwise indicated. T-tests were used for comparisons.

a
p=0.02 compared to placebo
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