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Abstract

Aims/hypothesis Prospective data directly investigating the
role of endogenous sex hormones in diabetes risk have been
scant, particularly in women. We aimed to examine com-
prehensively plasma sex hormones in connection with risk
of developing type 2 diabetes in postmenopausal women.
Methods We conducted a prospective, nested case—control
study of plasma oestradiol, testosterone and dehydroepian-
drosterone sulfate and risk of type 2 diabetes in a cohort of
women health professionals with a mean age of 60.3 and
12.2 years since menopause. Among women not using
hormone therapy and free of baseline cardiovascular
disease, cancer and diabetes, 359 incident cases of type 2
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diabetes were matched with 359 controls during an average
follow-up of 10 years.

Results Oestradiol and testosterone were each strongly and
positively associated with risk of type 2 diabetes. After
adjustment for BMI, family history, lifestyle and reproduc-
tive variables, the multivariable relative risks (95% CI) com-
paring the highest vs lowest quintile were 12.6 (2.83-56.3)
for total oestradiol (p=0.002 for trend), 13.1 (4.18-40.8)
for free oestradiol (p<0.001 for trend), 4.15 (1.21-14.2) for
total testosterone (p=0.019 for trend) and 14.8 (4.44—49.2)
for free testosterone (p<0.001 for trend). These associa-
tions remained robust after adjusting and accounting for
other metabolic syndrome components and baseline HbA .
levels.

Conclusions/interpretation In postmenopausal women,
higher plasma levels of oestradiol and testosterone were
strongly and prospectively related to increased risk of
developing type 2 diabetes. These prospective data indicate
that endogenous levels of sex hormones may play impor-
tant roles in the pathogenesis of type 2 diabetes.

ClinicalTrials.gov ID no.: NCT00000479.
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Introduction

A large body of clinical data suggests the important roles of
endogenous sex hormones in the pathogenesis of type 2
diabetes [1]. In short-term randomised trials and cross-
sectional observational studies in women, plasma oestradiol
and testosterone have been positively associated with
glucose intolerance and insulin resistance, independently
of adiposity [1, 2]. Similar associations of free testosterone
and C-reactive protein (CRP; a systemic inflammatory
marker) have also been reported in women [3, 4]. In
contrast, little is known about the roles of dehydroepian-
drosterone (DHEA; a sex hormone precursor) and its
relatively more stable circulating form dehydroepiandros-
terone sulfate (DHEAS) in the development of type 2
diabetes. Favourable effects of DHEA on glycaemic control
have been reported in some short-term trials of women
[5, 6], but not in others [7, 8]. Overall, no large prospective
study has yet comprehensively investigated plasma sex
steroid hormones and long-term risk of type 2 diabetes in
women.

To provide such information, we prospectively investi-
gated the relationships of the plasma steroid sex hormones
total and free testosterone, total and free oestradiol, and
DHEAS, as well as the testosterone:oestradiol ratio, with
risk of developing type 2 diabetes. We also comprehen-
sively examined each hormone found associated with
diabetes risk in the context of established traditional risk
factors, reproductive factors and established biochemical
markers of inflammation and glycaemic control.

Methods

Study population The Women’s Health Study, begun in
1993, is a randomised, double-blind, placebo-controlled,
2x2 factorial trial of low-dose aspirin and vitamin E for the
primary prevention of cardiovascular disease and cancer
among 39,876 US female health professionals aged 45 years
and older, and free of baseline diabetes, cancer (other than
non-melanoma skin cancer) and cardiovascular disease [9].
Of the 39,876 participants, 28,345 (71%) provided baseline
blood samples. We restricted our study to 6,574 postmen-
opausal women drawn from the 28,345 and not using
hormone replacement therapy (HRT) at the time of blood
collection. By February 2005 with 10 years average follow-
up, 366 of these initially healthy women had developed
incident diabetes. Using the principle of risk-set sampling
to randomly select controls from the source population [10],
volunteers serving as controls were matched in 1:1 ratio to
cases by age (within 1 year), duration of follow-up (within
1 month), race and fasting status at time of blood draw
(72% provided fasting blood, defined as >10 h since last

meal). Based on these criteria, 359 cases and 359 controls
were selected. Written informed consent was obtained from
all participants; this study was conducted according to the
ethical guidelines of Brigham and Women’s Hospital and
Harvard Medical School.

Ascertainment of diabetes After excluding prevalent cases
at baseline, all eligible participants were asked every year
whether and when they had been diagnosed with diabetes
since completing the previous questionnaire. Women self-
reporting incident diabetes in annual follow-up were mailed
supplementary questionnaires to confirm diabetes symp-
toms and provide results from fasting glucose and oral
glucose tolerance tests, as well as details of treatments.
Diabetes was confirmed according to the American Diabe-
tes Association criteria of 1997. Previous Women’s Health
Study diabetes validation via physician-led telephone inter-
views and supplementary questionnaires yielded positive
predictive values >91%, while confirmation of diabetes via
combined supplementary questionnaire and medical records
was 99% [9, 11]. Only confirmed diabetes cases were
included in this study.

Laboratory procedures Blood samples were centrifuged
and stored in liquid nitrogen freezers until the time of lab-
oratory analysis. Long-term stability of plasma hormones
has been previously documented [12—14]. Matched case—
control pairs were handled identically and assayed in
random order in the same analytical run. Laboratory
personnel were blinded to case—control status during all
assays. Plasma concentrations of biomarkers were mea-
sured using chemiluminescent immunoassays (Elecsys
Autoanalyzer 2010; Roche Diagnostics, Indianapolis, IN,
USA), validated for measurement of plasma sex hormones
[15, 16]. Among eight different oestradiol assays tested and
compared, the Elecsys 2010 assay yielded the smallest
coefficient of variation and had the best sensitivity for
measuring low oestradiol concentrations [16]. HbA ;. was
measured using an assay approved by the US National
Glycohemoglobin Standardization Program (Hitachi 911;
Roche Diagnostics), as previously described [17]. Levels of
CRP were measured using a high-sensitivity assay, as
previously described [18]. For the hormone levels in this
study, the coefficients of variation from blinded quality
control samples were 5.2% for oestradiol, 7.4% for
testosterone, 2.8% for DHEAS and 2.8% for sex hormone
binding globulin. Free oestradiol and free testosterone were
calculated via the Sodergard method [19], which has been
previously validated among postmenopausal women [20, 21].

Statistical analysis Baseline characteristics of participants

were compared using mixed-effects regression for clustered
data and conditional logistic regression. Age-adjusted par-
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Table 1 Comparison of characteristics between cases and controls at baseline

Characteristics Cases Controls p value®
n 359 359
Age (years) 60.3+6.1 60.3+6.1 (matched)
Race (% white) 92.5 92.5 (matched)
BMI (kg/m?) 30.9+6.1 26.0+4.9 <0.001
Alcohol consumption (g/day) 2.62+7.4 4.1948.3 0.007
Smoking (% current) 14.2 13.7 0.83
Strenuous physical activity (once or more per week) 30.7 38.7 0.06
Past postmenopausal hormone use (%) 32.0 279 0.22
Ever oral contraceptive use (%) 499 47.1 0.23
Age at menopause 48.0+6.1 48.0+5.7 0.92
Years since menopause 12.3£8.2 12.1+£7.9 0.88
Cause of menopause (% natural) 63.0 69.4 0.08
Age at menarche <12 (%) 25.4 21.7 0.46
Age at first pregnancy of >6 months, <25 (%) 56.8 48.8 0.05
Family history of diabetes (%) 48.5 24.0 <0.001
History of hypertension (%) 50.1 30.4 <0.001
Pregnancies >5 (%) 30.1 34.0 0.10
Marital status (% currently married) 63.5 65.2 0.15
Education (% college graduate) 30.4 38.7 0.05
Sex hormones
Oestradiol (pmol/1)° 90.3+58.2 75.3+41.3 <0.001
Free oestradiol (pmol/l)° 1.79+1.13 1.27+0.67 <0.001
Testosterone (nmol/1)° 1.03+0.66 1.00+0.66 0.49
Free testosterone (pmol/1)° 19.0£13.9 13.44£9.8 <0.001
DHEAS (nmol/I)° 2,453+1,653 2,496+1,446 0.67

Unless otherwise indicated, values are means + SD

* Mixed-effects models used to test mean difference between cases and controls; if categorical, test for homogeneity across levels from conditional

logistic regression

® Conversion of units: oestradiol pmol/l to pg/ml, divide by 3.671; testosterone nmol/l to ng/dl, divide by 0.0347; DHEAS nmol/l to ug/dl, divide

by 26.95

¢ Free hormones were calculated via the Sodergard formula [19] using total hormone and sex hormone-binding globulin

tial correlations were used to evaluate associations between
plasma biomarkers among controls. Because of the risk-set
sampling approach for selection of cases and controls from
the cohort [10], hazard ratios (referred to here as relative
risks [RR]) and 95% CIs were directly computed using
conditional logistic regressions. We divided the distribu-
tions of the biomarkers among controls into quintiles to
calculate the RR of type 2 diabetes for each quintile versus
the lowest quintile as referent category, and estimated the
significance of trend across increasing quintiles. We also
adopted a systematic approach in our analyses following
the current understanding of sex hormone biology. For
example, we controlled for upstream precursor hormones,
which may be confounders of a causal relationship, while
we did not adjust for downstream hormone metabolites that
may be causal intermediates. Thus, the sex hormone
precursor DHEAS was adjusted for in all models that
included either testosterone or oestradiol, whereas testos-
terone, a precursor of oestradiol in aromatase conversion,
was controlled for in all models that included oestradiol. In
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multivariable analyses, we first adjusted for BMI (contin-
uous), smoking (current, former, never), alcohol consump-
tion (continuous), exercise (rarely/never, 1, 2-3, 46 and
>7 times per week), systolic blood pressure (10 mmHg
increments), past HRT use (yes, no), years of oral
contraceptive use (<0.5, 0.5-2, >2 years), use of multi-
vitamins (current, former, never), marital status (current,
former, never married), education (high school, associates,
bachelors, masters, doctoral) and family history of diabetes
(yes, no) in all hormone models. Next, we fitted expanded
multivariable models to include reproductive covariates:
years since menopause (<5, 5-10, >10), age at menarche
(<12, 12, 13, >13), total pregnancies (0, 1-2, 3—4, >5),
pregnancies lasting >6 months and age at first pregnancy
lasting >6 months (nulliparous, <25, >25) and finally cause
of menopause (natural vs surgical, radiation or chemother-
apy). We also estimated the RR per SD increase in
biomarkers and assessed potential effect modification of
associations by BMI (<25, 25-29.9, >30), past HRT use,
years since menopause (<5, 5-10, >10), hypercholester-
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Table 2 Age-adjusted partial correlations between plasma sex hormones in controls

Hormones Oestradiol Free oestradiol Testosterone Free testosterone DHEAS BMI HbA,.
Oestradiol 1.00

Free oestradiol 0.91(»p<0.001) 1.00

Testosterone 0.41(p<0.001) 0.37(p<0.001) 1.00

Free testosterone  0.29(p<0.001)  0.44(p<0.001) 0.86(»<0.001) 1.00

DHEAS 0.23(p<0.001)  0.22(»p<0.001) 0.63(p<0.001)  0.59(»p<0.001) 1.00 1.00

BMI 0.17(p=0.001)  0.33(»p<0.001) 0.11(p=0.03) 0.28(»<0.001) 0.03 0.58 1.00

HbA,.* 0.12(p=0.02) 0.15(»p=0.004) 0.05(»p=0.32) 0.09(»p=0.09) 0.02(p=0.71)  0.11(p=0.03) 1.00

“Baseline HbA .. (all participants non-diabetic at baseline)

olaemia and family history of diabetes. We conducted
further sensitivity analyses excluding cases that developed
during the first 3 years of follow-up and further accounting
for waist circumference, baseline lipids, CRP and HbA,..
Analyses were conducted using STATA 9.2 (StataCorp LP,
College Station, TX, USA).

Results

As an indication of successful matching, diabetes cases and
controls had identical mean age (60.3 years, range 45.7—
76.2), race (92.5% white) and fasting status (72.1%).
Overall, diabetes cases had higher BMI, lower frequency
of physical activity, lower consumption of alcohol, more
prevalent hypertension and a greater likelihood of family
history of diabetes than controls. Additionally, diabetic
women had significantly higher levels of total oestradiol,
free oestradiol, free testosterone, CRP and HbA,. than
controls and no difference in DHEAS levels compared with
controls (Table 1). Among controls, oestradiol was posi-
tively correlated with all hormone biomarkers, CRP and
HbA,., while testosterone was significantly correlated with
DHEAS only (Table 2).

Conditioning on matching factors only, we found that
elevated levels of total oestradiol, free oestradiol and free
testosterone were each strongly associated with higher risk
(»<0.001 for trend for each). In multivariable models ad-
justed for BMI, smoking, exercise, alcohol, blood pressure,
family history of diabetes, education, marital status, past
HRT use, multivitamins and respective hormones, all of the
aforementioned associations remained significant (»<0.01
for trend for all). Additionally, total testosterone emerged
as a significant risk factor in multivariable models. Con-
trolling for reproductive variables likely to be associated
with past sex hormone exposure either strengthened or did
not materially affect any associations. Specifically, the
multivariable-adjusted RRs (95% CI) comparing the high-
est vs lowest quintile were 12.6 (2.83-56.3) for total
oestradiol (p=0.002 for trend), 13.1 (4.18-40.8) for free

oestradiol (p<0.001 for trend), 4.15 (1.21-14.2) for total
testosterone (p=0.019 for trend) and 14.8 (4.44-49.2) for
free testosterone (p<0.001 for trend). While an inverse
association was suggested, DHEAS was not statistically
significantly associated with lower risk. The ratio of total
testosterone:oestradiol was also not associated with risk
(Table 3). Because associations of continuous hormone
variables appeared log-linear, relative risks in stratified and
sensitivity analyses were expressed as per 1 log-SD
increase in hormone biomarkers. Associations were only
minimally attenuated and remained significant and robust in
sensitivity analyses controlling for CRP and waist circum-
ference. Moreover, among participants with baseline HbA .
<6%, increased total oestradiol, free oestradiol and free
testosterone were still strongly associated with risk of
developing diabetes, these associations being independent
of waist circumference, CRP and HbA .. None of the sen-
sitivity analyses materially affected these results (Table 4).
Furthermore, assessment of potential effect modification of
sex hormone associations revealed no significant interac-
tions with BMI, past hormone use, years since menopause,
hypercholesterolaemia and family history of diabetes, with
the exception of total oestradiol with family history of
diabetes (Table 5).

Discussion

In this prospective study of postmenopausal women
followed for an average of 10 years, elevated levels of
total and free oestradiol and testosterone at baseline were
statistically significantly associated with increased risk of
developing type 2 diabetes. These positive associations
were independent of traditional risk factors including BMI,
waist circumference, smoking, exercise, alcohol, blood
pressure, past hormone use, family history of diabetes, as
well as more recently established biomarkers such as CRP
and HbA .. These prospective data indicate that these sex
hormones are strong and robust risk markers of type 2
diabetes in women.
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Table 3 Sex steroid hormones and relative risk (95% CI) of developing type 2 diabetes in women

Hormones Quintiles
1 (lowest) 2 3 4 5 (highest) p value for trend

Oestradiol (pmol/l)

Median 41.9 55.2 65.5 79.4 100.6

n (cases/controls) 21/72 54/72 66/72 95/72 123/71

Model 1* 1.00 2.80 (1.53-5.13) 3.13 (1.67-5.86) 5.18 (2.79-9.63) 7.61 (4.02-14.4) <0.001

Model 2° 1.00 2.66 (0.82-8.70) 3.00 (1.08-8.37) 4.56 (1.51-13.7) 9.69 (2.54-37.0) 0.001

Model 3¢ 1.00 3.20 (0.77-13.2) 3.91 (1.11-13.8) 5.39 (1.43-20.3) 12.6 (2.83-56.3) 0.002
Free oestradiol (pmol/l)

Median 0.66 0.92 1.13 1.43 2.07

n (cases/controls) 15/72 25/71 49/71 102/72 168/71

Model 1? 1.00 1.44 (0.68-3.04) 3.35 (1.61-6.97) 7.31 (3.57-15.0) 14.2 (7.10-28.4) <0.001

Model 2° 1.00 0.86 (0.32-2.31) 2.95 (1.20-7.28) 6.27 (2.52-15.6) 10.1 (3.68-27.9) <0.001

Model 3¢ 1.00 0.71 (0.23-2.16) 2.85 (1.14-7.11) 7.62 (2.73-21.3) 13.1 (4.18-40.8) <0.001
Testosterone (nmol/l)

Median 0.35 0.62 0.87 1.15 1.84

n (cases/controls) 68/79 68/68 70/77 76/65 77/70

Model 1° 1.00 1.18 (0.73-1.90) 1.08 (0.67-1.74) 1.41 (0.86-2.29) 1.35 (0.81-2.25) 0.18

Model 2° 1.00 1.45 (0.55-3.77) 2.05 (0.81-5.19) 2.84 (1.17-6.88) 2.68 (1.00-7.19) 0.027

Model 3¢ 1.00 1.51 (0.49-4.66) 3.34 (0.98-11.4) 2.85 (1.07-7.57) 4.15 (1.21-14.2) 0.019
Free testosterone (pmol/l)

Median 4.60 7.39 10.9 16.2 27.6

n (cases/controls) 38/72 37/70 64/72 87/72 133/71

Model 1? 1.00 1.11 (0.63-1.96) 1.69 (1.02-2.81) 2.49 (1.47-4.19) 5.04 (2.84-8.93) <0.001

Model 2° 1.00 2.16 (0.85-5.45) 3.32 (1.40-7.86) 6.04 (2.20-16.6) 13.2 (4.54-38.3) <0.001

Model 3¢ 1.00 3.11 (1.05-9.19) 5.26 (1.80-15.4) 7.92 (2.40-26.1) 14.8 (4.44-49.2) <0.001
DHEAS (nmol/l)

Median 981 1,586 2,184 2,933 4,472

n (cases/controls) 89/72 66/73 69/70 69/72 66/71

Model 1? 1.00 0.70 (0.43-1.13) 0.74 (0.47-1.19) 0.75 (0.47-1.20) 0.71 (0.44-1.17) 0.24

Model 2° 1.00 0.74 (0.37-1.45) 0.89 (0.45-1.72) 0.95 (0.51-1.77) 0.68 (0.32-1.41) 0.50

Model 3¢ 1.00 0.84 (0.42-1.70) 0.83 (0.41-1.69) 0.66 (0.34-1.26) 0.59 (0.28-1.24) 0.13
Ratio testosterone:oestradiol

Median 5.67 9.48 13.1 16.3 23.8

n (cases/controls) 102/72 75/73 61/72 70/72 51/71

Model 1? 1.00 0.75 (0.49-1.15) 0.59 (0.37-0.94) 0.70 (0.44-1.10) 0.51 (0.31-0.82) p=0.007

Model 2° 1.00 0.66 (0.29-1.50) 0.60 (0.25-1.42) 1.26 (0.51-3.09) 0.88 (0.36-2.17) p=0.72

Model 3¢ 1.00 0.50 (0.19-1.28) 0.53 (0.22-1.31) 1.06 (0.33-2.96) 0.76 (0.26-2.23) p=0.89

#Model 1 conditioned on matching factors: age, race, fasting status
®Model 2 adjusted for: matching factors, BMI, smoking, alcohol use, exercise, blood pressure, family history of diabetes, years of oral
contraceptive use, past HRT use, multivitamin use, marital status and education in all models, as well as for total testosterone (for oestradiol),
DHEAS (for oestradiol, testosterone and testosterone:oestradiol ratio) and sex hormone binding globulin (for total testosterone, total oestradiol

and testosterone:oestradiol ratio)

“Model 3 adjusted variables in model 2 plus reproductive covariates: age at menarche, number of pregnancies, pregnancies lasting >6 months, age

at first pregnancy of >6 months, years since menopause and cause of menopause

Testosterone We could identify only one previous study
that reported a positive association between testosterone
and diabetes risk in women; it included only 17 cases in a
small California community [22]. Because of the large
numbers of incident cases with comprehensive assessment
of hormones, our findings on the independent association of
testosterone with diabetes risk appear much stronger and
more precise than that study. Experiments in female rats
show that testosterone impairs insulin-mediated glucose
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uptake and increases lipogenesis [23], providing mechanis-
tic explanations for our observation of increased diabetes
risk associated with elevated levels of testosterone [24].
Further, testosterone therapy has been shown to induce
insulin resistance in female-to-male transsexual [25] and
increase visceral adiposity in postmenopausal women [26],
whereas anti-androgen therapy decreases visceral adiposity
in obese women with polycystic ovarian syndrome [27] and
improves insulin sensitivity in non-obese women [28].



2081

Diabetologia (2007) 50:2076-2084

[NE Wens-ulyiIm 10§ PI[[oNU0d sasA[EUE PAyIens ‘soL03o)ed [INE UIYNM JINE AQ SUIpUNojuod 10j [0NU0d Of ,
dnoi3 yora sSOIOL 109JJ0 UONEBIYIPOW [[BIOAO dY) I0J I8 sanjeA d

aseasoul 94001 Jod | pue dseasoul

%06 12d , “asearout 0,09 1ad , ‘esearoul 94,06 1d , ‘ASS0] [+ A1 SAN[EA "UOHNGLUSIP [0NUOD WOL PauIULINp (S ‘asearout SSo[ [ 1od ¥y "¢ (el JO ¢ [SpOul Ul SAQRLIBA 10} PIjSn(pe d1e synsay

(FEr-6971) 0LC (SL'T-660) S9'1 Orv-6£1) 14T (L8 T-+9°0) OT'T SOX
¥T0 (F0'¢-€€1) 10T 0S°0 (LTT€80) vE'T S+°0 (St'+-0077) 86'C £00°0 (FS+-89'1) 9L°T ON
mouon—mﬁﬁ mo \Qoﬁmmﬂ %:Emn,—
(6Te—sv'1D 61T (177260 £¥'1 (69v-151) 99T (T9T-08°0) t¥'1 SOA
150 (66'€99'1) LST 8L°0 (St'T-€60) 151 ¥8°0 (8T+-88'1) ¥8°C 110 (Izy—2sD €5 ON
BIUIOR[019)s9[0yoIod A
LTe9r 1D 81T (81Z180) 9¢1 0S+=L9'1) vLT Orv-111 S1°C 01<
(0T9-¥L1) 8T€ (@8v-171D 1¥¢C (08+-0t'1) 65T (It'z-6°0) 601 01-§
6£0 (LOv—=L0T) 60T ¥1°0 (LTT-8€0) €60 060 (Lzs—TL 1 10¢ 670 (96'9-50°1) 0L'C S>
(s1eak) asnedouawr dours w
(I e-8¥'1) veT (It'7-28°0) 1+'1 (659-C10) L€ (#0°5—€S°1) 8L'T 1584
16°0 Ov'e-6v'1) LTT 780 (0€°7-860) 05T ST°0 (69°¢-591) 9+'C LT0 (#0'€-L6°0) TL'T TOAON
asn u:OEHOS ﬂmms.mmocwﬂbwonw
087611 £€8°1 (€07-9L0) vT'1 (90 +-10°1) €0C (96'7-28°0) SS'1 0€<
(0T+=¢€S1D vST (20'¢-560) OL'1 (S9s—HL1) 1€ (LE'S-86°0) 0€°C 6'67-SC
8€°0 (ov'v—6£1) 84'C ¥S0 (¥97-28°0) 8¥'1 ¥S0 (05°s-08°1) ST°€E 1L0 (os+-01°'1) TTT ST
J(GW/3Y) ING
Juonoeraur Juonoerojur Juonoeraur Juonoerojur
Ioy anjea d (1D %56) 44 Jloy onjea d (1D %$6) ¥4 Ioy anjea d (1D %$6) ¥4 Joy onfea d (1D %$6) ¥4

P

QUO0I9)S0)SI) A3I]

,AUO0IIS0ISA],

olO1PENS30 31,

JloipenseQ sisA[euy

S9)oqeIp JO AIO)SIY AJIWUe} pue eIor[01)sd[oyd1adAy ‘osnedouswr aours s1eak ‘osn suownoy [esnedousunsod jsed TNG Aq pagnens ‘sejeqerp ¢ 2d4) Jo sasA[eue duowioy XS § J[qeL

J0109A]3]Aoe1n ‘D], sojdwes Sunse) yum asoy) Juowre sasAjeue pajsnlpe-nJ, pue TJH ,
asearoul %4001 Jod, pue asearour 906 Jod , “dsearour 909 Jod | ‘osearour 0406 1od , ‘(IS SO] [+ dIe sonfeA "¢ J[QEL JO ¢ [OPOW Ul SI[qRLIEA J0J pAjsnipe sjopour djemreAnnjy

100°0> (88°¢—6¥'1) 0F'C LT0 (YTT-98°0) 6€'1 100°0> (60°5-68°1) LO'E 600°0 (9€°¢-81°'1) 00T (%9> °'"VqH yim 950y} SUOLIE) SJELIEAD[NIA
1000 (€0e-1€D) 661 81°0 (20'7—88°0) £€'1 100°0> (O1+-8L 1) 0LC 100°0 (99°¢-6€1) STT u1301d 9A1OBAI-)) + SJELIBADINA
100°0> O1re¢8v' D vIT 110 (0TT€60) €41 100°0> (8L¢—TL 1) SSC 10°0 (€8°T-S1'1) 08'T 9OURIJUINOIIO ISTEM + dJeLIBA[NIA
2070 L6111 8¢ 60°0 (0T¢-T6'0) TL'1 70070 (€Ls—L¥' D 16T LO0 (S9t-€6'0) 80°C DL + TAH+ 9IeLIRANNA
100°0> F1H-€9'1) 09°C 110 (P€'T26°0) 9¥'1 100°0> (s8'v—28'1) L6T 200 (ST€60'1) 881 (dn-mofjoy s1eak ¢ js11y SUIPN[OXD) AJRLIBADMA
100°0> (0€°€-091) 0€C S0°0 Lrz1on 84’1 100°0> 01681 8LC 2000 (F0°¢-8T1) L6'T dyeLIBALNIA]
puan 1oy puan 1oy puan 10y puan 10y
anjea d (1D %S6) ¥4 onjea d (1D %S6) ¥4 onfea d (ID %S6) 94 onfea d (ID %S6) 94
pOU013)S01S) 931 ,OU0Id)IS0ISA, q [01PENSI0 9914 L10TpENSa0 SISA[euy

°lyqy eurjeseq pue urdjoid 9A1OBAI-) ‘OOULIFWINOID ISTem ‘[0100A[S[Aoe1n “JQH ‘dn-mo[[oj Jo uoneinp Ioj Sununodoe “su sajoqeip g odA} pue souowIoy xas Jo sosA[eue AJANISUOS § J[qeL

pringer

A



2082

Diabetologia (2007) 50:2076-2084

DHEAS Previous short-term trials have indicated that
DHEA can improve glucose control and insulin sensitivity
in women [5, 6], although conflicting results have also been
reported [7, 8]. Villareal et al. [6] found that treatment with
DHEA for 6 months decreased visceral adiposity and
improved insulin action, while Nair et al., in a 2-year trial,
[7] did not observe any benefits of DHEA. The inverse
association between DHEAS and diabetes risk in our study
was only of borderline significance, indicating that the
long-term effects of DHEAS, if any, may be small.

Oestradiol Our prospective data also provided supporting
evidence for the independent role of plasma oestradiol
in the development of type 2 diabetes. Previous cross-
sectional analyses indicate that testosterone and oestradiol
are both associated with glucose levels and insulin
resistance independently of adiposity [2, 29]. The effects
of oestradiol on diabetes risk remained significant in our
prospective data, even after control for testosterone and
measures of adiposity, supporting the notion that oestradiol
may be more than just a marker of increased aromatase
conversion. Our findings for the positive relationship be-
tween plasma oestradiol and diabetes risk were in contrast
with results from previous trials of oral oestrogen therapy,
which showed a lower risk of type 2 diabetes among post-
menopausal women who used oestrogen treatment [30—32].

However, it has been reported that exogenous oestrogen
may have different physiological effects depending on
dose, duration and mode of exposure [33-38]. Notably in
two randomised trials [33, 34] simultaneously comparing
oral oestrogen versus transdermal oestradiol, the latter
consistently elevated plasma glucose to a greater degree
than oral oestrogen [39]. Furthermore, even among oral
oestrogen trials, strikingly divergent effects of oestrogen
therapy on fasting glucose vs glucose tolerance have been
seen, e.g. in the Postmenopausal Estrogen/Progestin Inter-
vention (PEPI) Study [40]. Specifically, although active
oestrogen regimens reduced fasting insulin and fasting
glucose levels compared with placebo, oestrogen treatments
in the PEPI trial simultaneously increased glucose intoler-
ance measured via 2 h OGTT.

The exact mechanisms for these various divergent effects
of oestrogen have not been precisely delineated, although
many lines of evidence indicate potential explanations for
the different physiological effects. For route of administra-
tion, transdermal oestradiol treatment does not appear to
affect endothelial dysfunction [37, 41], a strong risk factor
for type 2 diabetes [42], while, in contrast, oral oestrogen
therapy favourably improved endothelial function [37]. For
fasting vs post-challenge glucose differences, oestrogen on
the one hand can suppress hepatic glucose production [43,
441, thereby resulting in lower fasting glucose; on the other
hand, it can also inhibit and delay insulin release in
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response to rising glucose levels [45, 46], thereby promot-
ing glucose intolerance.

In addition, bimodal relationships of oestrogen dose may
exist, as one clinical trial in postmenopausal women found
that lower dose (0.625 mg/day) oestrogen therapy, similar
to that used in the WHI trial, increased insulin sensitivity,
but higher dose (1.25 mg/day) oestrogen had the opposite
effect, namely of significantly decreasing insulin sensitivity
[47]. Similarly, an adverse effect of oestrogen on decreasing
insulin sensitivity has also been reported among healthy
pre-menopausal women randomised to ethinyl oestradiol
oral contraceptives [48]. Moreover, duration-dependent
effects have been observed in animal studies, where
oestradiol and oestradiol-agonists transiently decreased
short-term glucose levels in short-term exposure, while
extended exposure had remarkably opposite effects, induc-
ing insulin resistance and glucose intolerance during
oestradiol treatment of longer duration [49].

Thus, available experimental and trial evidence indicates
that higher and extended oestradiol exposure may have
adverse effects on glucose levels, supporting a causal
relationship between the observed strong associations of
oestradiol with long-term risk of type 2 diabetes. Additional
studies to evaluate the effects of oestrogen by means of
administration, dose and duration on diabetes risk are
warranted.

Strengths and limitations We adjusted for a wide range of
lifestyle variables, reproductive factors and traditional
clinical risk factors, including two different measures of
adiposity, and also accounted for components of the
metabolic syndrome in sensitivity analyses. It has been
shown in postmenopausal women that there is unlikely to
be any residual confounding by adiposity after controlling
for BMI, as all associations between sex hormones
biomarkers and measures of adiposity tissue, as assessed
by dual energy X-ray absorptiometry, have been shown to
be eliminated after BMI adjustment [50]. Additionally,
results remained robust even after controlling for metabolic
syndrome components. The prospective design of this study
of apparently healthy participants also establishes the
temporal relationship between these hormone biomarkers
and incident diabetes. Robust and consistent results for all
hormones in analyses excluding cases that developed
during the first 3 years of follow-up also indicate that
reverse causation by subclinical disease was not an
explanatory factor for our findings. As with any observa-
tional study, residual confounding remains a possibility.
However, the strength and robustness of the compelling
associations found by us, in conjunction with the consistent
and supportive body of short-term randomised trials and
other experimental evidence, indicate that confounding is
unlikely to explain the strong associations observed.
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Conclusion

In this prospective study of apparently healthy postmeno-
pausal women, higher endogenous levels of plasma
oestradiol and testosterone were strongly and independently
associated with increased risk of developing type 2
diabetes. These prospective data indicate that endogenous
levels of sex hormones may play crucial roles in the
pathogenesis of type 2 diabetes. This may have important
implications for preventive interventions.
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