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Abstract

Objective: To study the impact of endogenous sex hormone levels in community-dwelling men on later
risk for type 2 diabetes.
Design: Population-based prospective cohort study.
Methods: For the analyses, 1454 men who participated in the fourth Tromsø study (1994–1995) were
used. Cases of diabetes were retrieved and validated until 31.12.05 following a detailed protocol.
The prospective association between sex hormones and diabetes was examined using Cox proportional
hazard regression analysis, allowing for multivariate adjustments.
Results: There was a significantly lowered multi-adjusted risk for later diabetes with higher normal
total testosterone levels, both linearly per S.D. increase (hazard ratio (HR) 0.71, confidence interval (CI)
0.54–0.92) and in the higher quartiles of total testosterone than in the lowest quartiles (HR 0.53,
CI 0.33–0.84). A reduced multi-adjusted risk for incident diabetes was also found for men with higher
sex hormone-binding globulin (SHBG) levels, both linearly per S.D. increase (HR 0.55, CI 0.39–0.79)
and when comparing the third (HR 0.38, CI 0.18–0.81) and the fourth quartile (HR 0.37,
CI 0.17–0.82) to the lowest quartile. The associations with total testosterone and SHBG were no longer
significant after inclusion of waist circumference to the multivariate models. Estradiol (E2) was
positively associated with incident diabetes after multivariate adjustments including waist
circumference when comparing the second (HR 0.49, CI 0.26–0.93) and the third (HR 0.51,
CI 0.27–0.96) quartile to the highest quartile.
Conclusion: Men with higher E2 levels had an increased risk of later diabetes independent of obesity,
while men with lower total testosterone and SHBG had an increased risk of diabetes that appeared
to be dependent on obesity.
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Introduction

Hypogonadism of aging males and the metabolic
syndrome share many common traits as lower
testosterone levels have been associated with abdomi-
nal obesity (1), hypertension (2), higher glucose and
insulin (3), and dyslipidemia (4). Furthermore, men
with type 2 diabetes mellitus (for simplicity only the
term diabetes is used in the following paragraphs) have
a high prevalence of hypogonadotropic hypogonadism
(5). In a cross-sectional study of men who participated
in the Tromsø study, both lower total testosterone
and sex hormone-binding globulin (SHBG) levels were
associated with increased HbAlc levels, independently
of obesity (6), and some prospective observational
studies have given support for a predictive role of
both lower testosterone and SHBG levels in later
diabetes (7, 8).
ndocrinology
Intervention studies have reported improvements in
body composition (9) and insulin sensitivity (10) with
testosterone supplementation. In hypogonadal men
over the age of 30 years with diabetes, testosterone
replacement led to improvements in insulin resistance,
glycemic control, and visceral obesity (11, 12), while
acute withdrawal of testosterone supplementation in
men with idiopathic hypogonadotropic hypogonadism
led to a worsening of insulin sensitivity, without
detectable changes in body fat content (13). By contrast,
in a randomized study of recombinant human chorionic
gonadotropin treatment of older men, no change in
the measures of insulin sensitivity was found in the
treatment group, in spite of improvements in body
composition (14). Another study suggested that lower
testosterone levels may promote insulin resistance
through impairment of mitochondrial function (15).
Thus, as to whether male hypogonadism plays a causal
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role in the development of insulin resistance and
diabetes or is a consequence of it, and to which
mechanisms a possible preventive effect of conserved
testosterone levels may be ascribed to need to be
investigated further.

We aimed to study the impact of sex hormone levels
in men on the risk of subsequent diabetes in a
population of 1454 community-dwelling men with 76
cases of incident diabetes. To our knowledge, this is the
largest prospective study to date addressing this issue.
Materials and methods

Study population

The Tromsø study is a population-based prospective
study with repeated health surveys, primarily focusing
on cardiovascular and other chronic diseases. The
population of the fourth Tromsø study (1994–1995)
has been described previously in detail (16). From the
fourth Tromsø study, data on sex hormones were
available in a randomly selected sub-sample of 1579
men. Eleven men were excluded because of testosterone
levels suggestive of medical or surgical castration.
Another 114 men were excluded from the dataset for
the following reasons: 51 men who answered ‘yes’ to
the question ‘do you have, or have you had diabetes?’ at
the baseline questionnaire, ten men who had HbAlc
levels O6.5% at baseline, 11 men with unknown date
for the diagnosis of diabetes, eight men who got a
validated diagnosis of diabetes the same year as the
baseline examination or earlier, ten men who moved
from the municipality before the year of the baseline
examination, and 24 men with a diagnosis of diabetes
after 2005 (after which the diabetes endpoint is not
validated). One thousand four hundred and fifty-four
men remained for analysis of the impact of sex
hormones on the incidence of type 2 diabetes.
Definition and ascertainment of type 2
diabetes

A committee validated the diabetes endpoint. Possible
cases were retrieved either by self-report at the sixth
Tromsø study (2007–2008), in which 11 000 of the
27 158 participants of the fourth Tromsø study
attended, by the linkage of the fourth Tromsø study
participant list to the University Hospital of North
Norway digital discharge diagnosis registry (ICD-9
codes 250, 357.2, 362.0, 583.8, 648.0, 648.8,
790.2, ICD-10 codes E10.0–E14, O24 and R73) in
conjunction with a concurrent cardiovascular disease
(CVD) registration (if the CVD adjudication procedure
revealed that the patients also had diabetes), or by
linkage to the Causes of Death Registry. Cases of diabetes
registered by means of one of these procedures were
www.eje-online.org
verified by medical record information at the University
Hospital of North Norway, and were recorded if diabetes
was mentioned in the hospital record notes or in the
referral letter(s) from physicians. Cases of unknown
type of diabetes were not included in the analyses, and
only cases of verified type 2 diabetes were used.
Complete assessment of the endpoint was done until
31.12.05. Information on death, migration from the
municipality, and emigration from Norway was
obtained from the Norwegian Registry of Vital Statistics.
Baseline characteristics

Height and weight were measured with subjects
standing wearing light clothing without shoes. Waist
circumference was measured at the umbilical line
according to a written protocol. Body mass index
(BMI; kg/m2) was calculated. Blood pressure was
recorded three times with an automatic device
(Dinamap Vital Signs Monitor, Critikon Inc., Tampa,
FL, USA) by specially trained personnel, and the mean of
readings 2 and 3 was used in the analysis. Non-fasting
blood samples were drawn between 0800 and 1600 h.
Serum total cholesterol and triglycerides were analyzed
by enzymatic colorimetric methods with commercial
kits (CHOD-PAP for cholesterol and GPO-PAP for
triglycerides; Boehringer–Mannheim). Serum high-
density lipoprotein (HDL) cholesterol was measured
after precipitation of lower density lipoprotein with
heparin and manganese chloride. Self-administered
questionnaires that included information about the
history of coronary heart disease (CHD), CVD, smoking
habits, physical activity, and medical history were
checked by trained nurses.
Sex hormones

Serum samples obtained in 1994 were analyzed for sex
hormones in the autumn of 2001. All samples were stored
frozen at K70 8C until they were first thawed in 2001.
The determination of total testosterone, estradiol (E2), and
SHBG was done on Immulite 2000 (Diagnostic Product
Corp., Los Angeles, CA, USA). The intra- and interassay
coefficients of variation for the analyses were between
5 and 10%. Free testosterone values were calculated from
total testosterone and SHBG using a fixed albumin
concentration according to Vermeulen et al. (17).
Statistical analysis

Normal distribution was assessed by skewness and
histograms. E2 was not normally distributed, but after
logarithmic transformation, E2 assumed normal distri-
bution. In analyses using E2 as a continuous variable, the
logged value was used. Associations between total and
free testosterone and baseline characteristics were
examined using age-adjusted partial correlation analysis.
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Differences in baseline characteristics between those
who were diagnosed with diabetes during follow-up and
those who were not were tested by independent samples
t-test for continuous variables and by the c2 test for
dichotomous variables. The prospective associations of
sex hormones and SHBG (for simplicity only the term sex
hormones is used in the following paragraphs) with
incident diabetes were examined using Cox proportional
hazard regression analysis. Sex hormones were used both
as continuous variables with hazard ratios (HRs) for 1 S.D.
increase in hormone level, and as quartiles based on the
entire population sample. The lowest quartile was used
as the reference category for total and free testosterone
and SHBG, while the highest quartile was used as the
reference category for E2. Total testosterone and free
testosterone were also examined as dichotomous vari-
ables using the lowest quartile as the reference category.
To explore the relative merits of total testosterone and
SHBG in predicting diabetes, we repeated the analyses
with the inclusion of both the variables in the same
model. For all regression analyses, two models were
evaluated: one with multivariate adjustment for age,
HDL-cholesterol, and systolic blood pressure, and another
with the addition of waist circumference to the first model.
Only baseline variables associated with both total
testosterone and incident diabetes were included in the
multivariate models as possible confounders, and baseline
variables were excluded if they lost their significant
contribution when entering the multivariate models.

The proportional odds assumption was examined
using log-minus-log plots, and the assumptions were
considered met by all the models. A P value !0.05 was
considered statistically significant, and all P values that
are presented are two-tailed. The SPSS statistical
Table 1 Baseline characteristics of the 1454 men who participated
testosterone, free testosterone, and estradiol (E2).

Mean or percentage (S.D.) Tota

Age (years) 59.4 (10.3)
Waist (cm) 95.0 (9.0)
BMI 26.0 (3.4)
Total cholesterol (mmol/l) 6.5 (1.2)
HDL-cholesterol (mmol/l) 1.39 (0.39)
Triglycerides (mmol/l)b 1.6 (0.9)
HbAlc (%) 5.36 (0.38)
Total testosterone (nmol/l) 13.4 (5.2)
SHBG (nmol/l) 52.7 (23.6)
Free testosterone (pmol/l) 206.4 (75.6)
Estradiol (nmol/l)b 0.060 (0.031)
Systolic blood pressure (mmHg) 140.6 (19.8)
Diastolic blood pressure
(mmHg)

81.6 (11.6)

CHD (%) 14.3
CVD (%) 15.8
Current smoking (%) 33.8
Vigorous physical activity (%) 11.4

*P!0.001; †P!0.01. RZcorrelation coefficient.
aLog value was used for analysis.
software version 15.0 SPSS Inc., Chicago, IL, USA for
Windows was used for all analyses.

Ethics

The study protocol was approved by the Regional
Committee for Medical and Health Research Ethics,
North Norway, and informed written consent was
obtained from all participants.
Results

Sex hormones and baseline characteristics

Baseline characteristics and age-adjusted partial
correlations with total and free testosterone and E2

are presented in Table 1. Both total testosterone and
free testosterone were inversely correlated with age,
but the correlation with free testosterone was stronger
than that with total testosterone. Total testosterone
was inversely associated with waist circumference,
BMI, triglycerides, and systolic and diastolic blood
pressure, and was positively associated with HDL-cholesterol,
SHBG, E2, and smoking. Free testosterone was also
inversely associated with waist circumference, BMI, and
systolic blood pressure, and was positively associated
with smoking, but the associations were in general weaker
than those for total testosterone. Total or free
testosterone did not differ between men with or without
a history of CHD and/or CVD or in men with less
physical activity compared with those with more
vigorous physical activity. E2 correlated negatively
only with total cholesterol, and positively only with
age and total and free testosterone.
in the Tromsø study, 1994–1995. Age-adjusted correlations with

l testosterone (R ) Free testosterone (R ) Estradiol (R a)

K0.10* K0.43* 0.13*
K0.34* K0.09* K0.01
K0.31* K0.07† K0.01

0.05 0.08† K0.10†

0.11* K0.04 K0.03
K0.19* !0.01 K0.06
K0.02 !0.01 K0.01

– 0.73* 0.21*
0.63* 0.02 0.04
0.73* – 0.18*
0.21* 0.18* –

K0.12* K0.06† !0.01
K0.09* K0.03 K0.01

K0.02 0.05 0.01
K0.04 0.03 !0.01

0.24* 0.13* !0.01
0.01 K0.01 !0.01
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Table 2 Differences in baseline characteristics between the 76 men
who did and the 1378 men did not develop diabetes.

Diabetes
No

diabetes P a

Age (years) 60.6 59.4 0.313
Waist (cm) 102.4 94.5 !0.001
BMI 28.5 25.9 !0.001
Total cholesterol (mmol/l) 6.78 6.52 0.08
HDL-cholesterol (mmol/l) 1.22 1.40 !0.001
Triglycerides (mmol/l)b 2.01 1.58 !0.001
HbAlc (%) 5.70 5.34 !0.001
Total testosterone (nmol/l) 11.3 13.6 !0.001
SHBG (nmol/l) 42.0 53.3 !0.001
Free testosterone (pmol/l) 204.1 206.5 0.782
Estradiol (nmol/l)b 0.07 0.06 0.046
Systolic blood pressure

(mmHg)
148.8 140.1 !0.001

Diastolic blood pressure
(mmHg)

85.9 81.3 0.001

CHD (%) 22.7 13.8 0.032
CVD (%) 25.3 15.3 0.020
Current smoking (%) 30.3 34.0 0.499
Vigorous physical activity

(O3 h/week, %)
4.0 11.8 0.038

aTested by independent samples t-test for continuous variables and by
Pearson c2 test for dichotomous variables.
bThe log value was used for analysis.
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Baseline characteristics and diabetes

Baseline characteristics of those who did and did not
develop diabetes during the follow-up are presented in
Table 2. Those who developed diabetes had significantly
higher mean waist circumference, BMI, triglycerides,
HbAlc, E2, and systolic and diastolic blood pressure,
and a higher proportion of men had CHD and/or CVD.
The mean total testosterone, SHBG, and HDL-choles-
terol levels were lower, and the proportion of
men spending more than 3 h/week on vigorous
physical activity was lower among men who later
developed diabetes than among those who did not
develop diabetes.
Sex hormones and diabetes

During follow-up, 93 men were censored due to
migration or emigration from the area and 290 men
died. Seventy-six men got a diagnosis of diabetes during
www.eje-online.org
a mean follow-up of 9.1 years (13 175 person-years),
corresponding to an incidence rate of 5.8 per 1000
person-years (Fig. 1).

Adjusted HRs for diabetes by 1 S.D. increase in
endogenous sex hormone level are presented in
Table 3. There was a significant decrease in risk for
diabetes by 1 S.D. increase in total testosterone, HR 0.71
(95% confidence interval (CI) 0.54–0.92), and by 1 S.D.
increase in SHBG, HR 0.55 (95% CI 0.39–0.79), after
adjustment for age, HDL-cholesterol, and systolic blood
pressure. When adding waist circumference, model 2,
the reduced risk for diabetes by 1 S.D. increase in total
testosterone and SHBG was no longer significant.

Table 4 shows the adjusted HRs for diabetes across
quartiles of hormone levels. For total testosterone, there
was a decrease in the risk of diabetes when comparing
the highest quartile with the lowest quartile, HR 0.41
(95% CI 0.20–0.84), after adjustment for age, systolic
blood pressure, and HDL-cholesterol, but not after
adding waist circumference to the model. There was a
significant decrease in the risk of diabetes, HR 0.42
(95% CI 0.20–0.89), when comparing the third quartile
of free testosterone with the lowest quartile, after
multivariate adjustments, but not when including
waist circumference. As for SHBG, there was a decrease
in the risk of diabetes in both the third, HR 0.38 (95% CI
0.18–0.81), and the fourth quartile, HR 0.37 (95% CI
0.17–0.82), than in the lowest quartile in the multi-
variate analysis; however, no significant risk was
observed after adding waist circumference. When
dichotomized, there was a reduction in risk for diabetes
for men in the higher quartiles of total testosterone than
for those in the lowest quartile, HR 0.53 (0.33–0.84),
but this was no longer significant when adding waist
circumference (data not shown). When including total
testosterone and SHBG in the same multivariate model,
none of them contributed significantly when modeled as
quartiles when comparing the lowest quartiles with
the higher quartiles. When modeled as continuous
variables with HR per S.D. increase, there was still a
predictive effect of SHBG (HR 0.58, CI 0.37–0.92) but
not of total testosterone (HR 0.94, CI 0.66–1.33) when
included in the same multivariate model before but
not after adjustment for waist circumference (data not
shown). The correlation between total testosterone
and SHBG is strong (rZ0.63).
Figure 1 Number of incident cases of
diabetes by years of follow-up.
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Table 3 Adjusted hazard ratios (HRs) for incident diabetes by 1 S.D. increase in sex hormone levels in the Tromsø study, 1994–2005.

Mean hormone level Model 1a HR (95% CI) Model 2b HR (95% CI)

Total testosterone (nmol/l) 13.4 0.71 (0.54–0.92) 0.87 (0.66–1.15)
SHBG (nmol/l) 52.7 0.55 (0.39–0.79) 0.74 (0.51–1.06)
Free testosterone (pmol/l) 206.4 1.04 (0.80–1.35) 1.15 (0.88–1.49)
Estradiol (nmol/l)c 0.060 1.20 (0.92–1.56) 1.24 (0.94–1.64)

aAdjusted for age, HDL-cholesterol, and systolic blood pressure.
bAdjusted for age, HDL-cholesterol, systolic blood pressure, and waist circumference.
cHazard ratios are for 1 S.D. increase in the log value.
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As seen in Table 4, there was no significant change in
risk for diabetes across the quartiles of E2 when
adjusting for age, systolic blood pressure, and HDL-
cholesterol, but when adding waist circumference to the
model, there was a reduction in risk when comparing
the second quartile, HR 0.49 (95% CI 0.26–0.93), and
third quartile, HR 0.51 (95% CI 0.27–0.96), with the
highest quartile.

Adjusting for sampling time in the analyses did not
materially change the result (data not shown).
Discussion

In this prospective study of 1454 community-dwelling
men, we found a significantly lowered risk for later
diabetes with higher normal total testosterone levels,
both linearly per S.D. increase (HR 0.71, CI 0.54–0.92)
and in the higher quartiles of total testosterone than in
the lowest quartiles (HR 0.53, CI 0.33–0.84). A reduced
risk for incident diabetes was found for men with
higher SHBG levels, both linearly per S.D. increase
(HR 0.55, CI 0.39–0.79) and when comparing the
Table 4 Adjusted hazard ratios (HRs) for incident diabetes by quartile

Hormone Events
Mea

hormone

Total testosterone (nmol/l)
Q1 (!9.9) 33 7.6
Q2 (9.9–12.9) 18 11.4
Q3 (12.9–16.2) 15 14.4
Q4 (O16.2) 10 20.3

Free testosterone (pmol/l)
Q1 (!159) 24 124
Q2 (159–197) 19 178
Q3 (197–243) 11 219
Q4 (O243) 22 304

SHBG (nmol/l)
Q1 (!37.0) 29 28.6
Q2 (37.0–48.0) 28 42.7
Q3 (48.0–63.0) 10 55.5
Q4 (O63.0) 9 83.9

Estradiol (nmol/l)
Q1 (!0.04) 16 0.0
Q2 (0.04–0.06) 15 0.0
Q3 (0.06–0.08) 14 0.0
Q4 (O0.08) 31 0.0

aAdjusted for age, HDL-cholesterol, and systolic blood pressure.
bAdjusted for age, HDL-cholesterol, systolic blood pressure, and waist circumfe
third (HR 0.38, CI 0.18–0.81) and the fourth quartile
(HR 0.37, CI 0.17–0.82) to the lowest quartile.
Associations with total testosterone and SHBG were
not independent of waist circumference. By contrast,
E2 was positively associated with incident diabetes after
multivariate adjustments including waist circumference
when comparing the second (HR 0.49, CI 0.26–0.93)
and the third (HR 0.51, CI 0.27–0.96) quartile to the
highest quartile.

The loss of significant contribution from total
testosterone when adding waist circumference to the
model may indicate that a protective effect of higher
normal testosterone levels is mediated through its
effect on central obesity (18), or alternatively, that
waist circumference act as a confounder in this setting.
Laaksonen et al. (7) studied 702 men with 57 cases of
diabetes during 11 years, and found an increased risk
of incident diabetes with total testosterone levels in the
lowest quartile after multivariate adjustment (odds ratio
(OR) 2.37, CI 1.32–4.24) that remained significant
but with a weaker risk estimate after inclusion of
waist/hip ratio in the model (OR 1.95, CI 1.08–3.55),
indicating at least a contributing role for abdominal
s of sex hormone levels in the Tromsø study, 1994–2005.

n
level

Model 1a HR
(95% CI)

Model 2b HR
(95% CI)

1.0 (Ref) 1.0 (Ref)
0.58 (0.32–1.05) 0.70 (0.38–1.26)
0.57 (0.31–1.06) 0.75 (0.40–1.41)
0.41 (0.20–0.84) 0.67 (0.32–1.42)

1.0 (Ref) 1.0 (Ref)
0.76 (0.41–1.41) 0.91 (0.49–1.70)
0.42 (0.20–0.89) 0.50 (0.23–1.05)
1.05 (0.56–1.96) 1.29 (0.69–2.43)

1.0 (Ref) 1.0 (Ref)
0.88 (0.51–1.53) 1.05 (0.60–1.83)
0.38 (0.18–0.81) 0.56 (0.26–1.21)
0.37 (0.17–0.82) 0.64 (0.28–1.45)

21 0.71 (0.38–1.32) 0.65 (0.35–1.22)
46 0.57 (0.30–1.08) 0.49 (0.26–0.93)
65 0.55 (0.29–1.04) 0.51 (0.27–0.96)
98 1.0 (Ref) 1.0 (Ref)

rence.
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obesity. In a study of 1156 men, of whom 54 developed
diabetes during 7–10 years, Stellato et al. (8) reported
an increase in the risk for incident diabetes per S.D.
decrease in free testosterone (OR 1.58, CI 1.08–2.29) in
a multivariate model including BMI, while no predictive
value of total testosterone was found. In a case–control
study by Haffner et al. (19), a reduced age-adjusted risk
for diabetes was reported for men having free but not
total testosterone levels above the median (OR 0.63,
CI 0.41–0.99), but the significance was lost in multi-
variate analyses including BMI. In 294 men of whom
26 developed diabetes over 8 years, Oh et al. (20) found
an increased risk for diabetes when comparing the
lowest quartile of total testosterone to the higher
quartile (OR 2.7, CI 1.1–6.6) after multivariate
adjustments including BMI, while bioavailable testoster-
one was not predictive for later diabetes. Chen et al. (21)
found no association of total testosterone with incident
diabetes in 195 men followed for 8 years, of whom eight
developed diabetes, while not investigating the pre-
dictive value of free testosterone. Thus, this study
together with other prospective reports does not provide
a fully coherent picture as to the role of total and free
testosterone levels in later diabetes risk. It also remains
to be fully resolved whether the associations are
independent of obesity or not.

The reduction in risk for later diabetes with higher
SHBG levels, although not significant after adjustments
for waist circumference in our analyses, is consistent
with earlier prospective studies (7, 8, 19), and in those
observational studies examining the predictive role of
both SHBG and testosterone, the risk estimates across
quartiles are consequently stronger for SHBG than for
free or total testosterone. Furthermore, a recent nested
case–control study by Ding et al. (22) reported a strong
reduction in risk for diabetes independent of BMI in men
with SHBG levels in the highest quartile than in those
with SHBG levels in the lowest quartile (HR 0.10,
CI 0.03–0.36). Because reverse causation may be a
concern (as prediabetic hyperinsulinemia may lower
SHBG (23)), Ding et al. made a novel approach with
similar findings after Mendelian randomization based on
SHBG genotypes. The authors presented a strong support
for a causative role of SHBG, and indicated a role for
SHBG as a target in early risk stratification for diabetes.

In light of current evidence regarding the impact of
SHBG on the prediction of later diabetes, one might
question if earlier findings on the impact of total
testosterone on later diabetes are confounded by
SHBG, rather than being effects of total testosterone
per se. Thus, we repeated the analyses intending to
explore the independent contribution from total tes-
tosterone and SHBG when included in the same
multivariate models. SHBG but not total testosterone
was still independently predictive of subsequent diabetes
when assessed linearly per S.D. increase after multi-
variate adjustments not including waist circumference
(HR 0.58, CI 0.37–0.92). As SHBG and total
www.eje-online.org
testosterone are highly correlated (rZ0.63), there is a
certain risk of colinearity affecting the result when
including these two parameters in the same multi-
variate model, which is difficult to assess when Cox
regression is used (as variance inflation factor is not an
option like it is in linear regression). Furthermore, in
one cross-sectional study of 2470 men by Yeap et al.
(24), total testosterone but not SHBG was associated
with insulin resistance. Nevertheless, recent findings on
the role of SHBG in predicting diabetes, possibly to a
stronger degree than total testosterone, highlight the
need for randomized controlled trials with testosterone
supplementation.

To date, few prospective studies have examined the
impact of estrogens on later diabetes risk in men, and to
our knowledge, this is the first prospective study to show
an increased risk for diabetes in men with higher E2

levels. Oh et al. (20) found no impact of bioavailable E2

on diabetes risk among 294 men from the Rancho
Bernardo Study, of whom 26 got diabetes during 8 years
of follow-up, and nor did Haffner et al. (19) report any
impact of E2 levels in a nested case–control study with
176 cases of diabetes. Although cross-sectional,
Colangelo et al. reported a positive multi-adjusted
association of E2 with diabetes among 3156 men from
the Multi-Ethnic Study of Atherosclerosis (25), which is
in accordance with our findings. No association
between E2 and diabetes was reported by Selvin et al.
among 1413 men from the Third National Health and
Nutrition Examination Survey (26).

In men, Vermeulen et al. reviewed the relationship
between age and various measures of obesity with male
E2 levels (27). In men, some 20% of the total E2 is
secreted by the testes, while the main source of E2 is
peripheral conversion of testosterone by aromatase.
Levels of E2 in males have been associated with various
measures of obesity in most studies (27–31), though a
few studies reported no association (32, 33), as was the
case in the present study. Ten weeks of selective estrogen
suppression did not lead to significant changes in body
composition in a study of eight males who were 15–22
years of age (34). As the fat mass increases with age, the
rate of aromatization of testosterone to E2 is believed to
increase, but as there is an age-related decline in
testosterone, the net effect of aging on male E2 levels is
somewhat complex. Most studies have reported a slight
decrease in E2 levels with aging (27, 31, 33, 35), but an
increase was also reported (29), as was the case in our
analyses. In a study of 20 young male-to-female
transsexuals, 1-year treatment with an estrogen and
an anti-androgen led to an increase in fasting insulin
with unchanged fasting glucose, a decrease in insulin
sensitivity, and an increase in visceral and subcu-
taneous fat mass (36). In total, most studies including
the present study support an unfavorable association of
higher E2 levels in men with obesity, insulin resistance,
and the prevalence and the incidence of diabetes.
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Strengths of this study are its prospective design, the
large number of participants from a general population,
the long-term follow-up, and the use of Cox regression
in the analyses, allowing us to account for the time from
baseline to a diagnosis of diabetes in the analyses.
However, our study also has limitations, some of which
are due to the fact that the Tromsø study was not
initially set up to study the impact of sex hormones on
later incidence of diabetes. Blood samples were drawn
between 0800 and 1600 h and should ideally have been
drawn in the morning as there is a diurnal variation in
testosterone levels. However, the diurnal variation is less
pronounced as men age (37), and our population had a
mean age of 59 years. In addition, adjusting for
sampling time in the analyses did not change the result.
Blood samples were stored frozen for 7 years before they
were first thawed for analysis in 2001. When stored
frozen, levels of steroid hormones have been shown
to be relatively stable for a period of up to 10 years
(38, 39). Furthermore, a slight decrease in hormone
levels would not be expected to alter the ordinal
associations for the observed levels. The day-to-day
variation in testosterone levels may be considerable, for
which reason repeated tests are recommended for a
diagnosis of hypogonadism. We did not account for the
intraindividual day-to-day variation in our study in a
single blood sample. Even if the ascertainment of
possible diabetes cases was thorough, we may still have
missed some cases since not all the participants of the
fourth Tromsø study attended the sixth Tromsø study,
from which possible cases were retrieved. Nevertheless,
these are all sources of potential non-differential
misclassification, tending to attenuate possible associ-
ations rather than produce spurious effects of sex
hormones on later incidence of diabetes.
Conclusion

In conclusion, men with higher E2 levels had an
increased risk of later diabetes independent of obesity,
while men with lower total testosterone and SHBG had
an increased risk of diabetes that appeared to be
dependent on obesity. This should encourage further
research on the cause–effect relationship between sex
hormones, SHBG, and diabetes in men.
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