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Abstract

Aims: We studied whether androgen excess and low sex hormone‐binding globulin
(SHBG) measured in early pregnancy are independently associated with fasting and

post‐prandial hyperglycaemia, gestational diabetes (GDM), and its severity.

Materials and Methods: This nationwide case–control study included 1045 women

with GDM and 963 non‐diabetic pregnant controls. We measured testosterone (T)

and SHBG from biobanked serum samples (mean 10.7 gestational weeks) and

calculated the free androgen index (FAI). We first studied their associations with
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GDM and secondly with the type of hyperglycaemia (fasting, 1 and 2 h glucose

concentrations during the oral glucose tolerance test), early‐onset GDM (<20

gestational weeks) and the need for anti‐diabetic medication.
Results: After adjustments for gestational weeks at sampling, pre‐pregnancy BMI,

and age, women with GDM had 3.7% (95% CI 0.1%–7.3%) lower SHBG levels, 3.1%

(95% CI 0.1%–6.2%) higher T levels, and 4.6% (95% CI 1.9%–7.3%) higher FAI levels

than controls. SHBG was inversely associated with fasting glucose, whereas higher

FAI and T were associated with higher post‐prandial glucose concentrations.

Women with early‐onset GDM had 6.7% (95% CI 0.7%–12.7%) lower SHBG levels

and women who needed insulin for fasting hyperglycaemia 8.7% (95% CI 1.8%–

14.8%) lower SHBG levels than other women with GDM.

Conclusions: Lower SHBG levels were associated especially with early‐onset GDM,

higher fasting glucose and insulin treatment, whereas androgen excess was asso-

ciated with higher post‐prandial glucose values. Thus, a low SHBG level may reflect

the degree of existing insulin resistance, while androgen excess might impair post‐
prandial insulin secretion.

K E YWORD S

androgen excess, free androgen index, gestational diabetes, pre‐pregnancy BMI, sex hormone‐
binding globulin, testosterone

1 | INTRODUCTION

Gestational diabetes (GDM) is becoming more common, affecting

10%–25% of pregnancies depending on study populations, screening

strategies, and diagnostic criteria applied.1,2 It is strongly related to

insulin resistance and adiposity; therefore, it is often the first signal

of an increased risk of subsequent diabetes, metabolic syndrome,

and other cardiovascular risks.3–7 Gradually increasing insulin

resistance is physiological during a normal pregnancy.3,5 Amongst

women with GDM, insulin resistance is common before pregnancy,

and when pancreatic beta cells are incapable of compensating for

the increased need for insulin, hyperglycaemia results.3,5 Particu-

larly, women with fasting hyperglycaemia or early‐onset GDM are

more insulin resistant, and they often need anti‐diabetic medica-

tion.8–10 These women are at the greatest risk for type 2 diabetes in

the long term.6,10

The underlying early mechanisms leading to metabolic distur-

bances and abnormalities in glucose metabolism are complex and not

fully understood. In women, low sex hormone‐binding globulin

(SHBG) levels are associated with insulin resistance, compensatory

hyperinsulinaemia, hyperglycaemia, adiposity, and androgen excess,

which are most commonly related to polycystic ovary syndrome

(PCOS).11–13 Insulin resistance and adiposity stimulate insulin

secretion, which, in turn, activates ovarian androgen production.12

Studies indicate that hyperinsulinaemia, androgen excess and

glucose‐induced lipogenesis inhibit hepatic SHBG synthesis.12,14,15

This leads to lower circulating SHBG concentrations in which the

binding capacity of testosterone (T) is decreased and the amount of

biologically active T is increased.12 Androgen excess (characterised

by both elevated serum total T concentrations and an increased T‐to‐
SHBG ratio, defined as the free androgen index [FAI]) further ag-

gravates insulin resistance and compensatory hyperinsulinaemia,

leading to a vicious cycle. Rodent models also suggest that, inde-

pendent of insulin resistance, androgen excess causes chronic

androgen receptor activation in beta cells, promoting insulin hyper-

secretion, and secondary beta cell failure.16

Pregestational or first‐trimester low SHBG levels have been

associated with subsequent GDM in many17–23 but not in all

studies.22,24–26 It has also been associated with the need for insulin

therapy amongst women with GDM.27 Nevertheless, most of the

previous studies performed in pregnant women had small sample sizes

and did not adjust for pre‐pregnancy BMI, which is strongly associated

with low SHBG and GDM.18,21,23,27 Furthermore, the role of early

pregnancy androgen excess in subsequent GDM has been little stud-

ied. In two studies, first‐trimester T was found to be slightly higher in
women who subsequently developed GDM, although the results were

not adjusted for pre‐pregnancy BMI.17,28

Therefore, we first aimed to study whether lower SHBG levels

and higher T and FAI levels in early pregnancy are associated with

GDM, and secondly with the type of hyperglycaemia (fasting and

post‐prandial), and the severity of GDM defined by early‐onset dis-
ease (<20 weeks of gestation) or the need for anti‐diabetic medica-
tion. We clarified whether these associations could be explained by

potential confounders, such as pre‐pregnancy BMI.
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2 | MATERIALS AND METHODS

2.1 | Study population

This case–control study is based on the clinical genetic arm of the

Finnish Gestational Diabetes study (FinnGeDi), which includes 1146

women with GDM and 1066 non‐diabetic controls and their new-

borns29,30 (Figure S1). The participants were recruited between 1

February 2009 and 31 December 2012 in seven Finnish delivery

hospitals, each serving a specific geographical catchment area.

Women with pregestational diabetes and non‐singleton pregnancies

were excluded. The participants with GDM were recruited at the

delivery units as they entered to give birth. The next consenting non‐
diabetic mother giving birth in the same unit was invited as a control.

Signed informed consent was obtained from all the participants. The

Ethics Committee of Northern Ostrobothnia Hospital District

approved the study.

2.2 | Clinical data

Extensive data from hospital and maternal welfare clinic records

were collected.29,30 The participants completed background ques-

tionnaires, which included information on their lifestyle factors and

family and medical histories. In total, 1030 women (89.9%) from the

GDM group and 935 women (87.7%) from the control group returned

the questionnaire. Register data were obtained from the Finnish

Medical Birth Register (FMBR), which contained data on pregnancy,

delivery and perinatal health.

A comprehensive screening policy for GDM based on the Finnish

National Current Care Guidelines was used, according to which a 2 h

75 g oral glucose tolerance test (OGTT) was recommended for all

pregnant women at 24–28 weeks of gestation, except those with a

very low risk for GDM, that is, normal‐weight primiparous women
under 25 years without a family history of diabetes and normal‐
weight multiparous women under 40 years without a history of

GDM or macrosomic births.31 For high‐risk women (history of GDM,

BMI ≥35 kg/m2, glucosuria, family history of type 2 diabetes, or

PCOS), the OGTT was recommended at 12–16 weeks of gestation

and repeated at 24–28 weeks of gestation if the first OGTT was

normal. The diagnosis of GDM was set if a woman had one or more

abnormal values in the OGTT. The cut‐off values for venous plasma
glucose were ≥5.3 mmol/L after fasting, ≥10.0 mmol/L at 1 h and

≥8.6 mmol/L at 2 h after the glucose load. The participants' GDM

status was confirmed from their medical records. Due to the

screening strategy,31 OGTT was not performed for 37.2% (n = 358)

of controls.

Information on maternal age at delivery, parity, and smoking

during pregnancy was obtained from the FMBR. Self‐reported
maternal height, pre‐pregnancy weight, and weight measured at

the first and the last antenatal visit were obtained from the maternity

welfare clinic records. BMI was calculated (kg/m2) using height and

pre‐pregnancy weight. The educational attainment of the participants
was obtained from a questionnaire and categorised as basic or less,

upper secondary, lower‐level tertiary, or upper‐level tertiary.

Gestational weight gain was calculated as the difference between the

pre‐pregnancy weight and the weight at the last antenatal visit

(≥35 weeks of gestation).

The definition of PCOS was based on self‐reported prior diag-

nosis (n = 124) and/or PCOS symptoms (n = 87) in line with the

Rotterdam criteria.30,32 Women with PCOS symptoms (n = 174) were

characterised by typical symptoms of both oligomenorrhoea (men-

strual cycle more than 35 days at least twice a year without hormonal

contraceptives) and hirsutism (excessive body hair and/or removing

facial hair at least four times a month).

Hypertensive pregnancy complications included chronic hyper-

tension, pre‐eclampsia, and gestational hypertension. Chronic hy-

pertension was defined as systolic blood pressure ≥140 mmHg and/

or diastolic blood pressure ≥90 mmHg detected repeatedly before

20 weeks of gestation or if the participant used antihypertensive

medication before 20 weeks of gestation. Pre‐eclampsia was

defined as systolic blood pressure ≥140 mmHg and/or diastolic

blood pressure ≥90 mmHg measured after 20 weeks of gestation

with proteinuria (≥0.3 g protein/24 h urine specimen or two ≥1+
readings on a dipstick test). Gestational hypertension was consid-

ered when hypertension appeared after 20 weeks of gestation

without proteinuria.

Data on the birth weight, birth length, head circumference, and

sex of the newborn were obtained from the FMBR. The birth weight

standard deviation (SD) score is a sex‐ and parity‐specific parameter
estimating birth weight and length in singletons born at 23–43

gestational weeks, according to Finnish standards.33 Large for

gestational age (LGA) was defined as birth weight >+2 SD for sex and

gestational age.

2.3 | Serum samples and laboratory analysis

Data on maternal early pregnancy circulating total T and SHBG

concentrations were collected using serum samples from the Finnish

Maternity Cohort, which is a nationwide biobank comprising leftover

serum samples from routine infectious disease screening during early

pregnancy (10–12 weeks of gestation). Therefore, the timing of the

blood drawn was not standardised and fasting before sampling was

not required. The samples were stored at −25°C in the Biobank

Borealis of Northern Finland.

Samples were available from 2030 (91.8%) participants. Those

participants with a missing sample (total n = 182, n = 124 no sample

in the biobank, n = 58 sample has run out) and those with samples

drawn ≥20 + 0 weeks of gestation (n = 22) were excluded, rendering

a total sample size of 2008 (Figure S1). The mean gestational age at

sampling was 10.7 (SD 2.1) weeks of gestation.
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TAB L E 1 Maternal and perinatal characteristics of the participants (n = 2008)

GDM n = 1045 Control n = 963

Characteristic Mean (SD)/n (%) No. of missing Mean (SD)/n (%) No. of missing p valuea p valueb

Age at delivery, years 32.1 (5.4) 0 29.5 (5.2) 0 <0.001

Parity, n 1.3 (2.0) 0 1.1 (1.8) 0 0.040

Primiparous, n (%) 447 (42.8%) 0 598 (62.1%) 0 0.025

Pre‐pregnancy weight, kg 76.5 (17.1) 1 64.6 (12.2) 0 <0.001 <0.001c

Height, cm 164.9 (5.9) 0 165.4 (5.8) 0 0.030

Pre‐pregnancy BMI, kg/m2 28.1 (6.0) 1 23.6 (4.1) 0 <0.001 <0.001c

Gestational weight gain, kg 12.3 (5.8) 83 14.8 (5.0) 30 <0.001 <0.001c

Educational attainment 104 117 0.015

Basic or less, n (%) 64 (6.8%) 0 36 (4.3%) 0

Upper secondary, n (%) 441 (46.9%) 0 388 (45.9%) 0

Lower‐level tertiary, n (%) 246 (26.1%) 0 209 (24.7%) 0

Upper‐level tertiary, n (%) 190 (20.2%) 0 213 (25.2%) 0

Smoking during pregnancy, n (%) 169 (16.2%) 3 143 (14.9%) 1 0.404

PCOS, n (%) 97 (10.5%) 117 63 (7.5%) 124 0.032 0.927d

Chronic hypertension, n (%) 168 (16.1%) 1 44 (4.6%) 0 <0.001 0.001d

Gestational hypertension, n (%) 216 (20.7%) 1 140 (14.5%) 0 <0.001 0.286d

Pre‐eclampsia, n (%) 61 (5.8%) 1 24 (2.5%) 0 <0.001 0.029d

Induction of labour, n (%) 473 (45.3%) 0 309 (32.1%) 0 <0.001 0.008d

Caesarean section, n (%) 210 (20.1%) 0 132 (13.7%) 0 <0.001

Gestational age at delivery, weeks 39.6 (1.4) 0 40.1 (1.4) 0 <0.001 <0.001e

<37 + 0 weeks, n (%) 39 (3.7%) 0 20 (2.1%) 0 0.028 0.218e

Birth weight, g 3646 (505) 0 3575 (500) 0 0.002 <0.001f

Birth weight SD score 0.3 (1.1) 0 −0.1 (1.0) 0 <0.001 <0.001f

LGA, >+2 SD, n (%) 60 (5.7%) 0 22 (2.3%) 0 <0.001 0.108d

Early‐onset GDM (<20 weeks of gestation), n (%) 300 (30.3%) 55 −(0.0%) 0

Use of any anti‐diabetic medication (insulin and/or

metformin), n (%)

197 (19.2%) 21 −(0.0%) 0

Insulin, n (%) 184 (18.0%) 21

Short‐acting, n (%) 28 (15.2%)

Long‐acting, n (%) 106 (57.6%)

Both, n (%) 47 (25.5%)

Not specified, n (%) 3 (1.6%)

Metformin, n (%) 22 (2.2%) 28

Abbreviations: GDM, gestational diabetes; LGA, large for gestational age; PCOS, polycystic ovary syndrome.
aUnadjusted p values based on the Student's t‐test or the χ2 test.
bAdjusted p values by logistic regression.
cAdjusted for parity and maternal age.
dAdjusted for parity, maternal age and pre‐pregnancy BMI.
eAdjusted for parity, maternal age, pre‐pregnancy BMI, induction of labour (yes/no) and hypertensive pregnancy complications.
fAdjusted for parity, maternal age, gestational age at delivery, pre‐pregnancy BMI and hypertensive pregnancy complications.
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The samples were analysed for serum total T concentrations

(nmol/L) (ARCHITECT 2nd Generation Testosterone Assay) and

SHBG concentrations (nmol/L) (ARCHITECT SHBG Assay) using a

chemiluminescence microparticle immunoassay on the Architect

i2000SR automatic immunoassay analyser (Abbott Diagnostics). The

2nd Generation Testosterone Assay method is capable of detecting

low T concentrations, which are typical for women, and is compa-

rable to liquid chromatography‐tandem mass spectrometry.34,35 In-

ternal control samples of pooled serum derived from pregnant

women in the first and third trimesters were included in each set of

daily assays. The coefficient of variation (CV, SD/mean) was derived

from repeated internal control samples. The CV for T was 4.8%

(range 2.6–3.1 nmol/L) for the first trimester and 3.5% (range 3.1–

3.5 nmol/L) for the third trimester. The CV for SHBG was 5.5%

(range 140.3–164.5 nmol/L) for the first trimester and 6.5% (range

473.0–560.9 nmol/L) for the third trimester. T and SHBG concen-

trations were used to calculate the FAI (T nmol/L � 100/SHBG

nmol/L). Early pregnancy T and FAI levels were used as markers of

androgen excess.

Of the 2212 participants, a total of 2008 (90.8%) women with

early pregnancy laboratory data were included. Hence, 1045 women

with GDM and 963 non‐diabetic controls were included in the

analysis (Figure S1). When the associations of SHBG, T, and FAI were

estimated with the type of hyperglycaemia and the severity of GDM,

only women with GDM were included in the analysis.

2.4 | Statistical methods

The characteristics of the participants in the GDM and non‐diabetic
groups were compared using the Student's t‐test for continuous

variables (expressed as means and SDs) or the χ2 test for categorical
variables (expressed as frequencies), as well as using logistic regres-

sion. All laboratory data were evaluated as categorical and continuous

variables. The levels of T, SHBG, and FAI were logarithmically trans-

formed to attain normality, and the distributions of these variables

were described in terms of geometric means and geometric standard

deviations. We used linear regression models (mean differences with

95% CIs) to compare the laboratory parameters as continuous vari-

ables between the women with GDM and the controls. To facilitate

comparison, we used SHBG, T, or FAI as the dependent variable. The

levels of T and SHBG were stratified by tertiles. The highest tertile of

SHBG and the lowest tertile of T or the FAI were used as references.

First, logistic regressions (ORs with 95% CIs) were calculated to es-

timate the associations of the SHBG, T, and FAI tertiles with GDM.

Secondly, when the associations of SHBG, T, and FAI with the type of

hyperglycaemia and the severity of GDM were assessed, only women

with GDM were included in the linear regression analysis. Again,

SHBG, T, or FAI was used as the dependent variable.

Categorical adjusting variables were entered as dummy vari-

ables, with a separate dummy for missing values. Model 1 was un-

adjusted. Model 2 included adjustments for gestational weeks at the

F I GUR E 1 Geometric mean valuesa of sex hormone‐binding globulin (SHBG), testosterone (T) and free androgen index (FAI) and the mean
differences between the women with gestational diabetes (GDM) and the non‐diabetic controls (n = 2008). aThe geometric mean is the nth
root of the product of n values. Geometric SDs correspond to the percent increase in the variable corresponding to a change of one SD unit in
the logarithm of the variable. Model 1 was unadjusted. Model 2 was adjusted for gestational weeks at the sampling, pre‐pregnancy BMI, and
maternal age. Model 3 was adjusted for the variables in Model 2 and for smoking during pregnancy, educational attainment, parity, delivery

hospital, and sex of the newborn. Model 4 was adjusted for the variables in Model 3 and for hypertensive pregnancy complications and
gestational weight gain. FAI, free androgen index; GDM, gestational diabetes; SHBG, sex hormone‐binding globulin
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sampling, pre‐pregnancy BMI, and maternal age at delivery. In

Model 3, adjustments included the variables in Model 2 and smoking

during pregnancy, educational attainment, parity, delivery hospital,

and sex of the newborn. The final Model 4 included the variables in

Model 3, hypertensive pregnancy complications and gestational

weight gain. Additional analyses were conducted after excluding

those participants with PCOS and after excluding eight women with

T > 10.0 nmol/L. All p values were two sided.

The study was powered according to differences in SHBG, T, or

FAI as continuous outcome variables. With a power of 0.80, a sig-

nificance level of 0.05, we were able to detect a 0.13 SD difference

between women with GDM and the controls.

3 | RESULTS

3.1 | Characteristics of the study population

The women with GDM were older, less often primiparous, and had a

higher pre‐pregnancy BMI but lower gestational weight gain than

the non‐diabetic controls. The prevalence of PCOS was higher

amongst women with GDM, but the difference was related to their

higher age and pre‐pregnancy BMI. The women with GDM had

more hypertensive pregnancy complications than the controls, and

the incidence of chronic hypertension and pre‐eclampsia was higher
(Table 1).

F I GUR E 2 Associations of sex hormone‐binding globulin (SHBG), testosterone (T), and free androgen index (FAI) tertiles with gestational
diabetes (GDM) (n = 2008). Model 1 was unadjusted. Model 2 was adjusted for gestational weeks at the sampling, pre‐pregnancy BMI, and

maternal age. Model 3 was adjusted for the variables in Model 2 and for smoking during pregnancy, educational attainment, parity, delivery
hospital, and sex of the newborn. Model 4 was adjusted for the variables in Model 3 and for hypertensive pregnancy complications and
gestational weight gain. SHBG: lowest tertile (n = 669, range 30.8–202.7 nmol/L), moderate tertile (n = 671, range 202.8–284.5 nmol/L), and

highest tertile (n = 668, range 284.6–703.3 nmol/L). Testosterone: lowest tertile (n = 670, range 0.5–2.2 nmol/L), moderate tertile (n = 670,
range 2.3–3.2), highest tertile (n = 668, range 3.3–17.2 nmol/L). FAI: Lowest tertile (n = 669, range 0.2–0.9), moderate tertile (n = 670, range
1.0–1.4), and highest tertile (n = 669, range 1.5–11.3).
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3.2 | Associations of SHBG, T, and FAI with GDM

Early pregnancy SHBG levels were lower in women who developed

GDM than in controls with no GDM (geometric mean 210.5 nmol/L vs.

246.1 nmol/L) (Figure 1). The SHBG level was inversely associated

with pre‐pregnancy BMI. After adjustments for gestational weeks at

the sampling, pre‐pregnancy BMI and maternal age (Model 2), the

SHBG levels were 3.7% (95% CI 0.1%–7.3%) lower in the GDM group

than in controls. T was 3.1% (95% CI 0.1%–6.2%) higher and FAI was

4.6% (95% CI 1.9%–7.3%) higher in women with GDM than in controls

(geometric means for T 2.8 nmol/L vs. 2.6 and for FAI 1.4 vs. 1.1). After

adjustments for covariates in Models 3 and 4, the differences in SHBG

and FAI levels remained similar. The higher T levels observed in the

GDM group did not significantly differ from those observed in the

controls after adjusting for hypertensive pregnancy complications

(Model 4). The women in the lowest SHBG tertile and those in the

highest FAI tertile had 1.4‐fold odds for GDM compared with those in

the corresponding reference tertiles (Figure 2). In additional analyses

after excluding eight women with T > 10.0 nmol/L or after excluding

women with PCOS, the results did not change.

3.3 | Associations of SHBG, T, and FAI with fasting
and post‐prandial hyperglycaemia

Amongst the women with GDM, SHBG was inversely associated with

fasting glucose (Figure 3). SHBG decreased by 7.0% (95% CI 2.5%–

11.6%) when fasting glucose increased by 1 mmol/L, whereas no

association between SHBG and 1 or 2 h glucose was observed.

Instead, T and FAI were independently associated with higher post‐
prandial glucose concentrations during the OGTT. T increased by

1.9% (95% CI 0.8%–2.9%) and FAI by 1.8% (95% CI 0.8%–2.8%) when

1 h glucose increased by 1 mmol/L. Again, T increased by 1.6% (95%

CI 0.3%–2.8%) and FAI by 2.2% (95% CI 1.1%–3.3%) when 2 h

glucose increased by 1 mmol/L. The results were similar after

excluding women with PCOS.

3.4 | Associations of SHBG, T, and FAI with the
severity of GDM

Of the women with GDM, 300 (30.3%) had early‐onset disease

(diagnosed <20 weeks of gestation) (detailed characteristics in Ta-

ble S1), which was independently associated with 6.7% lower SHBG

(CI 95% 0.7%–12.7%) and 6.6% higher FAI (CI 95% 2.0%–11.3%)

compared with the women diagnosed with GDM later in pregnancy

(Table 2).

Of the women with GDM, 197 (19.2%) received anti‐diabetic
medication (n = 184 insulin, n = 22 metformin, n = 13 both insu-

lin and metformin) (Table 1). Of the women who needed insulin, 28

(15.2%) received short‐acting, 106 (57.6%) long‐acting, and 47

(25.5%) both short‐ and long‐acting insulin. After adjustments, the

early pregnancy SHBG level was 8.7% lower (CI 95% 1.2%–15.4%)

and FAI was 7.2% higher (CI 95% 1.7%–12.8%) in the women who

F I GUR E 3 Sex hormone‐binding globulin (SHBG), testosterone (T) and free androgen index (FAI) and their associations with glucose
values in a 2 h 75 g oral glucose tolerance test (OGTT) amongst women with gestational diabetes (GDM) (n = 1045). Model 1 was unadjusted.
Model 4 was adjusted for gestational weeks at the sampling, pre‐pregnancy BMI, maternal age, smoking during pregnancy, educational

attainment, parity, delivery hospital, sex of the newborn, hypertensive pregnancy complications, and gestational weight gain.
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needed long‐acting insulin as compared with other women with

GDM (Table 3).

4 | DISCUSSION

This study showed, for the first time, in a large population of preg-

nant women that SHBG measured in early pregnancy was associated

especially with early‐onset GDM, higher fasting glucose, and the

need of long‐acting insulin treatment, whereas FAI and T were

associated with higher post‐prandial glucose values in the OGTT.

Low SHBG in early pregnancy has been associated with subse-

quent GDM in previous studies.17,18,21,23 The inverse association

observed in the present study has been reported to be considerably

stronger in some studies,17,18,21,23 but most of these previous find-

ings were not adjusted for pre‐pregnancy BMI.18,21,23 By contrast,

some previous studies did not find this association after taking BMI

into account.22,24,26 Aside from the lack of adjustments, the contro-

versial results may be related to the small sample sizes (the number

of GDM cases varied from 14 to 107) and the considerable hetero-

geneity of previous studies.17,18,21–26 We were able to show in this

large dataset that low SHBG was also associated with GDM inde-

pendent of pre‐pregnancy BMI, which is in line with the results of a

recent meta‐analysis.22

We found that T levels in early pregnancy were slightly higher in

women who developed GDM. However, the difference was sub-

stantially attenuated when adjusted for pre‐pregnancy BMI, and it

was further reduced when adjusted for mediators, such as hyper-

tension in pregnancy. Previous studies disagree on whether elevated

T levels in early pregnancy are associated with GDM. Two small

studies reported that first trimester T was higher in women who

subsequently developed GDM,17,28 whereas one study amongst

women with PCOS did not find any association.36 The early preg-

nancy T levels reported in this study were comparable to those of a

previous study17 and published reference values,37 but they were

higher than those reported in another study.28 Of note, the FAI level,

a commonly used marker to evaluate hyperandrogenism in women,38

was associated with GDM.

In line with previous findings amongst non‐pregnant people,15 we
found that SHBG was inversely associated with fasting glucose but

not with post‐prandial glucose concentrations. It has been suggested
that SHBG may affect hepatic gluconeogenesis, which mainly

TAB L E 2 Differences in sex hormone‐binding globulin (SHBG), testosterone (T) and free androgen index (FAI) levels in women with
early‐onset gestational diabetes (GDM) (<20 weeks of gestation) compared with women diagnosed with GDM later in pregnancy

Early‐onset GDM

Yes No

Number of subjects 300 (30.3%) 690 (69.7%)

Measure and modela Geometric mean (SD)b Geometric mean (SD)b Mean difference (95% CI) p value

SHBG, nmol/L 187.7 (66.4%) 221.9 (55.7%)

1 −16.7% (−23.0% to −10.4%) <0.001

2 −6.6% (−12.2% to −0.9%) 0.023

3 −5.3% (−11.1% to 0.4%) 0.067

4 −6.7% (−12.7% to −0.7%) 0.029

T, nmol/L 3.00 (44.9%) 2.75 (38.8%)

1 6.5% (1.8% to 11.1%) 0.006

2 1.8% (−3.0% to 6.5%) 0.467

3 2.1% (−2.7% to 6.9%) 0.394

4 3.2% (−1.8% to 8.2%) 0.213

FAI 1.68 (52.7%) 1.42 (42.3%)

1 15.2% (10.2% to 20.3%) <0.001

2 5.4% (1.0% to 9.9%) 0.017

3 5.1% (0.6% to 9.6%) 0.026

4 6.6% (2.0% to 11.3%) 0.005

aModel 1 was unadjusted. Model 2 was adjusted for gestational weeks at the sampling, pre‐pregnancy BMI, and maternal age. Model 3 was adjusted for

the variables in Model 2 and for smoking during pregnancy, educational attainment, parity, delivery hospital, and sex of the newborn. Model 4 was

adjusted for the variables in Model 3 and for hypertensive pregnancy complications and gestational weight gain.
bThe geometric mean is the nth root of the product of n values. Geometric SDs correspond to the percent increase in the variable corresponding to a

change of one SD unit in the logarithm of the variable.
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regulates fasting glucose.14,15 Conversely, we found that both FAI

and T were associated with slightly higher post‐prandial glucose
values. In female mice, androgen excess seems to promote chronic

androgen receptor activation in pancreatic beta cells, leading initially

to increased basal insulin secretion independently of insulin resis-

tance and, eventually, to beta cell failure and hyperglycaemia through

oxidative stress.16 It has also been reported that hyperandrogenic

non‐pregnant women have shown compromised post‐prandial insulin
secretion as a possible signal of early beta cell dysfunction,39 which

may explain our findings.

Women with early‐onset GDM have more clinical risk factors,

and they are more insulin resistant already in early pregnancy

compared with normoglycemic women with obesity.8 This study

showed that low SHBG in early pregnancy, which reflects the degree

of insulin resistance,11 was associated with early‐onset GDM and

with the need of long‐acting insulin treatment, which is mostly used

for fasting hyperglycaemia. Up to half of the women with GDM

develop a glucose metabolism disorder after pregnancy, and espe-

cially women who have had fasting hyperglycaemia, early‐onset, or
medically treated disease, are at the greatest risk for subsequent

type 2 diabetes.6,10 It has been suggested that SHBG may play an

important role in the pathogenesis of type 2 diabetes by modulating

the effects of sex hormones.40 Thus, we suggest that the lower levels

of SHBG observed amongst women with more severe forms of GDM,

especially amongst those with early‐onset and medically treated

disease, might represent a more advanced stage in the diabetic

cascade.

To the best of our knowledge, this is the largest case–control

study evaluating the associations of SHBG, FAI, and T levels in

early pregnancy with subsequent GDM and the first study assessing

the associations of these parameters with the type of hyper-

glycaemia estimated using glucose concentrations during an OGTT

and severity of GDM, including adjustments for multiple con-

founders. Moreover, information on the PCOS status of the par-

ticipants is available. The present results enrich our understanding

of the different roles of SHBG and androgen excess with the type

and severity of hyperglycaemia during pregnancy as well as provide

knowledge of the early steps of the diabetes cascade. Further, the

results suggest that SHBG might be helpful for the early recognition

of women at high‐risk for early‐onset GDM, which could allow

earlier and tailored diagnostic and preventive measures. However,

because of the observational study setting, the present results

should be interpreted with caution as it is difficult to estimate their

effect on clinical outcomes.

There are also limitations to this study. A second‐generation
immunoassay was used to determine T concentrations, although

liquid chromatography‐tandem mass spectrometry assay is consid-

ered the gold standard method for women.34 However, the second‐
generation immunoassay has been shown to be accurate as the

overestimation of the T concentration because of cross‐reaction with
other steroids has been related to the first‐generation assays.34,35

Based on the reference values of T during pregnancy,37 additional

analyses were performed after excluding eight women with

T > 10.0 nmol/L, and the results were similar. Furthermore, early

pregnancy serum samples were taken in a non‐fasting state and other
steroidal hormones were not measured.

In conclusion, lower SHBG levels in early pregnancy were asso-

ciated with an increased risk for GDM, especially early‐onset disease,
higher fasting glucose, and insulin treatment for fasting hyper-

glycaemia, whereas high T and FAI levels were associated with higher

post‐prandial glucose values. Thus, a low SHBG level may indicate an

advanced degree of existing insulin resistance, while androgen excess

might reflect impaired post‐prandial insulin secretion. Future clinical
follow‐up studies are needed to investigate the roles of these pa-

rameters as early signals of the risk of type 2 diabetes after

pregnancy.
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