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Abstract
Objective: The present study aimed to clarify the conflicting association of premenopausal hyperandrogenaemia (HA) with the development of 
hypertension and cardiovascular disease (CVDs) in women.
Design: A population-based cohort study including 5889 women.
Methods: The association of serum testosterone (T), sex hormone-binding globulin (SHBG), and free androgen index (FAI) at age 31 with blood 
pressure (BP) and hypertension (BP ≥ 140/90 mmHg and/or use of antihypertensive medication) at ages 31 and 46 and with CVDs (angina pectoris 
[AP] and/or acute myocardial infarction [AMI] n = 74, transitory cerebral ischaemia and/or stroke n = 150) and combined CVD events (AP, AMI, 
stroke, heart failure, or CVD mortality n = 160) by age 53 was investigated.
Results: T and FAI were positively associated with systolic and diastolic BP at ages 31 and 46 in the multivariable model. Compared to their 
lowest quartile, the highest quartiles of T and FAI were positively associated with hypertension at age 31 in the multivariable model. During 
the 22-year follow-up, FAI was positively associated with increased risk of AP/AMI (hazard ratio [HR]: 2.02, 95% CI: 1.06-3.85) and overall 
CVD events or mortality (HR: 1.54, 95% CI: 1.02-2.33) in the unadjusted models. However, the significance disappeared after adjusting for 
body mass index (BMI).
Conclusions: Women with HA at premenopausal age had an elevated risk of hypertension, and together with BMI, increased risk of CVD events 
and CVD mortality during the 22-year follow-up. However, because of several study limitations regarding ethnicity and BMI characteristics, a 
longer follow-up of this cohort and future studies in ethnically diverse populations are needed to verify the results.
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Significance

The present cohort study provides novel information about the association of hyperandrogenaemia (measured by liquid 
chromatography-tandem mass spectrometry) with risk of elevated blood pressure, hypertension, and development of car
diovascular disease among premenopausal women. Our study shows that hyperandrogenaemia is independently, positively 
associated with elevated blood pressure and hypertension. During a 22-year follow-up, hyperandrogenaemia was also, to
gether with body mass index, positively associated with an increased risk for future cardiovascular disease. These results 
indicate that women with hyperandrogenaemia should have blood pressure measured early and regularly and recommended 
for early treatment of elevated blood pressure. A longer-term follow-up of this cohort with postmenopausal data is needed to 
clarify long-term cardiovascular risks related to hyperandrogenaemia.
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Introduction
Hypertension and cardiovascular diseases (CVDs) represent 
the leading cause of death worldwide.1,2 Moreover, it is well 
known that the CVD risk profile exhibits sex-specific charac
teristics,3,4 implying the involvement of sex hormones in 

CVD pathophysiology. Androgens are known to largely5— 
but also differentially—affect the female vascular system 
compared to that of men.6 However, it remains unclear to 
what extent hyperandrogenaemia (HA), a common endocrine 
condition among women at fertile age with an estimated 
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prevalence of 4%-10%,7-9 contributes to the risk of develop
ing hypertension and CVDs later in life.

To date, clinical studies of HA-related risk of elevated 
blood pressure (BP), hypertension,10-16 and CVDs17-26 in 
women have yielded contradictory results, as some studies 
have observed an increased risk of hypertension and CVDs 
in hyperandrogenic women,10,13,14,18 whereas others have 
not.11,12,16,26 These discrepancies may be partly explained 
by the different methods used to measure testosterone (T). 
The immunoassays employed in most studies lack the 
sensitivity and specificity of the more accurate liquid 
chromatography-tandem mass spectrometry (LC-MS/MS), 
considered to be the gold standard.27 Other limitations of 
previous studies included cross-sectional design11-14,16,24

or being targeted specifically in women with polycystic ova
ry syndrome (PCOS). Some studies have been confined to 
perimenopausal14,17,25 or postmenopausal12,15,18,22,24,26

women, or were performed in populations of women who 
varied significantly in terms of age, from early adulthood 
to late postmenopause.11,13,23 This is important, as it has 
been shown that T levels fluctuate during women’s life 
span.28,29 Hence, we lack clear evidence about whether 
HA, particularly during reproductive age, is a risk factor 
for developing CVDs in women.

In the present study, a large, prospective, longitudinal, 
population-based birth cohort of 5889 women was used to in
vestigate the association of serum levels of T (measured by 
LC-MS/MS), as a simple hormonal diagnostic tool, with BP 
and hypertension at ages 31 and 46, and with the development 
of CVDs by age 53.

Methods
Study population
The study population was derived from the Northern Finland 
Birth Cohort 1966 (NFBC1966), which is a large, prospective, 
longitudinal, population-based birth cohort comprising all in
dividuals expected to be born in 1966 in the 2 northernmost 
provinces of Finland (Oulu and Lapland).30 During that 
year, 5889 females were born alive, after which data about 
these women have been collected (at age 1, 14, 31, and 46) 
and linked to multiple other data sources, including national 
registers. The follow-up protocol has been previously de
scribed in detail.31,32 The present study utilized cohort data 
collected at ages 31 and 46 combined with data from national 
registers. The flow chart of the study is presented in Figure 1.

Measurements
In the clinical examinations, after 15 min of rest, brachial sys
tolic and diastolic BP were measured, at 1-min intervals, twice 
on the right arm of the seated participants (women aged 31) and 
3 times on the right arm of the seated participants (women aged 
46). For these measurements, a manual mercury sphygmoman
ometer was used for women aged 31, and an automated, oscil
lometric BP device with an appropriately sized cuff (Omron 
Digital Automatic Blood Pressure Monitor Model M10-IT, 
Omron, Kyoto, Japan) was used for women aged 46. The aver
ages of systolic and diastolic BP were calculated. Information 
about medication, doses, and reasons for use was also gathered 
from the postal questionnaires sent to women of both ages. 
Hypertension was defined as BP ≥ 140/90 mmHg33 and/or self- 

Figure 1. Flowchart of the study.
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reported use of 1 or more of the following antihypertensive 
medications according to Anatomical Therapeutic Chemical 
(ATC) Classification: C02, C03, C04, C07, C08, or C09. 
Spironolactone is a diuretic that can also be used for the treat
ment of hirsutism or alopecia. Among subjects included in the 
analysis, no women aged 31 reported using spironolactone. 
One woman, aged 46, who reported using spironolactone for 
an indication other than hypertension was excluded.

Preselected major CVD events leading to a specialized health
care referral (angina pectoris [AP], acute myocardial infarction 
[AMI], transitory cerebral ischaemia [TIA], stroke, heart failure) 
were identified based on The International Classification of 
Diseases, Revisions 8-, 9-, and 10-codes from hospital dis
charges, hospital outpatient clinics, and basic healthcare regis
ters, with data covering years 1972 to 2018, 1998 to 2018, 
and 2011 to 2019, respectively. Cardiovascular mortality data 
were retrieved from the mortality register of Statistics Finland, 
which contains information about the cause of death and time 
of death for every deceased individual in Finland. Cardio- and 
cerebro-vascular events were categorized as AP and/or AMI 
and as TIA and/or stroke. In addition, individual CVD events 
(AP, AMI, heart failure, or stroke) and/or CVD mortality were 
combined to form 1 major composite end point.

Body mass index (BMI) was calculated as the ratio of weight 
(kg) and height squared (m²). Body mass index values were ob
tained from the clinical examination and were supplemented 
with self-reported BMI values if clinically measured BMI 
was not available (n = 40). Waist circumference (WC) was 
measured halfway between the iliac crest and the lowest rib 
during exhalation and was rounded to the nearest 0.5 cm in 
the examination template.

Information about lifestyle habits was gathered from the pos
tal questionnaires. Smoking habit was classified as never a smok
er, former smoker for >6 months, former smoker for <6 months, 
and current smoker. Consumption of alcohol was classified as no 
use, light use (<150 g/week), moderate use (150-210 g/week), 
and heavy use (>210 g/week). Physical activity at age 31 was 
classified according to the frequency of weekly light exercise 
(once or less, 2 to 3 times, 4 to 6 times per week or daily). 
Education was classified as basic, secondary, and tertiary.

Laboratory methods
The serum levels of total T (using LC/MS equipment [Agilent 
Technologies, Wilmington, DE]) and sex hormone-binding 
globulin (SHBG) were measured as previously described.32

Free androgen index (FAI) was calculated using the equation 
100 × T (nmol/L)/SHBG (nmol/L).

Definition of PCOS
Women with PCOS (n = 268) were identified according to the 
presence of oligo-amenorrhea (OA) and hirsutism (H) at age 
31 or previous diagnostic of PCOS by a practitioner, as 
previously described, using information gathered from postal 
questionnaires at ages 31 and 46.34 The validity of this ques
tionnaire in distinguishing PCOS cases has already been shown 
in our previous studies of the same cohort.35-38

Statistical analysis
Continuous data were presented as means ± SDs for normal 
distributions and medians for skewed distributions (25th per
centile; 75th percentile). The differences between continuous 

baseline parameters were analysed using the ANOVA and 
Kruskal-Wallis test, when appropriate. Categorical data 
were analysed using cross-tabulation and Pearson’s χ² test.

A linear regression model was used to investigate the associ
ation of T, SHBG, and FAI with systolic and diastolic BP, and 
the results were reported as beta coefficients (βs) with 95% 
CIs. For linear regression analysis, skewed distributions for T, 
SHBG, and FAI were ln-transformed to achieve normality.

A logistic regression model was used to investigate the asso
ciation of quartiles of T, SHBG, and FAI with hypertension, 
and the results were reported as odd ratios with 95% CIs.

The Cox proportional-hazards model was used to examine the 
association of T, SHBG, and FAI with CVD events, and the results 
were reported as hazard ratios (HRs) with 95% CIs. The results 
were further adjusted with 2 models to estimate the effect of pos
sible confounding factors. Thus, Model I was adjusted for baseline 
BMI, and Model II for combined oral contraceptives (COCs), life
style habits (smoking, alcohol consumption, and physical activ
ity), and education. Because COCs had effects on both the 
dependent variables (T, SHBG, and FAI) and the outcome varia
bles (BP and CVD), they fulfilled the criteria for a confounding fac
tor. We therefore adjusted the results for COC use rather than 
excluding women who were using COCs. The proportional- 
hazards assumption for each model was checked using the 
Schoenfeld residuals test. A P-value of <.05 was considered statis
tically significant. Statistical analyses were performed using IBM 
SPSS Statistics 22.0 (SPSS Inc., 1989, 2013, IBM Corp.) and R ver
sion 4.0.3 (R Core Team, 2014, Vienna, Austria).

Sensitivity analysis
We also performed analyses in which women with PCOS were 
excluded, to allow us to separate the effect of PCOS and hy
perandrogenaemia per se, as PCOS is the most common cause 
of hyperandrogenaemia.

Ethical approval
The study followed the principles of the Declaration of Helsinki. 
The Ethics Committee of the Northern Ostrobothnia Hospital 
District approved the study (decision number 94/2011 and 
12/2003). All subjects received both written and oral infor
mation about the study and gave their written consent to 
participate.

Results
Baseline characteristics in women in quartiles of 
testosterone (T)
Body mass index increased with increasing T quartiles (P < .001), 
as well the prevalence of PCOS (P < .001). As expected, use of 
COC decreased with increasing T quartiles (P < .001). Women 
in the highest T quartile were more often current smokers 
(P < .001) and heavy alcohol users (P-value .01) than women in 
the other T quartiles. Waist circumference (P = .19), weight gain 
between age 31 and 46 (P = .07), and education level (P = .39) 
did not differ significantly between T quartiles (Table 1).

Cross-sectional analysis of association between T, 
SHBG, and FAI levels, and BP levels and 
hypertension at age 31
Systolic and diastolic BP levels, as well as the prevalence of 
measured BP ≥ 140/90 mmHg and use of antihypertensive 
medication, increased with increasing T quartiles (respective 
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P-values: <.001,  < .001,  < .001, .04) (Table 1). Prevalence of 
hypertension at age 31 increased with increasing quartiles of T 
(P < .001) and FAI (P < .001) and decreased with increasing 
quartiles of SHBG (P < .001) at age 31 (Figure 2A).

Levels of T and FAI were positively associated with systolic 
and diastolic BP levels at age 31 in the unadjusted and adjusted 
linear regression models. SHBG was inversely associated with 
BP levels in the unadjusted, but not in the adjusted, models 
(Table 2).

The highest quartiles of T and FAI were both significant
ly and positively associated with hypertension at age 
31 in the unadjusted and adjusted logistic regression mod
els. Quartiles of SHBG were inversely associated with 

hypertension in the unadjusted, but not in the adjusted, lo
gistic regression models (Table 3).

Longitudinal analysis between T, SHBG, and FAI 
levels at age 31, and BP levels and hypertension at 
age 46
Increasing quartiles of T (P = .03) and FAI (P < .001) and de
creasing quartiles of SHBG (P < .001) at age 31 were associ
ated with an increased prevalence of hypertension at age 46 
(Figure 2B).

Levels of T and FAI at age 31 were positively associated 
with systolic and diastolic BP levels at age 46 in the unadjusted 

Figure 2. Prevalence of hypertension at age 31 in the cross-sectional study setting (A) and at age 46 in the longitudinal study setting (B) in quartiles of T, 
SHBG, and FAI at age 31.

Table 2. Association of levels of T, SHBG, and FAI at age 31 with systolic and diastolic BP at ages 31 and 46.

At age 46

Systolic BP Diastolic BP Systolic BP Diastolic BP

Parameter β 95% CI β 95% CI β 95% CI β 95% CI

T
Unadjusted 2.71 1.67-3.77 2.46 1.55-3.37 2.38 0.76-4.01 2.12 1.01-3.20
Model I 2.00 0.99-3.01 1.86 0.98-2.73 1.63 0.03-3.23 1.45 0.40-2.52
Model II 2.80 1.75-3.86 2.46 1.54-3.38 2.12 0.45-3.79 1.65 0.54-2.77

SHBG
Unadjusted −3.75 −4.89-−2.61 −3.79 −4.76-−2.81 −3.49 −5.29-−1.69 −3.47 −4.68-2.27
Model I −0.08 −1.31-1.16 −0.64 −1.69-0.42 −0.16 −2.16-1.83 −0.88 −2.20-0.45
Model II −0.33 −1.63-0.97 −0.93 −2.04-−0.18 −1.21 −3.34-0.91 −1.50 −2.91-−0.09

FAI
Unadjusted 4.26 3.31-5.20 4.14 3.33-4.95 3.34 1.81-4.86 3.31 2.29-4.33
Model I 1.78 0.76-2.79 2.01 1.14-2.88 1.17 −0.50-2.84 1.51 0.40-2.62
Model II 2.25 1.18-3.32 2.56 1.64-3.48 2.16 0.39-3.93 2.03 0.86-3.21

Model I: adjusted for BMI. Model II: adjusted for BMI, use of COCs, smoking, alcohol consumption, physical activity, and education. Statistically significant 
results bolded. 
Abbreviations: T, testosterone; SHBG, sex hormone-binding globulin; FAI, free androgen index; BP, blood pressure; BMI, body mass index; COC, combined 
oral contraceptives.
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and adjusted linear regression models (Table 2). The highest 
quartiles of T and FAI at age 31 were significantly and posi
tively associated, and the highest quartile of SHBG was 
inversely associated with hypertension at age 46, in the un
adjusted logistic regression models, but all significances 
were lost in the adjusted models (Table 4).

Risk of individual CVD events and composite CVD 
events and mortality
During the 22-year follow-up (by age 53 years, 116 479 
person-years in total), 74 women developed AP and/or 

AMI, 150 women developed TIA or stroke, and 160 women 
had suffered at least 1 prespecified cardio- and/or cerebro- 
vascular event (AP, AMI, heart failure, stroke) or had died 
from a CVD. Prevalence of AP/AMI by age 53 increased 
from 1.2% in the lowest T quartile to 2.2% in the highest 
T quartile (P = .02).

Serum levels of T at age 31 were not associated with AP and/ 
or AMI, TIA, and/or stroke, or with combined cardio- and 
cerebro-vascular events and CVD mortality by age 53 in the 
Cox regression analysis. SHBG was inversely associated, and 
FAI positively associated, with an increased risk of AP and/ 
or AMI and combined cardio- and cerebro-vascular events 

Table 3. Association of quartiles of T, SHBG, and FAI at age 31 with hypertension at age 31.

T

Q1 Q2 Q3 Q4
(n = 609-656) (n = 616-656) (n = 620-660) (n = 611-656)

Unadjusted 1.00 1.04 (0.72-1.49) 1.37 (0.97-1.94) 1.96 (1.41-2.72)
Model I 1.00 1.02 (0.70-1.47) 1.21 (0.85-1.73) 1.72 (1.23-2.42)
Model II 1.00 1.10 (0.75-1.62) 1.26 (0.87-1.84) 1.81 (1.26-2.60)

SHBG

Q1 Q2 Q3 Q4
(n = 451-475) (n = 440-478) (n = 447-472) (n = 443-477)

Unadjusted 1.00 0.70 (0.49-0.99) 0.52 (0.36-0.76) 0.47 (0.32-0.69)
Model I 1.00 1.08 (0.73-1.58) 0.99 (0.65-1.53) 0.96 (0.62-1.50)
Model II 1.00 1.09 (0.74-1.62) 0.94 (0.60-1.46) 0.90 (0.57-1.42)

FAI

Q1 Q2 Q3 Q4
(n = 422-456) (n = 435-458) (n = 433-460) (n = 426-457)

Unadjusted 1.00 1.32 (0.83-2.12) 1.55 (0.98-2.44) 3.39 (2.24-5.13)
Model I 1.00 1.21 (0.76-1.94) 1.17 (0.73-1.86) 1.93 (1.23-3.04)
Model II 1.00 1.36 (0.83-2.24) 1.28 (0.78-2.10) 2.07 (1.27-3.39)

Model I: adjusted for BMI. Model II: adjusted for BMI, use of COCs, smoking, consumption of alcohol, physical activity, and education. Statistically significant 
results bolded. 
Abbreviations: T, testosterone; SHBG, sex hormone-binding globulin; FAI, free androgen index; BMI, body mass index; COC, combined oral contraceptives.

Table 4. Association of quartiles of T, SHBG, and FAI at age 31 with hypertension at age 46.

T

Q1 Q2 Q3 Q4
n = 522-563 n = 536-571 n = 509-542 n = 486-519

Unadjusted 1.00 0.90 (0.70-1.15) 1.13 (0.88-1.45) 1.29 (1.01-1.66)
Model I 1.00 0.87 (0.68-1.13) 1.03 (0.80-1.33) 1.15 (0.89-1.49)
Model II 1.00 0.89 (0.68-1.16) 1.01 (0.77-1.32) 1.17 (0.89-1.54)

SHBG

n = 370-389 n = 366-397 n = 373-393 n = 372-400

Unadjusted 1.00 0.71 (0.53-0.94) 0.58 (0.43-0.78) 0.49 (0.36-0.65)
Model I 1.00 0.99 (0.73-1.34) 0.98 (0.71-1.36) 0.87 (0.63-1.21)
Model II 1.00 1.04 (0.76-1.43) 0.99 (0.71-1.40) 0.89 (0.63-1.27)

FAI

n = 368-396 n = 363-382 n = 357-377 n = 336-361

Unadjusted 1.00 1.07 (0.78-1.45) 1.56 (1.16-2.10) 2.13 (1.58-2.87)
Model I 1.00 0.98 (0.72-1.34) 1.22 (0.89-1.67) 1.29 (0.92-1.79)
Model II 1.00 1.02 (0.73-1.41) 1.19 (0.86-1.66) 1.28 (0.90-1.83)

Model I: adjusted for BMI. Model II: adjusted for BMI, use of COCs, smoking, consumption of alcohol, physical activity, and education. Statistically significant 
results bolded. 
Abbreviations: T, testosterone; SHBG, sex hormone-binding globulin; FAI, free androgen index; BMI, body mass index; COC, combined oral contraceptives.
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and CVD mortality in the unadjusted models. However, the 
significance of both associations was lost after adjusting for 
BMI (Table 5).

Exclusion of women with PCOS
After excluding women with PCOS, cross-sectional analyses 
remained substantially unchanged. However, in the longitu
dinal analyses, the levels of T and FAI at age 31 were positively 
associated with systolic and diastolic BP at age 46 only in the 
unadjusted linear regression models. After BMI adjustment, a 
significant association remained only between the highest FAI 
quartiles and hypertension. Regarding CVD events, a positive 
association remained only between FAI and combined cardio/ 
cerebrovascular events by age 53 in the unadjusted Cox regres
sion analyses (Supplementary material).

Discussion
In this large, population-based cohort study with a 22-year 
follow-up, significant independent positive associations were 
shown between serum T levels and FAI at age 31 with systolic 
and diastolic BP at both age 31 and 46. Also, the highest quar
tiles of T and FAI were independently and positively associ
ated with hypertension at age 31. Lastly, higher FAI at age 
31 was associated with an increased risk of AP and/or AMI 
and combined cardio- and cerebro-vascular events and CVD 
mortality, but this association vanished after adjustment for 
BMI.

The present study provides novel information concerning 
the risk of hypertension and CVDs among premenopausal hy
perandrogenic women, as previous studies primarily focused 
on women with PCOS, postmenopausal women, or women 
of diverse ages. T levels fluctuate throughout a woman’s life 
span, decreasing steadily during reproductive age, reaching a 
nadir at age 60, and then increasing back to a premenopausal 
level after the age of 70,28,29 and so results of previous studies 
that did not stratify for age may have been confounded by this. 
Further, prior studies that investigated CVD risk among pre
menopausal hyperandrogenic women did not focus solely on 
HA, as they were conducted mostly on women with PCOS, 
leaving the cardiovascular impact of HA among women on 
the population level unknown.

Studies investigating the potential mechanisms underlying 
the relationship between androgens and elevated BP in women 
have shown that in dihydrotestosterone (DHT)-treated female 
mice, an increase in BP may be mediated through the sympathet
ic nervous system and via the activation of the melanocortin- 
4-receptor.39 DHT-treated female mice have also shown an 
increased expression of 20-hydroxyeicosatetraenoic acid 
(HETE-20) in kidney microvessels as well as increased expres
sion of angiotensinogen40 and angiotensin-converting enzyme.41

Results of clinical studies, however, remain conflicting. To our 
knowledge, only 1 other study used LC-MS/MS10 to investigate 
the association of T levels with BP and hypertension among non- 
selected premenopausal women. This population-based study 
with a 5-year follow-up included 777 premenopausal and 651 
postmenopausal women. The results showed a positive associ
ation of T levels with BP among the whole population and, 
more specifically, in postmenopausal, but not premenopausal, 
women.10 Another cohort study that employed LC-MS/MS re
ported a positive relationship between total T and systolic BP 
as well as hypertension among 2560 women aged 20-80 years, 
although it did not present the results separately according to 
menopause status.13 Conversely, a recent cohort study of 3626 
women aged 18-79 years using LC-MS/MS did not find an asso
ciation between T and BP or hypertension.16 Our results partial
ly align with these previous data, as the association of T levels 
and FAI with BP levels and hypertension at age 31 was consist
ently strong. We speculate that such discrepancies may be due to 
age-related fluctuations in T levels. Furthermore, postmeno
pausal women in the cohort study by Ziemens et al.10 had a high
er BMI, possibly predisposing them to elevated BP compared to 
premenopausal women.

Only a few studies have investigated the association of pre
menopausal T levels with CVDs and CVD mortality in women 
in the context of HA alone.17,19,21 A recent population-based 
cohort study of 264 282 women aged 40-69 years and with a 
12.5-year follow-up reported that the highest quartiles of FAI 
were positively, independently associated with a risk of AMI 
among premenopausal women compared to women in the 
lowest quartile.17 In contrast, in one population-based study 
of 2129 mainly premenopausal women with a mean age of 
49.0 years and a 10.9-year follow-up using LC-MS/MS de
tected no longitudinal relationship between T and CVDs or 
CVD mortality. Of note, a positive association between free 

Table 5. Association of levels of T, SHBG, and FAI with risk of incident of AP/AMI, TIA/stroke, and CVD event/CVD death.

AP/AMI TIA/Stroke CVD Event/CVD Death

Parameter HR 95% CI HR 95% CI HR 95% CI

T
Unadjusted 0.46 0.78-3.34 1.04 0.65-1.66 1.15 0.72-1.84
Model I 1.41 0.68-2.95 1.01 0.63-1.61 1.03 0.64-1.65
Model II 2.00 0.88-4.56 1.15 0.69-1.91 1.13 0.67-1.91

SHBG
Unadjusted 0.44 0.20-0.96 0.68 0.42-1.12 0.57 0.35-0.94
Model I 0.57 0.23-1.39 0.90 0.52-1.54 0.89 0.52-1.54
Model II 0.55 0.21-1.45 0.95 0.54-1.70 0.95 0.53-1.69

FAI
Unadjusted 2.02 1.06-3.85 1.06 0.87-2.00 1.54 1.02-2.33
Model I 1.63 0.79-3.38 1.05 0.67-1.65 1.06 0.68-1.65
Model II 2.10 0.95-4.68 1.10 0.68-1.80 1.06 0.66-1.72

Model I: adjusted for BMI. Model II: adjusted for BMI, use of COCs, smoking, consumption of alcohol, physical activity, and education. Statistically significant 
results bolded. 
Abbreviations: T, testosterone; SHBG, sex hormone-binding globulin; FAI, free androgen index; BMI, body mass index; COC, combined oral contraceptives; 
AP, angina pectoris; AMI, acute myocardial infarction; TIA, transitory cerebral ischaemia; CVD, cardiovascular disease.
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T and FAI and CVDs at baseline in the age-adjusted model was 
found.19 Again, these previous results are partly in line with our 
own, as we found a positive association of FAI with AP and/or 
AMI as well as with cardio- and cerebro-vascular events during 
the 22-year follow-up in the unadjusted model—an association 
that disappeared after adjustment for BMI. Of note, the rela
tively young age of our population at the end of the follow-up 
period (53 years) may have limited the possible association of 
HA with CVD events. Also, as the incidence of CVD events 
in women increases after menopause, the number of CVD 
events in the present study can be expected to increase during 
upcoming decades.

Another important issue to consider in the relationship be
tween sex-steroids’ concentrations and CVD risk in women. 
Oestrogens and especially oestradiol have been shown to exert 
a potential cardioprotective effects during premenopause. This 
oestrogen protection hypothesis has been built on previous clin
ical observations showing that the incidence of CVD in women 
delays that of men by 10 years.42 Additionally, surgically in
duced menopause and premature natural menopause are asso
ciated with an increased CVD risk.43-45 During the past decades 
several potential, oestrogen-driven cardioprotective mecha
nisms have been recognized. Oestrogens have been shown to 
improve mitochondrial function and to reduce reactive oxygen 
species,46,47 to improve extracellular matrix remodelling,48,49

and to modulate vasorelaxation, vasoconstriction and endothe
lial function.50 During the menopausal years women undergo a 
major hormonal transition when ovarian sex-steroid produc
tion declines, including both androgens and oestrogens with a 
relatively more dramatic decrease of oestradiol’s production 
with a shift of the sex-hormone profile towards a more andro
genic pattern. This change is speculated to partially predispose 
women to CVD after menopause18 highlighting the importance 
of following the women of the present cohort for longer after 
the menopausal years.

Interestingly, one large cohort study recently demonstrated 
that BP trajectories increase more rapidly in women than in 
men, beginning as early as the third decade.51 A growing body 
of evidence shows that elevated BP levels are especially harmful 
for young women, increasing their BP-mediated risk of acute 
coronary syndrome in mid-life compared to men.52-55 Further, 
even a modest increase in BP of 1.5 to 2 mmHg has been shown 
to have a marked impact on CVD risk at the population level.56

In this context, the independent positive association of HA with 
BP levels and hypertension in young women in their early 30s is 
of great relevance.

Overall, both previous10,13,14,18 and present results suggest 
that premenopausal HA might increase the risk for hyperten
sion and CVD events in women. Of note, previous studies 
have shown that HA associates also with other significant 
CVD risk factors including obesity, insulin resistance and 
type 2 diabetes mellitus32,57-59 and that HA exacerbates these 
unfavourable metabolic conditions.59,60 If future studies con
firm the association between HA, hypertension and later life 
CVD, more attention should be paid to CVD risk profile in 
premenopausal women with HA, including regular screening 
for hypertension, dyslipidaemia, and abnormal glucose me
tabolism. Weight control should already be strongly recom
mended in this group of women. The recent International 
Guidelines for the diagnosis and treatment of PCOS state 
that PCOS is associated with major adverse cardiovascular 
events independently of the diagnostic criteria used,61-63 but 
whether the presence of HA increases the CVD risks linked 

to PCOS is not highlighted.61 Therefore, whether the measure
ment of T or other androgens would improve CVD risk assess
ment in women with PCOS remains to be clarified.

Our study has several strengths, including its homogenous 
study population, high participation and response rate, and 
low dropout rate. We also used the gold standard method, 
LC-MS/MS, to measure T levels.27 Additionally, we evaluated 
the possible confounding effect of PCOS. Several longitudinal as
sociations lost their significance after this exclusion, suggesting 
that, in addition to elevated BMI, PCOS is an important contrib
uting factor to metabolic risks of HA in women. Importantly, BP 
was measured at both ages 31 and 46. The diagnosis of CVD 
events was based on hospital discharge and outpatient registers, 
which have been shown to have very high coverage and accuracy 
(88% to 98%) for vascular diseases in Finland.64

However, this study has important limitations. First, we 
used only serum T as a marker of HA, even though other an
drogens, such as adrenal androgens, play a role in the evalu
ation of androgenicity in women. In addition, we lacked 
information on the phase of the menstrual cycle in which 
blood samples were drawn. We also had no data on the timing 
of menopause. However, we do not expect that many of the 
participants were menopausal, as the mean age of menopause 
in Finland is 51 years.65 The study population’s homogeneity 
can be considered as a limitation regarding generalisation of 
the results to other populations. On the other hand, the homo
geneity regarding ethnicity as well as the similarity of age is in
disputably the greatest strengths of the present study. The 
present cohort study included women born in 1966, whose 
BMI was lower than seen nowadays in most populations. 
This is an important limitation of the present study regarding 
its generalisability to other populations, as body composition 
and BMI related thresholds for obesity-related health risks 
differ between different ethnic groups. These results should 
therefore be replicated in population including women of dif
ferent ethnicity and BMIs. Further, it is well known that diet is 
an important CVD risk modifying factor, but we could not ad
just our study results with dietary information. It is also im
portant to note that some of our data is self-reported, which 
includes a potential source of bias. However, most of the pre
sent study important data is clinically measured (levels of T, 
blood pressure) or drawn from national registers (diagnostic 
codes for major adverse cardiovascular events). Lastly, the 
number of CVD events was low, which likely reduced the 
power of the study for detecting significant associations.

Conclusion
The present study showed a positive association of premeno
pausal HA with both higher BP as well as diagnosis of hyper
tension. Furthermore, HA at age 31, together with BMI, was 
positively associated with adverse CVD events and CVD mor
tality in the 22-year follow-up, although the low number of 
CVD cases at this early age may have underestimated the asso
ciation. Considering our results, women with HA at premeno
pausal age, especially those who are overweight or obese, may 
be at elevated risk of hypertension as well as of adverse CVD 
events in mid-life, and weight control should be emphasised 
for these women. A longer follow-up of this cohort with post
menopausal data is needed to clarify long-term CVD risks, in
creased CVD mortality, and their potential relationship to 
premenopausal HA. Also, future research of the impact of 
HA on CVD in women in diverse populations is needed.

440                                                                                                                           European Journal of Endocrinology, 2024, Vol. 191, No. 4
D

ow
nloaded from

 https://academ
ic.oup.com

/ejendo/article/191/4/433/7809799 by Im
perial C

ollege of Science Technology and M
edicine user on 10 January 2025



Acknowledgments
We thank all cohort members and researchers who partici
pated in the 31- and 46-year studies. We also wish to acknow
ledge the work of the NFBC project centre.

Supplementary material
Supplementary material is available at European Journal of 
Endocrinology online.

Funding
This work was supported by the Urmas Pekkala Foundation, 
the Ida Montin Foundation, Emil Aaltonen Foundation, and 
the Medical Research Center Oulu. In addition, NFBC1966 
received financial support from University of Oulu (grant 
no. 65354 and grant no. 24000692), Oulu University 
Hospital Finland (grant no. 2/97, 8/97 and grant no. 
24301140), Ministry of Health and Social Affairs (grant no. 
23/251/97, 160/97, 190/97), National Institute for Health 
and Welfare of Finland (grant no. 54121), Regional Institute 
of Occupational Health, Oulu, Finland (grant no. 50621, 
5423), and European Regional Development Fund (grant 
no. 539/2010 A31592).

Conflict of interest: T.P. is on the editorial board of EJE and 
was not involved in the review or editorial process for this pa
per, on which T.P. is listed as an author.

Authors’ contributions
Katri Tuorila (Conceptualization [supporting], Formal analysis 
[lead], Investigation [equal], Methodology [supporting], 
Project administration [equal], Visualization [lead], Writing— 
original draft [lead]), Meri-Maija Ollila (Conceptualization 
[lead], Investigation [equal], Methodology [lead], Project admin
istration [equal], Supervision [lead], Visualization [supporting], 
Writing—original draft [supporting]), Elisa Hurskainen 
(Formal analysis [supporting], Writing—original draft [support
ing]), Juha Tapanainen (Writing—original draft [supporting]), 
Stephen Franks (Writing—original draft [supporting]), Terhi 
Piltonen (Conceptualization [supporting], Writing—original 
draft [supporting]), Kari Kaikkonen (Conceptualization [sup
porting], Methodology [supporting], Writing—original draft 
[supporting]), and Laure Morin-Papunen (Conceptualization 
[lead], Funding acquisition [lead], Investigation [equal], 
Methodology [lead], Project administration [lead], Supervision 
[lead], Visualization [supporting], Writing—original draft 
[supporting])

Data availability
NFBC data are available from the University of Oulu, 
Infrastructure for Population Studies. Permission to use the 
data can be applied for research purposes via an electronic ma
terial request portal. In the use of data, we follow the EU gen
eral data protection regulation (679/2016) and the Finnish 
Data Protection Act. The use of personal data is based on a co
hort participant’s written informed consent in their latest fol
low-up study, which may cause limitations to its use. Please, 
contact the NFBC project center (NFBCprojectcenter(at)ou
lu.fi) and visit the cohort website (www.oulu.fi/nfbc) for 
more information.

References
1. World Health Organization. Noncommunicable diseases. Accessed 

November 7, 2022. https://www.who.int/news-room/fact-sheets/ 
detail/noncommunicable-diseasesWorld Health Organization

2. Fuchs FD, Whelton PK. High blood pressure and cardiovascular 
disease. Hypertens. 2020;75(2):285-292. https://doi.org/10.1161/ 
HYPERTENSIONAHA.119.14240

3. Wiinberg N, Høegholm A, Christensen HR, et al. 24-H ambulatory 
blood pressure in 352 normal Danish subjects, related to age and 
gender. Am J Hypertens. 1995;8(10):978-986. https://doi.org/10. 
1016/0895-7061(95)00216-2

4. Yoon SS, Carroll MD, Fryar CD. Hypertension prevalence and con
trol among adults: United States, 2011-2014. NCHS Data Brief. 
2015;220:1-8.

5. Boese AC, Kim SC, Yin KJ, Lee JP, Hamblin MH. Sex differences in 
vascular physiology and pathophysiology: estrogen and androgen 
signaling in health and disease. Am J Physiol Heart Circ Physiol. 
2017;313(3):H524-H545. https://doi.org/10.1152/ajpheart.00217. 
2016

6. Stanhewicz AE, Wenner MM, Stachenfeld NS. Sex differences in 
endothelial function important to vascular health and overall car
diovascular disease risk across the lifespan. Am J Physiol Heart 
Circ Physiol. 2018;315(6):H1569-H1588. https://doi.org/10. 
1152/ajpheart.00396.2018

7. Sanchn R, Gambineri A, Alpañés M, Martínez-Garca MÁ, Pasquali 
R, Escobar-Morreale HF. Prevalence of functional disorders of an
drogen excess in unselected premenopausal women: a study in 
blood donors. Hum Reprod. 2012;27(4):1209-1216. https://doi. 
org/10.1093/humrep/des028

8. Torchen LC, Tsai JN, Jasti P, et al. Silver spring. Obesity. 
2020;28(1):106-113. https://doi.org/10.1002/oby.22659

9. Dubey P, Reddy SY, Alvarado L, Manuel SL, Dwivedi AK. 
Prevalence of at-risk hyperandrogenism by age and race/ethnicity 
among females in the United States using NHANES III. Eur J 
Obstet Gynecol Reprod Biol. 2021;260:189-197. https://doi.org/ 
10.1016/j.ejogrb.2021.03.033

10. Ziemens B, Wallaschofski H, Völzke H, et al. Positive association 
between testosterone, blood pressure, and hypertension in women: 
longitudinal findings from the study of health in Pomerania. 
J Hypertens. 2013;31(6):1106-1113. https://doi.org/10.1097/HJH. 
0b013e3283603eb1

11. Daka B, Rosen T, Jansson PA, Larsson CA, Råstam L, Lindblad U. 
Low sex hormone-binding globulin is associated with hypertension: 
a cross-sectional study in a Swedish population. BMC Cardiovasc 
Disord. 2013;13(1):30. https://doi.org/10.1186/1471-2261-13-30

12. Jiménez MC, Wang L, Buring JE, Manson JAE, Forman JP, Sesso 
HD. Association between sex hormones and ambulatory blood 
pressure. J Hypertens. 2018;36(11):2237-2244. https://doi.org/10. 
1097/HJH.0000000000001812

13. Kische H, Gross S, Wallaschofski H, et al. Clinical correlates of sex hor
mones in women: the study of health in Pomerania. Metabolism. 
2016;65(9):1286-1296. https://doi.org/10.1016/j.metabol.2016.05.011

14. Olszanecka A, Kawecka-Jaszcz K, Czarnecka D. Association of free 
testosterone and sex hormone binding globulin with metabolic syn
drome and subclinical atherosclerosis but not blood pressure in 
hypertensive perimenopausal women. Arch Med Sci. 2016;12(3): 
521-528. https://doi.org/10.5114/aoms.2016.59925

15. Wang L, Szklo M, Folsom AR, Cook NR, Gapstur SM, Ouyang P. 
Endogenous sex hormones, blood pressure change, and risk of 
hypertension in postmenopausal women: the Multi-Ethnic Study 
of Atherosclerosis. Atherosclerosis. 2012;224(1):228-234. https:// 
doi.org/10.1016/j.atherosclerosis.2012.07.005

16. Wei D, Hou J, Liu X, et al. Interaction between testosterone and 
obesity on hypertension: a population-based cross-sectional 
study. Atherosclerosis. 2021;330:14-21. https://doi.org/10.1016/j. 
atherosclerosis.2021.06.906

17. Harris K, Peters SAE, Woodward M. Sex hormones and the risk of 
myocardial infarction in women and men: a prospective cohort 

Tuorila et al.                                                                                                                                                                                                      441
D

ow
nloaded from

 https://academ
ic.oup.com

/ejendo/article/191/4/433/7809799 by Im
perial C

ollege of Science Technology and M
edicine user on 10 January 2025

http://academic.oup.com/ejendo/article-lookup/doi/10.1093/ejendo/lvae124#supplementary-data
http://www.oulu.fi/nfbc
https://www.who.int/news-room/fact-sheets/detail/noncommunicable-diseasesWorld Health Organization
https://www.who.int/news-room/fact-sheets/detail/noncommunicable-diseasesWorld Health Organization
https://doi.org/10.1161/HYPERTENSIONAHA.119.14240
https://doi.org/10.1161/HYPERTENSIONAHA.119.14240
https://doi.org/10.1016/0895-7061(95)00216-2
https://doi.org/10.1016/0895-7061(95)00216-2
https://doi.org/10.1152/ajpheart.00217.2016
https://doi.org/10.1152/ajpheart.00217.2016
https://doi.org/10.1152/ajpheart.00396.2018
https://doi.org/10.1152/ajpheart.00396.2018
https://doi.org/10.1093/humrep/des028
https://doi.org/10.1093/humrep/des028
https://doi.org/10.1002/oby.22659
https://doi.org/10.1016/j.ejogrb.2021.03.033
https://doi.org/10.1016/j.ejogrb.2021.03.033
https://doi.org/10.1097/HJH.0b013e3283603eb1
https://doi.org/10.1097/HJH.0b013e3283603eb1
https://doi.org/10.1186/1471-2261-13-30
https://doi.org/10.1097/HJH.0000000000001812
https://doi.org/10.1097/HJH.0000000000001812
https://doi.org/10.1016/j.metabol.2016.05.011
https://doi.org/10.5114/aoms.2016.59925
https://doi.org/10.1016/j.atherosclerosis.2012.07.005
https://doi.org/10.1016/j.atherosclerosis.2012.07.005
https://doi.org/10.1016/j.atherosclerosis.2021.06.906
https://doi.org/10.1016/j.atherosclerosis.2021.06.906


study in the UK Biobank. Biol Sex Differ. 2023;14(1):61. https:// 
doi.org/10.1186/s13293-023-00546-3

18. Zhao D, Guallar E, Ouyang P, et al. Endogenous sex hormones and 
incident cardiovascular disease in post-menopausal women. J Am 
Coll Cardiol. 2018;71(22):2555-2566. https://doi.org/10.1016/j. 
jacc.2018.01.083

19. Schaffrath G, Kische H, Gross S, et al. Association of sex hormones 
with incident 10-year cardiovascular disease and mortality in wom
en. Maturitas. 2015;82(4):424-430. https://doi.org/10.1016/j. 
maturitas.2015.08.009

20. Meun C, Franco OH, Dhana K, et al. High androgens in postmeno
pausal women and the risk for atherosclerosis and cardiovascular 
disease: the Rotterdam Study. J Clin Endocrinol Metab. 
2018;103(4):1622-1630. https://doi.org/10.1210/jc.2017-02421

21. Calderon-Margalit R, Schwartz SM, Wellons MF, et al. Prospective 
association of serum androgens and sex hormone-binding globulin 
with subclinical cardiovascular disease in young adult women: the 
“Coronary Artery Risk Development in Young Adults” women’s 
study. J Clin Endocrinol Metab. 2010;95(9):4424-4431. https:// 
doi.org/10.1210/jc.2009-2643

22. Laughlin GA, Goodell V, Barrett-Connor E. Extremes of endogen
ous testosterone are associated with increased risk of incident cor
onary events in older women. J Clin Endocrinol Metab. 
2010;95(2):740-747. https://doi.org/10.1210/jc.2009-1693

23. Kische H, Gross S, Wallaschofski H, et al. Serum androgen concen
trations and subclinical measures of cardiovascular disease in men 
and women. Atherosclerosis. 2016;247:193-200. https://doi.org/ 
10.1016/j.atherosclerosis.2016.02.020

24. Creatsa M, Armeni E, Stamatelopoulos K, et al. Circulating andro
gen levels are associated with subclinical atherosclerosis and arterial 
stiffness in healthy recently menopausal women. Metabolism. 
2012;61(2):193-201. https://doi.org/10.1016/j.metabol.2011.06. 
005

25. Benn M, Voss SS, Holmegard HN, Jensen GB, Tybjærg-Hansen A, 
Nordestgaard BG. Extreme concentrations of endogenous sex hor
mones, ischemic heart disease, and death in women. Arterioscler 
Thromb Vasc Biol. 2015;35(2):471-477. https://doi.org/10.1161/ 
ATVBAHA.114.304821

26. Wang H, Li Y, Wang X, Bu J, Yan G, Lou D. Endogenous sex hor
mone levels and coronary heart disease risk in postmenopausal wom
en: a meta-analysis of prospective studies. Eur J Prev Cardiol. 
2017;24(6):600-611. https://doi.org/10.1177/2047487317693133

27. Handelsman DJ, Wartofsky L. Requirement for mass spectrometry 
sex steroid assays in the Journal of Clinical Endocrinology and 
Metabolism. J Clin Endocrinol Metab. 2013;98(10):3971-3973. 
https://doi.org/10.1210/jc.2013-3375

28. Davison SL, Bell R, Donath S, Montalto JG, Davis SR. Androgen 
levels in adult females: changes with age, menopause, and oophor
ectomy. J Clin Endocrinol Metab. 2005;90(7):3847-3853. https:// 
doi.org/10.1210/jc.2005-0212

29. Islam RM, Bell RJ, Handelsman DJ, Robinson PJ, Wolfe R, Davis 
SR. Longitudinal changes over three years in sex steroid hormone 
levels in women aged 70 years and over. Clin Endocrinol (Oxf). 
2021;94(3):443-448. https://doi.org/10.1111/cen.14401

30. Oulun yliopisto. Pohjois-Suomen Syntymäkohortti 1966. http:// 
urn.fi/urn:nbn:fi:att:bc1e5408-980e-4a62-b899-43bec3755243.

31. Nordström T, Miettunen J, Auvinen J, et al. Cohort profile: 46 years 
of follow-up of the Northern Finland Birth Cohort 1966 
(NFBC1966). Int J Epidemiol. 2022;50(6):1786-1787. https://doi. 
org/10.1093/ije/dyab109

32. Tuorila K, Ollila MM, Järvelin MR, et al. Hyperandrogenemia in 
early adulthood is an independent risk factor for abnormal glucose 
metabolism in middle age. J Clin Endocrinol Metab. 2021;106(11): 
e4621-e4633. https://doi.org/10.1210/clinem/dgab456

33. Williams B, Mancia G, Spiering W, et al. 2018 ESC/ESH guidelines for 
the management of arterial hypertension. J Hypertens. 2018;36(10): 
1956-2041. https://doi.org/10.1097/HJH.0000000000001940

34. Ollila ME, Kaikkonen K, Järvelin MR, et al. Self-reported polycys
tic ovary syndrome is associated with hypertension: a Northern 

Finland birth cohort 1966 study. J Clin Endocrinol Metab. 
2019;104(4):1221-1231. https://doi.org/10.1210/jc.2018-00570

35. Ollila MM, Piltonen T, Puukka K, et al. Weight gain and dyslipide
mia in early adulthood associate with polycystic ovary syndrome: 
prospective cohort study. J Clin Endocrinol Metab. 2016;101(2): 
739-747. https://doi.org/10.1210/jc.2015-3543

36. Karjula S, Morin-Papunen L, Auvinen J, et al. Psychological distress 
is more prevalent in fertile and premenopausal women with 
PCOS symptoms: 15-year follow-up. J Clin Endocrinol Metab. 
2017;102(6):1861-1869. https://doi.org/10.1210/jc.2016-3863

37. Taponen S, Martikainen H, Järvelin MR, et al. Hormonal profile of 
women with self-reported symptoms of oligomenorrhea and/or hir
sutism: Northern Finland Birth Cohort 1966 study. J Clin 
Endocrinol Metab. 2003;88(1):141-147. https://doi.org/10.1210/ 
jc.2002-020982

38. Taponen S, Ahokallio S, Martikainen H, et al. Prevalence of poly
cystic ovaries in women with self-reported symptoms of oligome
norrhoea and/or hirsutism: Northern Finland Birth Cohort 1966 
Study. Hum Reprod. 2004;19(5):1083-1088. https://doi.org/10. 
1093/humrep/deh214

39. Maranon R, Lima R, Spradley FT, et al. Roles for the sympathetic 
nervous system, renal nerves, and CNS melanocortin-4 receptor 
in the elevated blood pressure in hyperandrogenemic female rats. 
Am J Physiol Regul Integr Comp Physiol. 2015;308(8): 
R708-R713. https://doi.org/10.1152/ajpregu.00411.2014

40. Dalmasso C, Maranon R, Patil C, Moulana M, Romero DG, 
Reckelhoff JF. 20-HETE and CYP4A2 ω-hydroxylase contribute 
to the elevated blood pressure in hyperandrogenemic female rats. 
Am J Physiol Renal Physiol. 2016;311(1):F71-F77. https://doi. 
org/10.1152/ajprenal.00458.2015

41. Yanes LL, Romero DG, Moulana M, et al. Cardiovascular-Renal 
and metabolic characterization of a rat model of polycystic ovary 
syndrome. Gend Med. 2011;8(2):103-115. https://doi.org/10. 
1016/j.genm.2010.11.013

42. Kannel WB, Hjortland MC, McNamara PM, Gordon T. 
Menopause and risk of cardiovascular disease: the Framingham 
study. Ann Intern Med. 1976;85(4):447-452. https://doi.org/10. 
7326/0003-4819-85-4-447

43. Dam V, van der Schouw YT, Onland-Moret NC, et al. Association 
of menopausal characteristics and risk of coronary heart disease: a 
pan-European case-cohort analysis. Int J Epidemiol. 2019;48(4): 
1275-1285. https://doi.org/10.1093/ije/dyz016

44. Ley SH, Li Y, Tobias DK, et al. Duration of reproductive life span, 
age at menarche, and age at menopause are associated with risk of 
cardiovascular disease in women. J Am Heart Assoc. 2017;6(11): 
e006713. https://doi.org/10.1161/JAHA.117.006713

45. Muka T, Oliver-Williams C, Kunutsor S, et al. Association of age at 
onset of menopause and time since onset of menopause with cardio
vascular outcomes, intermediate vascular traits, and all-cause mortal
ity: a systematic review and meta-analysis. JAMA Cardiol. 
2016;1(7):767-776. https://doi.org/10.1001/jamacardio.2016.2415

46. Pavón N, Cabrera-Orefice A, Gallardo-Pérez JC, et al. In female rat 
heart mitochondria, oophorectomy results in loss of oxidative phos
phorylation. J Endocrinol. 2017;232(2):221-235. https://doi.org/ 
10.1530/JOE-16-0161

47. Zhu X, Tang Z, Cong B, et al. Estrogens increase cystathionine-γ-lyase 
expression and decrease inflammation and oxidative stress in the my
ocardium of ovariectomized rats. Menopause. 2013;20(10): 
1084-1091. https://doi.org/10.1097/GME.0b013e3182874732

48. Lee HW, Eghbali-Webb M. Estrogen enhances proliferative capacity 
of cardiac fibroblasts by estrogen receptor- and mitogen-activated 
protein kinase-dependent pathways. J Mol Cell Cardiol. 
1998;30(7):1359-1368. https://doi.org/10.1006/jmcc.1998.0699

49. Pedram A, Razandi M, Narayanan R, Levin ER. Estrogen receptor 
beta signals to inhibition of cardiac fibrosis. Mol Cell Endocrinol. 
2016;434:57-68. https://doi.org/10.1016/j.mce.2016.06.018

50. White RE, Han G, Dimitropoulou C, et al. Estrogen-induced con
traction of coronary arteries is mediated by superoxide generated 
in vascular smooth muscle. Am J Physiol Heart Circ Physiol. 

442                                                                                                                           European Journal of Endocrinology, 2024, Vol. 191, No. 4
D

ow
nloaded from

 https://academ
ic.oup.com

/ejendo/article/191/4/433/7809799 by Im
perial C

ollege of Science Technology and M
edicine user on 10 January 2025

https://doi.org/10.1186/s13293-023-00546-3
https://doi.org/10.1186/s13293-023-00546-3
https://doi.org/10.1016/j.jacc.2018.01.083
https://doi.org/10.1016/j.jacc.2018.01.083
https://doi.org/10.1016/j.maturitas.2015.08.009
https://doi.org/10.1016/j.maturitas.2015.08.009
https://doi.org/10.1210/jc.2017-02421
https://doi.org/10.1210/jc.2009-2643
https://doi.org/10.1210/jc.2009-2643
https://doi.org/10.1210/jc.2009-1693
https://doi.org/10.1016/j.atherosclerosis.2016.02.020
https://doi.org/10.1016/j.atherosclerosis.2016.02.020
https://doi.org/10.1016/j.metabol.2011.06.005
https://doi.org/10.1016/j.metabol.2011.06.005
https://doi.org/10.1161/ATVBAHA.114.304821
https://doi.org/10.1161/ATVBAHA.114.304821
https://doi.org/10.1177/2047487317693133
https://doi.org/10.1210/jc.2013-3375
https://doi.org/10.1210/jc.2005-0212
https://doi.org/10.1210/jc.2005-0212
https://doi.org/10.1111/cen.14401
http://urn.fi/urn:nbn:fi:att:bc1e5408-980e-4a62-b899-43bec3755243
http://urn.fi/urn:nbn:fi:att:bc1e5408-980e-4a62-b899-43bec3755243
https://doi.org/10.1093/ije/dyab109
https://doi.org/10.1093/ije/dyab109
https://doi.org/10.1210/clinem/dgab456
https://doi.org/10.1097/HJH.0000000000001940
https://doi.org/10.1210/jc.2018-00570
https://doi.org/10.1210/jc.2015-3543
https://doi.org/10.1210/jc.2016-3863
https://doi.org/10.1210/jc.2002-020982
https://doi.org/10.1210/jc.2002-020982
https://doi.org/10.1093/humrep/deh214
https://doi.org/10.1093/humrep/deh214
https://doi.org/10.1152/ajpregu.00411.2014
https://doi.org/10.1152/ajprenal.00458.2015
https://doi.org/10.1152/ajprenal.00458.2015
https://doi.org/10.1016/j.genm.2010.11.013
https://doi.org/10.1016/j.genm.2010.11.013
https://doi.org/10.7326/0003-4819-85-4-447
https://doi.org/10.7326/0003-4819-85-4-447
https://doi.org/10.1093/ije/dyz016
https://doi.org/10.1161/JAHA.117.006713
https://doi.org/10.1001/jamacardio.2016.2415
https://doi.org/10.1530/JOE-16-0161
https://doi.org/10.1530/JOE-16-0161
https://doi.org/10.1097/GME.0b013e3182874732
https://doi.org/10.1006/jmcc.1998.0699
https://doi.org/10.1016/j.mce.2016.06.018


2005;289(4):H1468-H1475. https://doi.org/10.1152/ajpheart. 
01173.2004

51. Ji H, Kim A, Ebinger JE, et al. Sex differences in blood pressure tra
jectories over the life course. JAMA Cardiol. 2020;5(3):255-262. 
https://doi.org/10.1001/jamacardio.2019.5306

52. Kringeland E, Tell GS, Midtbø H, Igland J, Haugsgjerd TR, Gerdts 
E. Stage 1 hypertension, sex, and acute coronary syndromes during 
midlife: the Hordaland Health Study. Eur J Prev Cardiol. 
2022;29(1):147-154. https://doi.org/10.1093/eurjpc/zwab068

53. Yusuf PS, Hawken S, Ôunpuu S, et al. Effect of potentially modifiable 
risk factors associated with myocardial infarction in 52 countries (the 
INTERHEART study): case-control study. Lancet. 2004;364(9438): 
937-952. https://doi.org/10.1016/S0140-6736(04)17018-9

54. Millett ERC, Peters SAE, Woodward M. Sex differences in risk fac
tors for myocardial infarction: cohort study of UK Biobank partic
ipants. BMJ. 2018;363:k4247. https://doi.org/10.1136/bmj.k4247

55. Albrektsen G, Heuch I, Løchen ML, et al. Risk of incident myocardial 
infarction by gender: interactions with serum lipids, blood pressure and 
smoking. The Tromsø Study 1979-2012. Atherosclerosis. 2017;261: 
52-59. https://doi.org/10.1016/j.atherosclerosis.2017.04.009

56. Staessen JA, Fagard R, Thijs L, et al. Randomised double-blind 
comparison of placebo and active treatment for older patients 
with isolated systolic hypertension. Lancet. 1997;350(9080): 
757-764. https://doi.org/10.1016/S0140-6736(97)05381-6

57. O’Reilly MW, Glisic M, Kumarendran B, et al. Serum testosterone, 
sex hormone-binding globulin and sex-specific risk of incident type 
2 diabetes in a retrospective primary care cohort. Clin Endocrinol 
(Oxf). 2019;90(1):145-154. https://doi.org/10.1111/cen.13862

58. Rasmussen JJ, Selmer C, Frøssing S, et al. Endogenous testosterone 
levels are associated with risk of type 2 diabetes in women without 
established comorbidity. J Endocr Soc. 2020;4(6):bvaa050. https:// 
doi.org/10.1210/jendso/bvaa050

59. Evans DJ, Hoffmann RG, Kalkhoff RK, Kissebah AH. Relationship 
of androgenic activity to body fat topography, fat cell morphology, 
and metabolic aberrations in premenopausal women. J Clin 
Endocrinol Metab. 1983;57(2):304-310. https://doi.org/10.1210/ 
jcem-57-2-304

60. Diamond MP, Grainger D, Diamond MC, Sherwin RS, Defronzo 
RA. Effects of methyltestosterone on insulin secretion and sensitiv
ity in women. J Clin Endocrinol Metab. 1998;83(12):4420-4425. 
https://doi.org/10.1210/jcem.83.12.5333

61. Teede HJ, Tay CT, Laven JJE, et al. Recommendations from the 
2023 international evidence-based guideline for the assessment 
and management of polycystic ovary syndrome. Eur J Endocrinol. 
2023;189(2):G43-G64. https://doi.org/10.1093/ejendo/lvad096

62. Ollila MM, Arffman RK, Korhonen E, et al. Women with PCOS 
have an increased risk for cardiovascular disease regardless of diag
nostic criteria-a prospective population-based cohort study. Eur J 
Endocrinol. 2023;189(1):96-105. https://doi.org/10.1093/ejendo/ 
lvad077

63. Schmidt J, Landin-Wilhelmsen K, Brännström M, Dahlgren E. 
Cardiovascular disease and risk factors in PCOS women of postme
nopausal age: a 21-year controlled follow-up study. J Clin 
Endocrinol Metab. 2011;96(12):3794-3803. https://doi.org/10. 
1210/jc.2011-1677

64. Sund R. Quality of the Finnish Hospital Discharge Register: a sys
tematic review. Scand J Public Health. 2012;40(6):505-515. 
https://doi.org/10.1177/1403494812456637

65. Pakarinen M, Raitanen J, Kaaja R, Luoto R. Secular trend in the 
menopausal age in Finland 1997-2007 and correlation with socio
economic, reproductive and lifestyle factors. Maturitas. 2010;66(4): 
417-422. https://doi.org/10.1016/j.maturitas.2010.04.005

Tuorila et al.                                                                                                                                                                                                      443
D

ow
nloaded from

 https://academ
ic.oup.com

/ejendo/article/191/4/433/7809799 by Im
perial C

ollege of Science Technology and M
edicine user on 10 January 2025

https://doi.org/10.1152/ajpheart.01173.2004
https://doi.org/10.1152/ajpheart.01173.2004
https://doi.org/10.1001/jamacardio.2019.5306
https://doi.org/10.1093/eurjpc/zwab068
https://doi.org/10.1016/S0140-6736(04)17018-9
https://doi.org/10.1136/bmj.k4247
https://doi.org/10.1016/j.atherosclerosis.2017.04.009
https://doi.org/10.1016/S0140-6736(97)05381-6
https://doi.org/10.1111/cen.13862
https://doi.org/10.1210/jendso/bvaa050
https://doi.org/10.1210/jendso/bvaa050
https://doi.org/10.1210/jcem-57-2-304
https://doi.org/10.1210/jcem-57-2-304
https://doi.org/10.1210/jcem.83.12.5333
https://doi.org/10.1093/ejendo/lvad096
https://doi.org/10.1093/ejendo/lvad077
https://doi.org/10.1093/ejendo/lvad077
https://doi.org/10.1210/jc.2011-1677
https://doi.org/10.1210/jc.2011-1677
https://doi.org/10.1177/1403494812456637
https://doi.org/10.1016/j.maturitas.2010.04.005

	Association of hyperandrogenaemia with hypertension and cardiovascular events in pre-menopausal women: a prospective population-based cohort study
	Introduction
	Methods
	Study population
	Measurements
	Laboratory methods
	Definition of PCOS
	Statistical analysis
	Sensitivity analysis

	Ethical approval
	Results
	Baseline characteristics in women in quartiles of testosterone (T)
	Cross-sectional analysis of association between T, SHBG, and FAI levels, and BP levels and hypertension at age 31
	Longitudinal analysis between T, SHBG, and FAI levels at age 31, and BP levels and hypertension at age 46
	Risk of individual CVD events and composite CVD events and mortality
	Exclusion of women with PCOS

	Discussion
	Conclusion
	Acknowledgments
	Supplementary material
	Funding
	Authors’ contributions
	References




