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Abstract

The objective was to investigate associations between life-course adiposity and sex hormone concentrations: trajectory of adiposity from age 5 to
40 (premenopausal)/60 (postmenopausal women and men) in relation to levels of oestrone (E1), oestradiol (E2), sex hormone-binding glob-
ulins (SHBG), testosterone in 4801 premenopausal and 6019 postmenopausal women in the Nurses’ Health Study (NHS) and NHS 11, and 2431
men in the Health Professionals Follow-up Study. We used group-based trajectory models to identify groups within each cohort based on
recalled somatotypes and reported BMI. Multivariate linear regression models were used to compare sex hormone concentration across different
trajectory groups. The mean age at blood draw was 64-1 * 8-1 years for men, 59-4 + 60 for postmenopausal and 44-1 + 4.6 for premenopausal
women. In men, compared with the medium-stable group, lean-marked increase and medium increase groups had lower levels of SHBG (per-
centage difference: =17 and —9 %) and testosterone (—15 and —13 %). In postmenopausal women, compared with the medium-stable group,
lean-marked increase and medium increase groups had higher levels of E1 (21 and 34 %) and E2 (45 and 68 %) but lower level of SHBG (29 and
—35%). In premenopausal women, compared with the lean-moderate increase group, medium-stable/increase and heavy-stable/increase
groups had lower levels of SHBG (-6 and —28 %). Attained adulthood adiposity and middle-life weight gain were associated with lower
SHBG and testosterone in men, higher E1 and E2 and lower SHBG in postmenopausal women, and lower SHBG in premenopausal women.
The study indicates the importance of maintaining a healthy body weight throughout life course for homoeostasis of sex hormones.
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Obesity has been a global epidemic for decades and is linked to
various diseases, including multiple types of cancers, type 2 dia-
betes and CVD®. In 2016, 39 % of adults worldwide were over-
weight and 13 % were obese. The prevalence of obesity in 2016
nearly tripled that in 1975. Additionally, the obesity crisis is even
more prominent among children. Nearly 40 million children
under age 5 were overweight in 2019, Moreover, obese
patients have worse outcomes compared with the normal-

weight patients. Obese individuals had a 25 % increased risk
of all-cause mortality, compared to those with normal body
weight®.

One of the mechanisms that obesity increases the risk of cancer
and cardiometabolic diseases is through changes in the level of
sex hormones. For example, in postmenopausal women, attained
body weight is positively associated with oestrone (E1), oestradiol
(E2) and inversely associated with sex hormone-binding globulins

Abbreviations: HPFS, Health Professionals Follow-up Study; NHS, Nurses’ Health Study; SHBG, sex hormone-binding globulins.
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(SHBG)*®, and these changes of the hormones, higher E1 and
E2, and lower SHBG, are associated with a higher risk of breast
cancer™. In premenopausal women, adulthood BMI is positively
associated with free T, while higher free T is associated with
increased breast cancer risk®'?. This discrepancy between
women of different ages may be explained by increased oestro-
gen production from peripheral adipose tissues in women after
menopause. On the other hand, obesity is associated with
decreased SHBG and T in men®3!? and these hormone changes
are in relation to higher colon cancer risk>.

Growing data indicate the importance of long-term adipos-
ity status, particularly middle-life weight gain, for chronic dis-
(16-20)  Most studies assessed body weight in single or
different cross-sectional time points in relation to sex hor-
mones®?1-2)_ For example, Tworoger et al. examined the
association of birth weight, body shape at ages 5 and 10,
BMI at age 18 and adulthood with sex hormone concentra-
tions among premenopausal women, and found while few
associations between early body weight and sex hormones,
adult BMI was positively associated with free T and negatively
associated with SHBG®. However, little is known about the
impact of the life-course changes in adiposity on sex hor-
mones. More specifically, individuals may have different
weight change trajectories over time. For example, individuals
may have similar attained body weight but very different
childhood body weight. Therefore, in this study, we investi-
gated the relationship between trajectories of BMI and body
shape, and plasma concentrations of sex hormones, including
El, E2, T, SHBG, free E2, free T and E2/T ratio. The trajectory
of body fatness was calculated from age 5 to 60 for postmeno-
pausal women and men and from age 5 to 40 for premeno-

eases

pausal women. Because the associations may differ by sex
and menopausal status at blood draw, we performed separate
analysis in men, pre- and postmenopausal women, in three
large ongoing cohort studies in the USA.

Methods
Study population

This is a multicohort study. We used data from three large
cohorts, including the Health Professionals Follow-up Study
(HPFS), the Nurses’ Health Study (NHS) and NHS II
Detailed information regarding these three cohorts has been
described elsewhere®2%. In short, the HPFS enrolled
51 529 47-84-year-male health professionals in 1986. The
NHS enrolled 121 700 30-55-year-female nurses in 1976.
The NHS II enrolled 116 429 25-42-year-registered female
nurses in 1989. Questionnaires have been mailed to partici-
pants every 2 years to collect updated medical and lifestyle
information. The follow-up rates for the three cohorts have
been higher than 90 %. Blood samples were collected in
1993-1995 from 18 159 participants in the HPFS, in 1989-
1990 from 32 826 in the NHS and in 1996-1999 from
116 429 in the NHS I1. The blood collection process was similar
for the three cohorts and has been described elsewhere!!¢2?,

Participants with available sex hormone data from previous
nested case—control studies of various outcomes within the three

cohorts were included in this study (online Supplementary
Fig. S1). We excluded participants who had a history of diabetes,
CVD and any kind of cancers (except melanoma skin cancer) at
the time of blood draw; those who had incomplete body shape data
and whose sex hormone concentrations were considered outliers
according to the Rosner’s method®”. The final analysis included
2431 participants from HPFS, 6714 from NHS and 4105 from
NHS II. We further combined and re-grouped women from the
NHS and NHS II into 4801 premenopausal and 6018 postmeno-
pausal women. The menopausal status and information of past hor-
mone usage were collected at the questionnaire when participants
had their blood draw. The participants who provided the blood
sample had not taken any hormone therapy or oral contraceptives,
been pregnant or breastfed within 6 months.

The study was approved by the Institutional Review Board at
the Brigham and Women’s Hospital and Harvard TH Chan
School of Public Health. The study was registered at www.
clinicaltrials.gov (NCT03419455).

Body shape assessment

To assess early-life body fatness, participants were asked to
recall their body shape in early and middle life with the use of
pictorial diagrams (somatotypes), which were developed by
Stunkard et al.®® In 1988, participants from the NHS and
HPFS, and in 1989, women from the NHS II were asked to pick
one of the nine somatotypes that best described their body shape
when they were 5, 10, 20, 30 and 40 years old. Recalled soma-
totypes have been validated against measured early-aged BMI at
similar ages from a previous study, the Third Harvard Growth
Study®”. Among 181 participants, the correlation coefficients
of recalled somatotypes and measured BMI at age 5, 15 and
20 years were 0-60, 0-65 and 0-66 for women. Participants were
also asked to recall their weight at age 18 years in the NHS in
1980 and the NHS 1II in 1989, at age 21 years in HPFS in 1986.
Self-reported body weight has been validated to be highly cor-
related with measured body weight in previous studies®*3D_ The
correlation coefficient of recalled weight and measured weight
was 0-87 among 118 women in the NHS II and 0-97 among
263 women and men from the NHS and the HPFS. The data
of current height and body weight were collected at the baseline
questionnaire and body weight was continuously updated every
2 years. BMI was calculated as weight in kilograms divided by
height in meters squared. The early- and middle-life body fatness
of all participants then being used to perform group-based tra-
jectory modelling®”. Participants who had missing data at more
than half of the examined age points were excluded (online
Supplementary Fig. S1).

Covariate assessment

Detailed medical and behavioural information was collected
through questionnaires at baseline and every 2—4 years there-
after. We included the following covariates: physical activity,
smoking, alcohol consumption, dietary intake, multivitamin
use, use of aspirin and other nonsteroidal anti-inflammatory
drugs, ever use of contraceptives or hormone therapy (women
only)?. Physical activity was assessed by summing the time
spent on various activities, including recreational or leisure-time
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physical activities, with the average metabolic equivalent of tasks
for that activity. We calculated pack-years of smoking as years of
smoking multiplied by the average number of packs smoked per
day. The Alternative Healthy Eating Index score that reflects the
pattern in food choices and consumption of micronutrients asso-
ciated with lower risks of chronic diseases was used to assess the
dietary quality of participants®3®, To better characterise the
long-term impact of lifestyle exposures, we calculated cumula-
tive average measurements from baseline to blood draw for
physical activity, alcohol consumption and Alternative Healthy
Eating Index dietary score.

Biomarker assessment

Details on laboratory assays of oestrogen, testosterone and
SHBG can be found elsewhere®3*. In short, samples were
assayed by RIA at Quest Diagnostics. Because the assays were
conducted in different batches in prior studies, we corrected
sex hormone concentrations for potential batch variation using
the batch correction method developed by Rosner ef al.*”> in
the correction model, and we adjusted for covariates that may
influence sex hormone levels, including physical activity, smok-
ing, alcohol consumption, use of aspirin and other nonsteroidal
anti-inflammatory drugs, fasting status and ever use of contra-
ceptive or hormone therapy (women only). We performed batch
correction separately for each of the cohorts and used the reca-
librated biomarker concentrations for the analyses.
Measurement values were set to log (0-01) if the level was less
than 0 after batch correction. We calculated free E2 and free T
based on the concentrations of E2, T and SHBG using the for-
mula proposed by Sodergard et al.®® We calculated free T from
the concentrations of SHBG and T, and then used the concentra-
tions of free T, SHBG and E2 to calculate free E2.

Statistical analysis

Trajectory modelling. We used group-based trajectory model-
ling to identify groups with similar evolution of life-course body
shapes within men and premenopausal and postmenopausal
women separately. The group-based trajectory method has been
described elsewhere'”), In short, longitudinal body shape data
were fitted via maximum likelihood as a mixture of multiple
latent trajectories in a censored normal model with a polynomial
function of age. We used a two-stage approach based on the
Bayesian information criterion to determine the optimal number
and shape of trajectories for the model®”. Our final model
yielded four trajectory groups for men and pre- and postmeno-
pausal women.

We calculated the posterior predicted probability for each
participant of being a member of each of the trajectory groups
and assigned participants to the group for which they had the
highest probability. To assess the adequacy of the trajectory
group assignment, we calculated the mean posterior probability
of assignment and the odds of correct classification for each
group®”. The odds of correct classification are the ratio of the
odds of correct classification based on the maximum probability
classification rule and the odds of correct classification based on
the random assignment. The mean posterior probability of at
least 0-70 and the odds of correct classification of 5-0 for each

group indicate adequate model fit3”. The measures in all of
the trajectory groups in our study exceeded these recommended
thresholds (online Supplementary Table S1). Finally, we named
our trajectory groups based on their visual patterns for the evo-
lution of body shapes over age. For men and postmenopausal
women, the four trajectory groups were (1) lean-moderate
increase group: participants started lean and had a moderate
weight gain (from body fatness level 1-2 at age 5 years to body
fatness level 3-4 at age 60 years), (2) lean-marked increase
group: participants started lean and had a substantial weight gain
(from body fatness level 1-2 at age 5 years to body fatness level
3—4 atage 00 years), (3) medium-stable group: participants main-
tained a relatively stable medium body weight (body fatness
level maintains at 3-5 along age 5-60 years) and (4) medium
increase group: participants started medium and acquired a
moderate or substantial weight gain (from body fatness level
3-5 at age 5 years to body fatness level 7 at age 60 years). For
premenopausal women, the four trajectory groups are (1)
lean-stable moderate increase group: participants started lean
and maintained a relative stable body weight or had a moderate
weight gain (from body fatness level 2 at age 5 years to body fat-
ness level 3—4 at age 40 years), (2) lean-marked increase group:
participants started lean and had a substantial weight gain (from
body fatness level 1 atage 5 years to body fatness level 3-4 at age
40years), (3) medium-stable/increase group: participants started
medium and maintained a relative stable body weight or had a
moderate weight gain (body fatness level maintains at 3-5 along
age 5-60 years), (4) heavy-stable/increase group: participants
started heavy and maintained a relative stable body weight or
acquired a moderate weight gain (from body fatness level 4-5
at age 5 years to body fatness level 6-7 at age 40 years).

Association analysis. We used Spearman’s partial correlation
analysis with adjustment for age at blood draw to assess the cor-
relations between body shape, BMI, changes in BMI across the
life course and sex hormone concentrations. Although we
assessed body weight at several different time points, we only
had the sex hormone concentrations from the blood sample
drawn during participants’ middle life.

We further performed linear regression models to examine
relationships between trajectories of body fatness and sex hor-
mone concentrations. We log-transformed the sex hormone
measurements to improve the normality of the data. We used
the trajectory group with the lowest adiposity level as the refer-
ence. The linear regression model was adjusted for age at blood
draw, race (white, non-white), physical activity (men: <7,
7-14-9, 15-24-9, > 25 metabolic equivalent task hours/week;
post- and premenopausal women: < 5, 5-11-4, 11-5-21.9, > 22
metabolic equivalent task hours/week), alcohol consumption
(< 015, 0-15-1-9, 2-0-7-4, 7-5-149,> 15 g/d), smoking status
(0, 1-15, 16-25, 26-45,> 45 pack-years), Alternative Healthy
Eating Index dietary score (men: < 35-2, 35-2-40-9, 41-0, 476,
> 47-6; women: < 37-8, 37-8-43-5, 43-6-49-9, > 49-9), multivita-
min use (yes, no), regular aspirin/nonsteroidal anti-inflammatory
drug use (yes, no) and ever use of contraceptives or hormone
therapy (only in women). We further conducted a sensitivity
analysis among pre- and postmenopausal women who had never
been exposed to hormonal therapy at blood draw.
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Fig.1 The trajectory of body fatness by age from 5 to 40/60 in (a) men, (b) postmenopausal and (c) premenopausal women. 2431 men, 6019 postmenopausal and 4801
premenopausal women from the HPFS study, the NHS study and the NHS Il study were included and categorised into four body shape trajectory groups. Y-axis rep-
resents the estimated mean body fatness in each trajectory group at the corresponding age (x-axis). HPFS, Health Professional Follow-Up Study; NHS, Nurse’ Health

Study; NHS 1l, Nurse’ Health Study Il. (a)
BMI: 24.6); , medium-increase (current BMI: 28.5). (b)
medium-stable (current BMI: 23-4);
(current BMI: 23-8); , medium-stable/increase (current BMI: 27-0);

SAS 9.4 (SAS Institute) was used in all analyses. All the stat-
istical tests were set at the significance level of P-value < 0-05,
two-sided.

Results

We identified four distinct trajectory groups in each cohort. Figure 1
shows the estimated mean body fatness level according to the age
in each trajectory group. Men and postmenopausal women had
similar body shape trajectories: 36 % of men and 28 % of postme-
nopausal women started lean and acquired a moderate weight gain
(lean-moderate increase group); 23 % men and 18 % postmeno-
pausal women started lean and acquired a substantial weight gain
(lean-marked increase group); 28% men and 41 % postmeno-
pausal women maintained a relatively stable medium body weight
(medium-stable group); 13% men and 13% postmenopausal
women started medium and acquired a moderate or substantial
weight gain (medium-increase group). As for premenopausal

, lean-moderate increase (current BMI: 24-2);
, lean-moderate increase (current BMI: 23-0);
, lean-marked increase (current BMI: 23-6);
, heavy-stable/increase (current BMI: 33-8).

, medium-increase (current BMI: 32.9). (c)

, lean-marked increase (current BMI: 27-8); , medium-stable (current
, lean-marked increase (current BMI: 28.7); ,
, lean-stable/moderate increase

women, 45 % started lean and maintained their weight or acquired
a moderate weight gain (lean-stable/moderate increase group);
18 % started lean and acquired a substantial weight gain (lean-
marked increase group); 31 % started medium and maintained their
weight or acquired a moderate weight gain (medium-stable/
increase group); 5% started heavy and maintained their weight
or acquired a moderate weight gain (heavy-stable/increase group).

Table 1 presents the basic characteristics according to the
body shape trajectories at the time of blood draw. The mean
age was 064-1 (sp 8:1) years for men, 59-4 (sp 6-0) for postmeno-
pausal women and 44-1 (sp 4-6) for premenopausal women. In
general, the changes in BMI at different ages corresponded with
the trajectories. The lean-marked increase group had larger
differences between BMI at age 18 years and at age 50 years,
compared with the lean-moderate increase group. Among
men and postmenopausal women, compared with the lean-
moderate increase and medium-stable groups, the lean-marked
increase and medium-increase groups had larger waist circum-
ferences and exercised less. Among premenopausal women, the
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Table 1 Demographics and sex hormone concentrations of study participants by body shape trajectory groups in men (HPFS), postmenopausal
(NHS + NHS Il) and premenopausal women (NHS + NHS Il) (Mean values and standard deviations)

Lean-moderate Lean-marked increase Medium-increase
increase (n 880) (n 557) Medium-stable (n 680) (n314)
Mean SD Mean SD Mean SD Mean SD
Men*
Age at blood draw (years) 65-2 76 63-5 82 63-7 86 62.7 82
BMI at age 21 years old (kg/m?) 213 2.0 235 2:4 229 2:0 256 2.9
BMI at age 40 years old (kg/m?) 230 1.6 26-4 1.8 235 1.5 270 30
BMI at age 50 years old (kg/m?) 234 1.5 277 2.2 24.0 1.6 285 28
BMI at blood draw (kg/m?) 24.2 22 278 31 24.6 22 285 36
Height (inches) 702 26 702 27 702 25 702 2.7
Waist circumference (cm)t 92-3 71 99-8 83 92.2 70 101-6 95
Waist/hip ratio 09 0-1 1.0 01 09 0-1 1.0 0-1
Physical activity (MET-h/week) 338 278 298 237 376 316 30-6 26-6
Alcohol consumption (g/d) 118 141 121 154 108 12.7 118 145
Smoking (pack-years) 12.9 186 133 187 11.2 169 137 19-4
Alternative Healthy Eating  Index 421 91 401 8-3 42.8 89 416 81
Oestrone (pg/ml) 30-5 10-0 325 98 30-6 99 316 10-8
Oestradiol (pg/ml) 241 8-3 25.0 77 244 7-8 253 86
SHBG (nmol/l) 48-4 17-8 41.2 166 49-8 189 44.7 18-2
Testosterone (ng/dl) 483-4 169-3 4236 145.9 505-0 1732 435.7 159-3
Free oestradiol (pg/ml) 0-36 013 0-40 0-14 0-36 013 0-39 0-14
Free testosterone (ng/dl) 5.97 1.85 5-86 1-89 6-16 1.90 5-68 1.96
Oestradiol/testosterone 0-005 0-003 0-006 0-003 0-005 0-003 0-007 0-004
Lean-moderate Lean-marked Medium-stable Medium-increase
increase (n 1714) increase (n 1085) (n 2440) (n779)
Postmenopausal women*
Age at blood draw (years) 60-6 56 58-6 6-0 59-4 61 57-5 64
BMI at age 18 years old (kg/m?) 194 1.8 214 2:4 213 23 24.8 37
BMI at age 40 years old (kg/m?) 21.0 16 252 23 217 1.7 297 4.8
BMI at age 50 years old (kg/m?) 221 19 275 2:3 227 2:0 322 4.7
BMI at blood draw (kg/m?) 230 25 287 30 234 25 329 4.9
Height (inches) 647 24 64-4 24 64-6 24 64-4 24
Waist circumference (cm)t 74.5 117 83-5 17.7 725 14.0 875 219
Waist/hip ratio 0-8 0-1 0-8 0-1 0-8 0-1 0-8 0-1
Physical activity (MET-h/week) 172 191 14.5 184 175 195 12.7 141
Alcohol consumption (g/d) 7-0 9:6 5-3 91 7-4 100 4.2 77
Smoking (pack-years) 12.7 182 12.7 197 138 20-0 12.7 187
Alternative Healthy Eating Index 45.5 9-0 446 86 470 93 44.7 93
Oestrone (pg/ml) 273 181 314 180 266 17.7 353 20-0
QOestradiol (pg/ml) 62 38 88 5-0 6-0 39 10-2 56
SHBG (nmol/l) 842 465 67-0 45.2 91.2 486 62-4 421
Testosterone (ng/dl) 214 107 207 106 213 105 210 107
Free oestradiol (pg/ml) 0-08 0.06 013 0-09 0-07 0.06 0-15 0-10
Free testosterone (ng/dl) 0-16 0-10 0-20 014 0-15 0-09 0-21 0-14
Oestradiol/testosterone 0-04 0.03 0-05 0-03 0-03 0.03 0-06 0-06
Lean-stable/moder-
Lean-marked ate increase Medium-stable/ Heavy-stable/
increase (n 861) (n2173) increase (n 1511) increase (n 256)
Premenopausal women*
Age at blood draw (years) 44.8 4.6 439 4.7 438 4.4 44.4 4.2
BMI at age 18 years old (kg/m?) 19-4 1.9 20-2 2.0 224 27 26-8 4.6
BMI at age 40 years old (kg/m?) 22.7 33 232 36 262 5-3 328 71
BMI at blood draw (kg/m?) 236 39 238 4.2 27.0 5.8 338 77
Height (inches) 64-9 27 64-8 2.5 65-0 25 652 27
Waist circumference (cm)t 44.8 221 418 20-8 43-8 21.2 528 26-3
Waist/hip ratio 0-8 0-1 0-8 0-1 0-8 0-1 0-8 0-1
Physical activity (MET-h/week) 193 232 193 20-7 192 217 177 22.2
Alcohol consumption (g/d) 41 6-8 4.2 6-7 41 6-6 31 5.3
Smoking (pack-years) 49 95 4.2 87 51 97 6-8 12.2
Alternative Healthy Eating Index 475 10.0 48-3 101 49.8 101 50-1 106
Oestrone (pg/ml) 63-3 25.2 64-6 26-0 64-8 27-3 67-6 280
Oestradiol (pg/ml) 911 476 919 47-8 891 469 821 433
SHBG (nmol/l) 70-2 342 702 32:6 67-9 34-6 523 315

Testosterone (ng/dl) 24.4 95 25.0 9-6 251 101 245 109
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Table 1 (Continued)

Lean-marked
increase (n 861)

Lean-stable/moder-
ate increase

Medium-stable/ Heavy-stable/

Free oestradiol (pg/ml) 1-14 0-58
Free testosterone (ng/dl) 0-20 0-09
Oestradiol/testosterone 0-41 0-23

(n2173) increase (n 1511) increase (n 256)
0-59 113 0-57 1.20 0-61
0-11 0-22 013 0-27 0-15
0-24 0-40 0-24 0-37 0-24

HPFS, Health Professional Follow-Up Study; NHS, Nurse’ Health Study; NHS II, Nurse’ Health Study Il; SHBG, sex hormone-binding globulin.
* Men were from the HPFS; post- and premenopausal women were from the NHS and NHS 1.
T Waist and hip circumferences were assessed in 1987 in the HPFS, 1986 in the NHS and 1993 in the NHS II.

heavy-stable/increase group had the largest waist circumfer-
ences and the highest Alternative Healthy Eating Index and exer-
cised least when compared with the other three groups.

Table 2 shows the age-adjusted correlation coefficients
between adiposity measures and sex hormones. Among men,
middle-life BMI (BMI at age 50 years or blood draw) and change
in BMI from age 21 years to blood draw were positively associated
with E2, free E2 and E2/T (r 0-06-0-38) but negatively associated
with SHBG and T (# —0-32 to —0-10). In postmenopausal women,
middle-life BMI (BMI at age 50 years or blood draw) and change in
BMI from age 18 years to blood draw were positively associated
with E1, E2, free E2, free T and E2/T (r 0-22-0-54) but negatively
associated with SHBG (r —0-39 to —0-35). In premenopausal
women, middle-life BMI (BMI at age 40 years or blood draw)
and change in BMI from age 18 years to blood draw were posi-
tively associated with free E2 and free T (» 0-11-0-37) but nega-
tively associated with SHBG, E2 and E2/T (» —0-48 to —0-07). In
general, there were no strong correlations between early-life
BMI (age 5-18 or 21 years) and sex hormones in adult life.

Table 3 the multivariate-adjusted associations
between sex hormone concentrations and the trajectory groups
of body shape. Among men and postmenopausal women, we
used the medium-stable group as the reference group, and
among the premenopausal women, we used the lean-stable/
moderate increase group as the reference group. The results
are shown as the percentage differences in biomarker levels
in the other trajectory groups compared with the reference.

In men, compared with the medium-stable group, the lean-
marked increase group had significantly lower SHBG (percentage
difference: —17 %; 95 % CI-20%, —13%) and lower T levels
(=15%; 95% CI-18 %, —11 %), and significantly higher free E2
(10%; 95% CI5%, 15%) and E2/T ratio (18%; 95% CI 12%,
24%). In a similar pattern, the medium-increase group also had
significantly lower SHBG (-9 %; 95 % CI-14 %, —5 %) and lower
Tlevels (=13 %; 95 % CI -18 %, —9 %), and significantly higher free
E2 (8%; 95% CI2%, 14 %) and E2/T ratio (19 %; 95% CI 12 %,
27 %). Although both the lean-marked increase and medium-
increase groups had lower free T level compared with the

shows

medium-stable group, the difference was statistically significant
for the medium-increase group only (-8%; 95% CI-12%,
—4%). The above associations between life-course obesity and
sex hormone concentrations were hugely attenuated after
adjusted for BMI at blood draw. Only significantly lower SHBG
was found in the lean-marked increased group when compared
with the medium-stable group. By contrast, there were no associ-
ations of E1 and E2 with any of the trajectory groups in men.

In postmenopausal women, compared with the medium-sta-
ble group, the lean-marked increase group and the medium-
increase group had higher E1, E2, free E2, free T and E2/T levels,
while SHBG was lower. Most prominently, compared with the
medium-stable group, the medium-increase group had higher
E1 (percentage difference: 34 %; 95 % CI 25 %, 43 %), E2 (68 %;
95% CI57 %, 79 %), free E2 (101 %; 95 % CI 86 %, 118 %), free T
(35%; 95% CI27%, 42%), E2/T ratio (67%; 95% CI55%,
79 %) and lower SHBG (-35%; 95% CI-38%, —31 %). These
associations were also substantially attenuated after adjusted for
BMI at blood draw. Only significantly higher E2 and free E2
and lower SHBG were found in the lean-marked increased group
when compared with the medium-stable group. Conversely, no
associations between T and trajectory groups were observed.

In premenopausal women, compared with the lean-stable/
moderate increase group, significantly lower SHBG level was
found in the medium-stable/increase group (percentage differ-
ence: —6 %; 95 % CI -9 %, —3 %) and in the heavy-stable/increase
group (=28 %; 95 % CI —33 %, —23 %). The free T level was signifi-
cantly higher in the heavy-stable/increase group (23 %; 95 %
Cl14%, 33%), compared with the lean-stable/moderate
increase group. No associations were found for E1, E2, testoster-
one, free E2 or E2/T ratio.

In sensitivity analysis among women without a history of hor-
mone therapy use, associations between trajectory groups of
body shape and concentrations of sex hormone were similar
to that observed for the whole study population of pre- and post-
menopausal women (online Supplementary Table S2).
However, the use of hormone therapy attenuated the influence
of adiposity on the concentrations of E1, E2, free E2, free T and
E2/T level among postmenopausal women.

Discussion

Leveraging the life-course adiposity data, we showed that
higher attained middle-life adiposity and larger middle-life
weight gain were associated with changes in adulthood levels
of sex hormones, including higher free E2 and E2/T, and lower
SHBG and T in men, higher E1, E2, free E2, free T, and E2/T and
lower SHBG in postmenopausal women, and lower SHBG and
higher free T in premenopausal women. Among men, both
weight gain and attained adiposity appeared to be important
for the levels of SHBG, T, free E2 and E2/T, while attained
BMI had a stronger association with the level of E1 and E2 than
weight changes. The impact of weight change and attained BMI
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Table 2 Spearman partial correlation coefficients of oestrone, oestradiol, SHBG, testosterone, free oestradiol, free testosterone and oestradiol/testosterone
with body shape and BMI across the lifespan in men (HPFS), postmenopausal (NHS + NHS 1) and premenopausal women (NHS + NHS 1)t

BMI change (age

Body shape (age 5) Body shape (age 10) BMI (age 21) BMI (age 50) BMI (age at blood draw) 21 — blood draw)
Men
Oestrone (pg/ml) 0-009* 0-006* 0-15** 0-21** 0-14* 0-02*
Oestradiol (pg/ml) 0-03* 0-03* 0-10** 0-17** 0-14** 0-06™**
SHBG (nmol/l) 0-05*** 0-03* -0-02* -0-23** —0-31** -0.32**
Testosterone (ng/dl) 0-06*** 0-02* —-0-03* —0-21** —-0-30** —0-30**
Free oestradiol (pg/ml) 0-02* 0-03* 0-11** 0-29** 0-29** 0-21*
Free testosterone (ng/dl) 0-02* —-0-02* —0-04*** —0-05* —0-11** -0-10**
Oestradiol/testosterone —0-004* 0-03* 0-11** 0-32** 0-38** 0-31*
BMI change (age
Body shape (age 5) Body shape (age 10) BMI (age 18) BMI (age 50) BMI (age at blood draw) 18 — blood draw)
Postmenopausal women
Oestrone (pg/ml) 0-02* 0-04* 0-07** 0-24* 0-26* 0.22**
Oestradiol (pg/ml) 0-02* 0-04*** 0-10** 0-39** 0-44** 0-39**
SHBG (nmol/l) 0-004* -0-02* -0-06** —-0-35** —-0-39** -0.37*
Testosterone (ng/dl) 0-005* —-0-007* 0-007* —0-02¢ -0-02* —-0-02*
Free oestradiol (pg/ml) —0-004* 0-02* 0-07** 0-47* 0-54* 0-50*
Free testosterone (ng/dl) —-0-007* 0-001* 0-04** 0-25** 0-28** 0-27**
Oestradiol/testosterone 0-04* 0-06** 0-09** 0-39** 0-43** 0-38**
BMI change (age
Body shape (age 5) Body shape (age 10) BMI (age 18) BMI (age 40) BMI (age at blood draw) 18 — blood draw)
Premenopausal women
QOestrone (pg/ml) 0-001* 0-004* -0-007* 0.05*** 0-06*** 0-09**
Oestradiol (pg/ml) —-0-04* —0-05** -0-10** -0-13** -0-13** —0-09**
SHBG (nmol/l) -0.02* -0-06** -0-15** —0-45** -0-48** —0.47*
Testosterone (ng/dl) -0-01* -0-01* 0-02* —0-003* 0-001* -0-01*
Free oestradiol (pg/ml) -0.02* -0-01* -0.02* 0-09** 0-11** 0-14*
Free testosterone (ng/dl) 0-02* 0-06™* 0-14** 0-35** 0-37** 0-35*
Oestradiol/ testosterone —0-03* —0-04* —0-10** —0-12** —0-12** -0-07**

SHBG, sex-hormone binding globulin; HPFS, Health Professional Follow-Up Study; NHS,

Nurse’ Health Study; NHS II, Nurse’ Health Study 1.

1 Partial correlation with adjustment for age at blood draw.
*P>0-05, **P < 0-001, ***P<0-05.

on sex hormones were relatively similar among premenopausal
and postmenopausal women, with lower SHBG and higher free
T as the predominant findings. For both men and postmeno-
pausal women, after the inclusion of BMI at blood draw, the
association between trajectory and sex hormones was dimin-
ished, indicating that attained adiposity plays a significant role
in the variability in sex hormones, and the differences of
attained BMI between groups are extensive. In contrast, for pre-
menopausal women, the associations were not necessarily
diminished, indicating that the differences in attained BMI
between groups are relatively small. This could be explained
by the fact that most men and women gain weight during their
middle life.

Continuous life-course analysis is essential to better under-
stand the health effect of adiposity®®. Adiposity across the life
course has been more strongly associated with disease risk than
attained adiposity at a specific time point®!®. An altered sex hor-
mone profile is one of the major pathways underlying the effect of
obesity on chronic diseases that normally take years or even dec-
ades to develop®73%40_ Besides, adulthood sex hormones have
been suggested to be influenced by both early- and later-life adi-
posity®. However, no study has yet comprehensively assessed
the association of adiposity across the lifespan with sex hormone
levels.

Our findings are consistent with prior studies. In postmeno-
pausal women, obese women have higher oestrogens than nor-
mal-weight women, compatible with the fact that after
menopause, primary production of oestrogen occurs in the adi-
pose tissue due to the overexpression of aromatase(©2223.39.41-43),
Also, higher BMI is associated with lower SHBG, which leads to
higher free T in both premenopausal and postmenopausal
women©?3434  The null relation between BMI and free T
observed among premenopausal women in a previous study
may be due to the small sample size (n 177)“Y. On the other
hand, obese men tend to have lower T and SHBG“. As for free
T, it depends on the severity of obesity. Moderate obese men did
not appear to have significantly altered free T compared with
lean men, whereas severely obese men have lower free T, pos-
sibly due to the suppression of the hypothalamic-pituitary-tes-
ticular axis by adiposity“®.

In light of the remarkable association between sex hormone and
the development of cancer and cardiometabolic diseases“’->V
crucial to investigate modifiable factors related to sex hormones,
including body fatness, from the public health standpoint. Our
study supports the importance of weight management throughout
the life cycle for the prevention of cancer and cardiometabolic dis-
eases. It is more achievable to maintain body weight than trying to
reduce weight after attaining certain weight for a long time. In

,itis
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Table 3 Percentage difference in biomarker levels between the reference group (the medium-stable group in men/postmenopausal women and the lean-
stable/moderate group in premenopausal women) and the other trajectory groups in men (HPFS), postmenopausal (NHS + NHS 1l) and premenopausal
women (NHS + NHS II) (95 % confidence intervals)

Estimate 95% Cl  Estimate 95% CI P  Estimate 95% Cl P Estimate 95% ClI P
Biomarker Medium-stable Lean-moderate increase Lean-marked increase Medium-increase
Men
Oestrone
Multivariable-adjusted 0 Reference 1 -5,6 077 6 0,13 0-05 5 2,13 0-20
Further adjusted for current BMI 0 Reference 1 -5,6 082 3 -4,10 0-37 0 -7,9 091
Oestradiol
Multivariable-adjusted 0 Reference -2 -5,2 039 2 2,6 0-38 3 -2,8 0-27
Further adjusted for current BMI 0 Reference -2 -5,2 037 -2 -7,2 0-34 -3 -8,3 0-32
SHBG
Multivariable-adjusted 0 Reference —4 -7,0 0-06 -17 -20, -13 < 0-01 -9 -14, -5 <0.01
Further adjusted for current BMI 0 Reference -5 -8,-1 0.01 -6 -11, -2 <0-01 4 -2,10 0-21
Testosterone
Multivariable-adjusted 0 Reference -2 -6,2 029 -15 -18, -11 <001 -13 -18,-9 <001
Further adjusted for current BMI 0 Reference -3 -6, 1 0-15 —4 -8, 1 0-11 —1 -6,5 0-81
Free oestradiol
Multivariable-adjusted 0 Reference 0 —-4,4 092 10 5,15 <0.-01 8 2,14 <001
Further adjusted for current BMI 0 Reference 0 -4,4 094 0 -5,5 0-88 —4 -10, 1 013
Free testosterone
Multivariable-adjusted 0 Reference 1 -2,4 060 -4 -8,0 0-03 -8 -12, -4 <001
Further adjusted for current BMI 0 Reference 1 -3,5 059 0 —4,5 0-87 -3 -8, 2 0-20
Oestradiol/ testosterone
Multivariable-adjusted 0 Reference 0 -5,5 097 18 12,24 <0-01 19 12,27 <001
Further adjusted for current BMI 0 Reference 0 -4,5 084 1 -5,6 0-82 -2 -8,5 0-63
Medium-stable Lean-moderate increase Lean-marked increase Medium-increase
Postmenopausal women
Oestrone
Multivariable-adjusted 0 Reference 2 -3,7 043 21 14, 28 <0:01 34 25,43 <0.-01
Further adjusted for current BMI 0 Reference 5 2,8 0-23 3 -4, 11 0-36 2 -6, 12 0-59
Oestradiol
Multivariable-adjusted 0 Reference 3 2,9 0-22 45 37, 53 <0-01 68 57,79 <0-01
Further adjusted for current BMI 0 Reference 5 0, 10 0-06 9 2,17 <0-01 3 0,12 0-55
SHBG
Multivariable-adjusted 0 Reference -6 -10, -3 <0-01 -29 =32, -25 <0-01 -35 -38, —31 <0.01
Further adjusted for current BMI 0 Reference -9 -12, -5 <0-01 -7 -11, -2 <0-01 6 0, 14 0-06
Testosterone
Multivariable-adjusted 0 Reference 1 2,4 0-56 -4 -8,0 0-05 -3 7,1 0-16
Further adjusted for current BMI 0 Reference 1 -2,5 0-59 -4 -8, 1 013 -3 -9,3 0-35
Free oestradiol
Multivariable-adjusted 0 Reference 8 2,15 <0-01 75 63, 88 <0-01 101 86, 118 <0-01
Further adjusted for current BMI 0 Reference 1 5,17 <0-01 13 5,22 <0-01 -5 —-14,6 0-38
Free testosterone
Multivariable-adjusted 0 Reference 7 2,11 <0-01 26 20, 32 <0-01 35 27, 42 <0-01
Further adjusted for current BMI 0 Reference 9 4,13 <0-01 3 -3,9 0-38 -7 -14,0 0-05
Oestradiol/ testosterone
Multivariable-adjusted 0 Reference -1 -6,5 0-85 44 35, 53 <0.01 67 55,79 <0.01
Further adjusted for current BMI 0 Reference 1 -4,7 0-74 6 -1, 15 0-10 1 -9, 11 0-86
Lean-stable/
moderate
increase Lean-marked increase Medium-stable/increase Heavy-stable/increase
Premenopausal women
Oestrone
Multivariable-adjusted 0 Reference -1 -5, 4 0-76 -1 -5,3 0-58 6 -2, 14 0-16
Further adjusted for current BMI 0 Reference 0 -5,5 0-94 -4 -8,0 0-04 —4 -12,5 0-39
Oestradiol
Multivariable-adjusted 0 Reference 2 -6, 11 0-59 -6 -12,0 0.06 -5 -17,8 0-41
Further adjusted for current BMI 0 Reference 4 -5, 13 0-39 -3 -10, 3 0-31 2 -12, 18 0-79
SHBG
Multivariable-adjusted 0 Reference -1 -5,3 0-49 -6 -9, -3 <0-01 —-28 -33, -23 <0-01
Further adjusted for current BMI 0 Reference -3 -6, 1 0-15 8 5,12 <0.-01 11 4,19 <0:01
Testosterone
Multivariable-adjusted 0 Reference -1 -5,2 0-45 -1 —4,2 0-54 —4 -9,2 017
Further adjusted for current BMI 0 Reference -1 -5,3 0-57 -3,3 0-93 -3 -9, 4 0-39
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Table 3 (Continued)

Lean-stable/

moderate
increase Lean-marked increase Medium-stable/increase Heavy-stable/increase
Free oestradiol
Multivariable-adjusted 0 Reference 2 -6, 10 0-69 -3 -9,3 0-29 10 -3, 26 0-15
Further adjusted for current BMI 0 Reference 4 —4,14 0-31 -8 -14, -1 0-02 -4 -17, 11 0-60
Free testosterone
Multivariable-adjusted 0 Reference -2 -7, 0-31 4 0,8 0-06 23 14, 33 <0-01
Further adjusted for current BMI 0 Reference -1 -5 0-78 -7 -1, -4 <0-01 -12 -19, -5 <0.-01
Oestradiol/ testosterone
Multivariable-adjusted 0 Reference 6 -3,15 0-20 -5 -11,1 0-13 -3 -15,12 0-70
Further adjusted for current BMI 0 Reference 7 2,17 0-15 -3 10, 4 0-43 5 10, 23 0-53

SHBG, sex hormone-binding globulin; HPFS, Health Professional Follow-Up Study; NHS, Nurse’ Health Study; NHS I, Nurse’ Health Study II.
* Multivariate linear regression analyses with covariates adjusted for: age at blood draw, height, race, physical activity, alcohol consumption, smoking, multivitamin use, AHEI dietary

score, fasting status, regular aspirin/NSAID use, ever hormone use (women only).

addition, our study suggests that both attained body weight and
weight change have an impact on sex hormone concentrations.
Therefore, it is important for healthcare providers and public health
educators to raise awareness of maintaining a healthy body weight
throughout life course for homoeostasis of sex hormones.

Our study has several strengths, including the large sample
size, comprehensive assessment of sex hormones, detailed adi-
posity data across the life course and assessment of multiple
demographic and lifestyle factors that allowed for rigorous
adjustment. Our study also has several limitations. First, we only
have one measurement of sex hormones in middle adulthood
and are thus unable to assess how changes in adiposity may
affect the dynamics of sex hormones over time. Second, the adi-
posity and covariate data were all self-reported and thus subject
to measurement error. However, these data have been validated
in our prior studies. Finally, we did not differentiate people with
the same BMI but a different fat percentage, nor did we docu-
ment the fat distribution of the participants.

In conclusion, attained adulthood adiposity and middle-life
weight gain were associated with adulthood levels of sex hor-
mones, including lower SHBG, T and free T but higher free
E2 and E2/T in men; higher E1, E2, free E2, free T and E2/T
but lower SHBG in postmenopausal women, and lower SHBG
and higher free T in premenopausal women. Given that both
attained body weight and weight change have an impact on
sex hormone concentrations, it is important for healthcare pro-
viders and public health educators to raise awareness of main-
taining a healthy body weight throughout the life course to
prevent cancer and cardiometabolic diseases.
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