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Abstract

Context: Follicle-stimulating hormone (FSH) concentrations increase during the
perimenopausal transition and remain high after menopause. Loss of bone mineral
density (BMD) and gain of bone marrow adiposity (BMA) and body fat mass also occur
during this time. In mice, blocking the action of FSH increases bone mass and decreases
fat mass.

Objective: To investigate the associations between endogenous FSH levels and BMD,
BMA, and body composition in older adults, independent of estradiol and testosterone
levels.
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Design, Setting, and Participants: Older adults from the AGES-Reykjavik Study, an
observational cohort study.

Main Outcome Measures: Areal BMD, total body fat, and lean mass were measured with
dual-energy x-ray absorptiometry. Lumbar vertebral BMA was measured by 'H-magnetic
resonance spectroscopy. Volumetric BMD and visceral and subcutaneous adipose tissue
(VAT, SAT) areas were measured with quantitative computed tomography. The least
squares means procedure was used to determine sex hormone-adjusted associations
between quartiles of serum FSH and BMD, BMA, and body composition.

Results: In women (N = 238, mean age 81 years), those in the highest FSH quartile,
compared with the lowest quartile, had lower adjusted mean spine integral BMD (-8.6%),
lower spine compressive strength index (—-34.8%), higher BMA (+8.4%), lower weight
(-8.4%), lower VAT (-17.6%), lower lean mass (-6.1%), and lower fat mass (-11.9%) (all
P < 0.05). In men, FSH level was not associated with any outcome.

Conclusions: Older postmenopausal women with higher FSH levels have higher BMA,
but lower BMD and lower fat and lean mass, independent of estradiol and testosterone
levels. Longitudinal studies are needed to better understand the underlying mechanisms.

Key Words: follicle-stimulating hormone (FSH), bone, bone marrow adiposity, adiposity, body composition, aging

The cessation of procreation is marked by the irre-
versible loss of ovarian functions, including ovula-
tion and estradiol production, initially across several
years of perimenopause. The most rapid rates of bone
loss, characterized by increased bone turnover, occur
during late perimenopause (1, 2); this is followed by
a slower decline in bone mass solely as a function of
age (3). In fact, at advanced ages, the rates of mainly
low-turnover bone loss are similar in women and men
(3). The perimenopausal transition also witnesses the
onset and progression of visceral obesity, dysregulated
energy homeostasis, and reduced physical activity (4).
Moreover, recent studies document a marked increase
in bone marrow adiposity (BMA) with age that is accel-
erated during menopause (5, 6).

A progressive decline in ovarian reserve trig-
gers an increased production from the pituitary of
follicle-stimulating hormone (FSH), to compen-
sate for the declining estradiol levels. In peri- and
postmenopausal women, low estradiol levels are asso-
ciated with variable elevations in FSH. While the ef-
fects of low estradiol have been widely studied, less is
known about the distinct contributions of high FSH
to the physiological changes in bone mass and body
composition. The Study of Women’s Health Across the
Nation (SWAN) has characterized the effects of FSH
on bone and body composition during the menopausal
transition (1, 2, 7, 8). Late perimenopausal bone loss
and the onset of weight gain track with elevations in
FSH in the face of minimal reductions in serum es-
tradiol (1, 2, 4, 7, 8). Notably, cross-sectional ana-
lyses from SWAN show that high FSH levels strongly

correlate with low bone mineral density (BMD) and
high bone turnover, independent of serum estradiol
levels (1, 2, 9, 10). Likewise, women gained body fat
and lost lean mass during the menopausal transition
when FSH was high (4). These lines of evidence from
SWAN support other cross-sectional and longitudinal
studies documenting increased rates of bone loss at the
beginning of the menopausal transition, a time when
FSH levels rise sharply (1, 2,9, 11-18).

Recent animal studies suggest that FSH may play a
direct role in regulating bone and body composition.
Notably, in mature mice, targeted FSH-blocking anti-
bodies or anti-FSH vaccines have been shown to increase
bone mass, reduce body fat including BMA, increase en-
ergy expenditure, and reduce serum cholesterol in various
models of osteoporosis and obesity (19-27). This has led
to the premise that an anti-FSH agent could have potential
clinical utility during and after menopause. However, any
clinical intervention focused on blocking FSH requires a
thorough understanding of the function of FSH in both
younger and older adults. In this cross-sectional study in
the well-characterized AGES-Reykjavik cohort of older
adults living in Reykjavik, Iceland (28), we assessed the
associations between serum FSH levels and BMD, BMA,
lean mass, and fat mass, independent of serum estradiol
and testosterone levels.
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Subjects and Methods
Study population

The AGES-Reykjavik Study is a longitudinal, obser-
vational study of community-dwelling older adults in
Iceland, which was designed to examine genetic suscepti-
bility and gene-environment interactions that contribute
to phenotypes of old age (28). The baseline AGES-
Reykjavik visit, conducted from 2002 to 2006, included
5764 participants between the ages of 67 and 93 years.
Between 2007 and 2011, 3411 participants attended a
second visit.

Two subgroups of participants attending this second
visit were enrolled in the Bone Marrow Adiposity (BMA)
Ancillary Study. Eligibility criteria included completion of
quantitative computed tomographic (QCT) scans at the
second visit and having no restriction for magnetic res-
onance imaging (MRI). AGES-BMA substudy participants
were brought in as 2 cohorts, with 303 participants in
2010-2011 (subgroup A) and 241 participants in 2014-
2015 (subgroup B). BMA measurements were obtained for
both subgroups. Of the total 544 participants from both
subgroups, 3 were excluded due to missing or inadequate
BMA measurements, 3 were excluded for missing FSH
measurements, and 54 were excluded for using medica-
tions known to affect BMA and/or FSH, namely hormone
replacement therapy (estradiol or testosterone), selective
estrogen receptor modulators (SERMs), glucocortic-
oids, anti-estrogens, aromatase inhibitors, gonadotropin-
releasing hormone (GnRH) analogs, or anti-androgens. In
addition, 1 female participant with high estradiol and low
FSH levels was excluded due to suspected exogenous es-
tradiol exposure, leaving 483 participants in the analytic
sample. The ancillary study was approved by the National
Bioethics Committee in Iceland (VSN: 14-001-V3 and
VSN: 07-062-V9), the National Institute on Aging, and
the University of California, San Francisco Institutional
Review Board. All participants provided written informed
consent.

Biochemical assays

Samples were taken after overnight fasting within 2 weeks
of BMA measurements. Serum was stored at -80 °C. FSH
levels were measured on archived serum in June 2017 as
a single batch using an ELISA (ALPCO, Salem, USA). The
assay had a sensitivity of 1 IU/L, an intra-assay coefficient
of variation (CV) of 3.0%, and an inter-assay CV of 4.5%.
All samples were measured in duplicate.

Sex hormones were also measured on the archived serum
in January 2016 as a single batch (Endoceutics Clinique,
Quebec, Canada). Total estradiol and testosterone were

analyzed using gas chromatography/mass spectrometry
(Shimadzu Nexera/Qtrap 6500, Shimatdzu, Kyoto, Japan).
Lower limits of quantitation (LLOQ) were 1 and 50 pg/
mL for estradiol and testosterone, respectively. The inter-
assay CVs at the LLOQ were 4.7% and 3.7% for estradiol
and testosterone, respectively, and values were extrapo-
lated below the LLOQ using Analyst software (AB Sciex,
Concord, Canada).

Volumetric bone mineral density by quantitative
computed tomography

QCT scans of the spine and hip were obtained using a
4-detector system (Sensation; Siemens Medical Systems,
Erlangen, Germany), as described (29). QCT images were
transferred to a network of computer workstations and
processed to extract measures of volumetric bone mineral
density (vBMD) using analysis techniques as described
(30). There was an algorithm change in 2014, which was
necessary owing to an update in the operating system.
Baseline QCT scans for subgroup A were performed using
the original algorithm, while baseline scans for subgroup
B were analyzed using the revised algorithm. Participants
from subgroup A who attended a follow-up visit had their
baseline QCT scans re-analyzed using the revised algo-
rithm, creating a subset of 172 participants in whom we
had baseline QCT measurements obtained with both al-
gorithms. Linear regression analyses of QCT bone param-
eters obtained with both algorithms were used to derive
a regression formula for each bone parameter, in order
to estimate QCT bone parameters using the revised al-
gorithm for the 131 participants in subgroup A who at-
tended the baseline visit only. Bone parameters derived
from the revised algorithm were used for the QCT ana-
lyses of all participants.

Areal bone mineral density by dual-energy x-ray
absorptiometry

Dual-energy x-ray absorptiometry (DXA) scanning of the
hip, anteroposterior (AP) spine, and lateral spine was per-
formed using a GE Lunar iDXA scanner (GE Healthcare,
Madison, WI, USA; software version 11.4) as described (6).
Vertebral fractures were assessed from lateral spine images
using the quantitative morphometry method. By evaluating
the extent of anterior or middle vertebral body height re-
duction in comparison to posterior height, vertebrae were
classified as (0) normal (<20% reduction) or fractured
(wedge, biconcave or crush), and graded as (1) mild (20%-
25% reduction), (2) moderate (25%-40% reduction) or
(3) severe (>40% reduction) according to Genant’s cri-
teria (31). For these analyses, a grade of (2) moderate or
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(3) severe was considered evidence of a prevalent vertebral
fracture (32).

Body composition measurements

Visceral adipose tissue (VAT) area (cm®) and subcuta-
neous adipose tissue (SAT) area (cm”) were obtained by
QCT (Sensation; Siemens Medical Systems) using a 10 mm
cross-section through the L4-L5 intervertebral space at 140
kVp, 330 mAs. The VAT compartment was first outlined
manually. Analysis of abdominal images was carried out
using a program adapted to characterize the VAT compart-
ment as described previously (33). As with the bone param-
eters (above), VAT and SAT values used the revised algorithm
and were estimated by linear regression formulas for the 131
participants in subgroup A who attended the baseline visit
only. Total body fat mass (kg), total body lean mass (kg), and
appendicular lean mass (kg) were measured with total body
DXA (GE Healthcare Lunar iDXA scanner, software version
11.4). Appendicular lean mass index (ALMI) was calculated
as appendicular lean mass/height* (kg/m?).

Bone marrow adiposity

BMA was measured with a 1.5-T magnetic resonance (MR)
scanner (GE Healthcare, Milwaukee, Wisconsin) with an
eight-channel cervical-thoracic-lumbar spine coil (using the
3 lower elements; GE Healthcare). Single voxel proton MR
spectroscopy (‘H-MRS) was acquired in vertebral bodies
from L1-L4 using single voxel proton MR spectroscopy
based on point resolved spectroscopy (PRESS) sequence as
previously described (34). The PRESS box was positioned
in the middle of the vertebral body and the PRESS box size
was kept the same for each vertebral level for all subjects.

The spectral data were analyzed with an in-house soft-
ware using a Lorentzian model fitting in time domain.
A water peak at 4.67 ppm and a lipid peak (bulk CH2
methylene protons) at 1.3 ppm were identified, and the
area under each peak was calculated. BMA was then cal-
culated as the ratio of fat to water plus fat (%). The mean
(L1-L4) BMA was used in this analysis.

Daily quality assurance testing was performed at the
AGES-Reykjavik imaging center, in addition to weekly
stability and calibration testing. Two events were noted: a
software upgrade in 2012 and a hardware failure in 2014.
Both events occurred after subgroup A completed the base-
line visit and before the baseline visit for subgroup B. To
evaluate the effects of these events on BMA measurements,
we compared the mean baseline BMA, adjusted for age
and gender, between subgroups A and B. The difference be-
tween mean BMA in subgroup A vs B was 0.25% (95% CI:
-1.54, +2.04; P = 0.79). This difference was small and not

statistically significant, suggesting no systematic bias in the
BMA measurement between the baseline visits. In addition,
all adjusted models included a variable for “subgroup” to
adjust for any systematic differences.

Other measurements

Height and weight were measured by study personnel at the
AGES-BMA study visit. An interviewer administered a ques-
tionnaire, which included demographics. Participants were
asked to bring in all medications and supplements used in the
previous 2 weeks, which were recorded and coded according
to the Anatomical Therapeutic Chemical Classification
System. Diabetes was defined by self-report, diabetes medi-
cation use, and/or fasting glucose >7 mM at the study visit.

Statistical analyses

Baseline characteristics of participants were summarized
using means and SDs for continuous measures and counts
and percentages for categorical measures. The distributions
for serum FSH levels and all outcomes were sufficiently
normal, except for spine compressive strength index which
required log transformation. The least squares means pro-
cedure was used to determine the association between quar-
tiles of serum FSH and BMD, BMA, and body composition
for men and women separately, with results presented as
adjusted means and 95% CI. The adjusted mean for each
serum FSH quartile was compared to the adjusted mean
for those in the highest FSH quartile, with statistical signifi-
cance set at P < 0.05. Logistic regression models were used
to evaluate the likelihood of prevalent vertebral fracture for
each serum FSH quartile compared to those in the highest
quartile, separately for men and women. A test for trend
across the quartiles was performed for each association. All
models included age, subgroup (A or B), estradiol, and tes-
tosterone. Diabetes was also added to these models to de-
termine if it was a confounder of the associations between
FSH and our outcomes. All analyses were performed with
SAS software (version 9.4, SAS Institute Inc., Cary, NC).

Results
Baseline parameters

Baseline characteristics of the cohort of 238 women and 245
men are presented in Table 1. The women were of mean age
80.8 (SD 4.2) years. Women had mean serum FSH levels of
71.6 (SD 23.2) IU/L and mean estradiol levels of 5.1 (SD 4.2)
pg/mL. The women had mean body mass index (BMI) of 27.4
(SD 4.1) kg/m* and mean BMA of 55.2% (SD 8.3%). A total
of 52 women (22.0%) had prevalent vertebral fractures. The
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Table 1. Baseline Characteristics

Women (n =238) Men (n = 245)
Age, years, mean = SD 80.8 = 4.2 82.6 £ 4.1
FSH, IU/L, mean = SD 71.6 = 23.2 19.0 = 16.9
Total estradiol, pg/mL, mean = SD 51+42 19.8 £ 7.0
Total testosterone, ng/dL, mean = SD 242 +16.4 388.6 = 166.9
Spine trabecular vBMD, g/cm®, mean = SD 0.064 = 0.029 0.075 = 0.031
Spine integral vBMD, g/cm?®, mean = SD 0.178 = 0.036 0.192 = 0.037
Spine compressive strength index, g*/cm?, mean = SD 0.117 = 0.084 0.202 = 0.147
Total hip trabecular vBMD, g/cm?, mean = SD 0.047 = 0.029 0.066 = 0.033
Total hip cortical vBMD, g/cm®, mean = SD 0.506 = 0.035 0.527 = 0.035
Total hip integral vBMD, g/cm®, mean + SD 0.206 = 0.036 0.225 = 0.039
Femoral neck trabecular vBMD, g/cm®, mean = SD 0.025 = 0.034 0.039 = 0.040
Femoral neck cortical vBMD, g/cm®, mean = SD 0.523 = 0.040 0.538 = 0.041
Femoral neck integral vBMD, g/cm®, mean + SD 0.217 = 0.037 0.228 = 0.041
Lumbar spine areal BMD, g/cm? mean + SD 1.063 = 0.173 1.240 = 0.213
Total hip areal BMD, g/cm? mean = SD 0.824 = 0.117 0.969 = 0.144
Femoral neck areal BMD, g/cm?, mean = SD 0.782 + 0.110 0.898 + 0.135
Prevalent vertebral fracture, n (%) 52 (22.0) 53 (21.7)
(L,-L,) Bone marrow adipose tissue, %, mean = SD 55.2 8.3 54.1 = 8.8
Visceral fat area, cm?, mean = SD 168.7 = 68.6 220.0 = 88.2
Subcutaneous fat area, cm?, mean = SD 291.7 = 97.9 208.7 = 78.3
Total body lean mass, kg, mean = SD 39244 522+5.5
Total body fat mass, kg, mean = SD 29.7 8.2 274+ 8.4
Appendicular lean mass index, kg/m* mean = SD 6.3=0.8 7408
Weight, kg, mean = SD 71.0 = 11.6 82.4+12.0
Body mass index, kg/m?, mean = SD 274 4.1 26.7 = 3.6
Visceral fat as percent of total abdominal fat, %, mean = SD 32.7+7.9 45.8 +8.1
Lean mass as percent of total body mass, %, mean = SD 56.0=5.7 63.8+5.8
Fat mass as percent of total body mass, %, mean = SD 41.2+5.8 32.6 6.1
Prevalent diabetes, n (%) 15 (6.3) 33 (13.5)
Prevalent osteoporosis (aBMD FN T-score < -2.5),n (%) 2 (0.8) 1(0.4)
Prevalent bisphosphonates use, n (%) 13 (5.5) 1(0.4)
Fair or poor self-reported health, n (%) 62 (26.0) 59 (24.4)

Abbreviations: aBMD, areal bone mineral density; BMD, bone mineral density; FSH, follicle-stimulating hormone; vBMD, volumetric bone mineral density.

men, who were of mean age 82.6 (SD 4.1) years, had mean
serum FSH levels of 19.0 (SD 16.9) IU/L, mean estradiol levels
of 19.8 (SD 7.0) pg/mL, and mean testosterone levels of 388.6
(SD 166.9) ng/dL. Men had mean BMI of 26.7 (SD 3.6) kg/
m? and mean BMA of 54.1% (SD 8.8%). A total of 53 men
(21.7%) had prevalent vertebral fractures.

Serum FSH, BMD, and BMA

Among women, statistically significant differences in bone
parameters and BMA were observed across quartiles of FSH
in models adjusted for age, subgroup, total testosterone,
and total estradiol (Table 2 and Figs 1A and 2A). Higher
serum FSH levels were associated with lower adjusted mean
spine integral vBMD (P trend = 0.03), lower mean spine
compressive strength index (P trend = 0.008), lower mean
femoral neck trabecular vBMD (P trend = 0.07), lower

mean lumbar spine areal BMD (aBMD; P trend = 0.06),
lower mean total hip aBMD (P trend = 0.08), lower mean
femoral neck aBMD (P trend = 0.04), and greater mean
BMA (P trend = 0.002). Compared with women in the
lowest quartile (Q1) of FSH (Q1 17.9-55.2 TU/L), women
in the highest quartile of FSH (Q4 85.2-180.0 IU/L) had
lower spine integral vBMD (-8.6%), lower spine com-
pressive strength index (-34.8%), lower total hip aBMD
(-5.1%), and lower femoral neck aBMD (-5.7%) (all
P < 0.05). Other bone density measures were similar across
FSH quartiles in women.

Compared with women in the lowest FSH quartile, mean
BMA was 8.4% higher for women in the highest FSH quar-
tile (P < 0.05).

There were no statistically significant associations be-
tween serum FSH level and BMD or BMA parameters in
men (Table 2 and Figs 1B and 2B).
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Figure 1. Estimated mean QCT bone density and strength and 95% Cls by quartiles of FSH in women (a) and men (b). Values are adjusted for age,
subgroup (A or B), estradiol, and testosterone. Significantly different from quartile 4: *P < 0.05.

When we included diabetes in the models, the results
were not meaningfully changed (results not shown).

Serum FSH and body composition

Among women, adjusted mean weight, mean visceral fat area,
mean total body lean mass, mean total body fat mass, and mean
ALMI were similar within the bottom 2 quartiles of FSH and
similar within the top 2 quartiles of serum FSH, with women
in the bottom 2 quartiles having higher means than those in the
upper quartiles (Table 3 and Fig. 3A). Compared to women in
the lowest FSH quartile, women in the top quartile had -8.4%
lower weight, -17.6% lower VAT area, —6.1% lower lean mass,
-11.9% lower fat mass, and —6.6% lower ALMI (all P < 0.05).
The pattern for differences in fat mass as a percentage of total
mass was similar to the pattern for differences in absolute levels
of fat mass, with higher FSH associated with lower percentage
fat mass. However, while absolute levels of lean mass were in-
versely associated with serum FSH level, this association was lost
when lean mass was considered as a percentage of total mass.

We found little evidence of associations between FSH
level and body composition in men (Table 3 and Fig. 3B).

When we included diabetes in the models, the results
were not meaningfully changed (results not shown).

FSH and prevalent vertebral fractures

Among women, those in the highest FSH quartile were
more likely to have prevalent vertebral fractures than those
in the lower FSH quartiles, but none of the comparisons
were statistically significant (Table 4). FSH level did not
appear to be associated with prevalent vertebral fracture
in men.

Other associations with FSH

In women, serum FSH was not correlated with estradiol
(r = -0.02, P = 0.72) or testosterone (r = 0.07, P = 0.31).
In men, serum FSH was inversely correlated both with es-
tradiol (r = -0.27, P < 0.0001) and testosterone (» = -0.35,
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Figure 2. Estimated mean DXA bone density and BMA and 95% Cls by quartiles of FSH in women (a) and men (b). Values are adjusted for age, sub-
group (A or B), estradiol, and testosterone. Significantly different from quartile 4: *P < 0.05.

P < 0.0001), and estradiol and testosterone were highly
correlated (r = 0.66, P < 0.0001). Finally, in both women
and men, serum FSH level was positively correlated with
age (r=0.11, P =0.08 and r = 0.20, P < 0.01, respectively).

Discussion

Here, we report that high serum FSH levels are associ-
ated with lower BMD and bone strength, greater ver-
tebral BMA, and lower lean mass and total and visceral

fat mass in older postmenopausal women in the AGES-
Reykjavik Study. These cross-sectional findings provide
insights into the biology of FSH in older adults, par-
ticularly when interpreted in the context of preclinical
observations. Importantly, this study was conducted rigor-
ously under the aegis of the Icelandic Heart Association,
using state-of-the-art, carefully calibrated and validated
methodologies.

With this study, we show for the first time that in older
postmenopausal women, high FSH is associated with
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Figure 3. Estimated means and 95% Cls for body composition parameters by quartiles of FSH in women (a) and men (b). Values are adjusted for age,
subgroup (A or B), estradiol, and testosterone. Significantly different from quartile 4: *P < 0.05, **P < 0.001.
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Table 4. Prevalent Vertebral Fracture in Women and Men by Quartiles of FSH

‘Women
Q1 (n=359) Q2 (n=60) Q3 (n=359) Q4 (n=358) P trend
0.72 (0.31, 1.67) 0.48 (0.20, 1.16) 0.45 (0.18,1.11) 1.00 (referent) 0.48
Men
Q1 (n=61) Q2 (n=61) Q3 (n=60) Q4 (n=62) P trend
0.70 (0.27,1.77) 1.04 (0.42,2.57) 0.86 (0.36,2.08) 1.00 (referent) 0.54

Values are adjusted for age, subgroup (A or B), estradiol, and testosterone.
Values are odds ratios (95% Cls).

greater BMA independent of estradiol. This finding is con-
sistent with the reduction in BMA seen with FSH receptor
(FSHR) blocking antibody treatment in mice (23). We
demonstrated previously in this cohort that estradiol and
testosterone are negatively associated with BMA (35), con-
sistent with the BMA-lowering effects of estradiol admin-
istration in postmenopausal women (36, 37). However, to
our knowledge, there are no previously published data on
FSH and BMA in humans. In addition, we know that bone
marrow adiposity in older adults is associated with lower
bone density and vertebral fractures (6, 38). Remarkably,
we found that the difference in vertebral BMA between
women in the lowest vs highest FSH quartile was 4.9%,
which is similar to the 3.5% BMA difference between
women with and without vertebral fractures in this cohort
(34) and comparable to the ~5% BMA difference between
healthy and osteoporotic patients in another cohort (39).
In addition, with aging, vertebral BMA increases approxi-
mately 4.1% per decade (40). Thus, the magnitude of dif-
ference in BMA between low and high FSH levels is in a
range of clinical relevance.

The negative correlation between serum FSH and bone
mineral density in older postmenopausal women in the
AGES-Reykjavik cohort is consistent with the findings of
SWAN (1, 2, 17, 41) and other studies (41), in which high
FSH levels in perimenopause are associated with and track
over time with low BMD. We also show an association be-
tween serum FSH and bone strength, measured as the mean
spine compressive strength index, although we did not find
an association with prevalent vertebral fractures. There are
no other published studies of FSH and fracture in women;
results in men suggest at most a modest association with in-
cident fracture (42). Our data are also consistent with mul-
tiple mouse studies wherein it is clear that FSH exacerbates
bone loss (43, 44) and that inhibiting FSH is osteoprotective
(22, 23, 26, 45). An association of low bone mass with
activating polymorphisms of the FSHR gene further em-
phasizes the importance of a putative contributory role for
FSH in skeletal regulation in postmenopausal women (46).

In the older women in the AGES-Reykjavik cohort,
there is a correlation between high serum FSH level and
low—rather than high—fat mass. This is consistent with
previous studies reporting negative associations between
FSH and total fat mass measured by DXA as well as vis-
ceral fat mass measured by MRI (10, 47). In contrast, the
SWAN Study found a positive correlation between FSH
and visceral fat, using waist circumference as a surrogate
(4, 48). The latter is consistent with the mouse studies re-
porting reduced fat mass in response to FSH blockade
(23). Three biological explanations may account for dif-
ferences in the relationship between FSH and body fat in
the AGES-Reykjavik women and the relatively younger
SWAN cohort. One possibility is that the older Icelandic
women were exposed to high circulating concentrations of
FSH over decades, which could conceivably result in FSHR
downregulation. A second possibility, albeit speculative,
may arise from nuances in appetite between quartiles due
to putative effects of FSH on food intake, as noted in mice
(23); any differences in food intake will be most reflected
in visceral fat accumulation. Yet another possibility is an
issue of reverse causality, namely that fat mass and/or body
weight affect FSH levels, in addition to any effect of FSH
on fat. In 2 human studies, weight loss predicted increase in
FSH level (49, 50). Thus, our cross-sectional observation of
a negative correlation between FSH and fat may be driven
by an effect of fat mass on FSH, particularly as adipocytes
do express aromatase and can synthesize estrogen. Due to
the cross-sectional nature of our analyses, we cannot de-
termine the temporal relationship between FSH and body
weight or fat mass.

With that said, and consistent with the SWAN perimeno-
pausal cohort, we found that the other body composition
parameter—lean mass—negatively correlates with FSH
level (10, 48). However, this association is not observed
with lean mass as a percentage of total weight. In mice,
blocking FSH action increased the percentage lean mass,
but not the absolute amount of lean mass (51). However,
the mechanism of a putative effect of FSH on lean (mainly
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muscle) mass remains unclear and may involve cross-
signaling with myostatin (52).

There is no effect of serum FSH on any parameter in
men, at least in this cross-sectional analysis. This overall
finding aligns with and supports the hypothesis that the
bone loss and body fat accrual in normal aging men may
not be FSH-driven, particularly as serum FSH levels rise
slowly at a rate of 1% to 3% a year. Also, older men re-
tain significantly higher estradiol levels (mean estradiol 20
pg/mL in our cohort), 4 times greater than in women, due
to aromatization of testosterone. The pituitary response is
therefore also different. Mean FSH level is 71 U/L in women
in our cohort; the mean FSH in men is several times lower,
19 IU/L. Hypothetically, there could be a threshold level of
FSH above which an effect on bone and fat mass may be
observed; FSH may only influence body composition when
estradiol levels are in the hypogonadal range, as they are
in the postmenopausal women in this cohort but not in the
men. However, longitudinal studies, such as the CHAMP
study of older Australian men (70 years old and older) in
Australia found that serum FSH correlated longitudinally
with bone loss, although the models were not adjusted for
estradiol (42). In the same study, FSH was not significantly
associated with hip fracture in models adjusted for age,
BMI, smoking status, physical activity, and comorbidities
(HR: 0.93; 95% CI, 0.73-1.18) (51). A cross-sectional as-
sociation between higher FSH and lower BMD has also
been reported among men with type 2 diabetes (53).

Furthermore, and in the translational context, fat mass in men
has been shown to be responsive to a drop in serum FSH, par-
ticularly when the fall was precipitous. An interventional clinical
trial in patients with hormone-naive prostate cancer compared
the effects on body composition of subcapsular orchidectomy,
where FSH rises sharply, vs the GnRH agonist triptorelin where
FSH is suppressed. In both cases, testosterone levels fell to near
zero (54). It was notable that suppression of serum FSH was as-
sociated with significantly reduced body weight, total body fat,
and subcutaneous fat as well as a trend to reduced visceral fat
(54). In contrast, in patients with Klinefelter syndrome, a high
serum FSH level is accompanied by increased fat mass, which is
independent of testosterone in young patients (55). Thus, small
increases in serum FSH over time may not drive bone loss or
obesity in older men, but suppression of serum FSH may change
body composition in younger men, and elevated FSH during
early adolescence might increase adiposity.

Strengths of this study include a well-characterized co-
hort, high-quality measurement of marrow fat, body com-
position, and bone, and the ability to adjust for serum
estradiol and testosterone levels. An important limitation
is the cross-sectional design, which precludes determin-
ation of temporal relationships. Since we adjusted our ana-
lyses for estradiol and testosterone, we have evidence that
the associations we report with FSH and our outcomes

are independent of estradiol and testosterone levels, but
we did not investigate the relative contribution of these 3
hormones. This is an important topic for further explor-
ation. Although we could control for estradiol and testos-
terone levels, there may be other confounders that we did
not identify which might account for the observed associ-
ations. Therefore, we cannot conclude from this study that
FSH mediates biological effects, and future studies to elu-
cidate the mechanisms behind our findings are warranted.
Finally, the cohort we studied was limited to older men and
women in Iceland, and our results may not apply to other
populations.

In conclusion, our cross-sectional study of older healthy
adults from Iceland reveals that elevated serum FSH is as-
sociated with lower bone mass, elevated bone marrow adi-
posity, and lower fat and lean mass in women. Longitudinal
studies are needed to better understand the mechanisms
that underlie these relationships.
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