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ABSTRACT Higher levels of testosterone have been associated with better lung function in cross-
sectional population-based studies. The role of testosterone in lung function in women and in lung
function decline in men or women is unclear.

We studied 5114 men and 5467 women in the UK Biobank with high-quality spirometry at baseline
(2006-2010) and 8.4 years later. We studied cross-sectional associations of total testosterone (TT),
calculated free testosterone (cFT), free androgen index (FAI) and sex hormone-binding globulin (SHBG)
with forced expiratory volume in 1 s (FEV;), forced vital capacity (FVC) and FEV;/FVC using linear
regression and associations of baseline markers with lung function decline using linear mixed-effects
regression.

Men with higher levels of TT had higher FEV, (27.56 mL per interquartile range increase TT, 95% CI
5.43-49.68) and FVC (48.06 mL, 95% CI 22.07-74.06) at baseline. Higher cFT levels were associated with
higher FEV; and FVC among physically active men only. In women, higher FAI and cFT levels were
associated with lower lung function at baseline and higher levels of TT, cFT and FAI were associated with
slightly attenuated FEV,; and FVC decline. Higher levels of SHBG were associated with better lung
function in both sexes but slightly accelerated decline in men.

In this population-based sample, higher levels of TT were associated with better lung function in men
and higher levels of cFT with better lung function in physically active men. A small attenuation of lung
function decline with higher levels of TT, cFT and FAI was seen in women only.
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Higher levels of testosterone are associated with better lung function in men, especially if
physically active, but not in women. A small attenuation of lung function decline with higher
testosterone levels is seen in women only. https:/bit.ly/382d0xT
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Introduction

Low total testosterone (TT) levels have been associated with worse lung function in population-based
cross-sectional studies and are common in men with COPD [1]. Small randomised controlled trials of
testosterone supplementation, lasting up to 6 months, in the setting of rehabilitation programmes, showed
improvements in lean body mass, strength and quality of life in male COPD patients [2-4] but not when
supplementation occurred outside of a dedicated training programme [5, 6]. No study showed
improvement in exercise capacity or pulmonary function [4-6], and the evidence for prescribing
testosterone replacement therapy (TRT) in COPD patients is insufficient [1].

While some studies have shown a role of androgens in the regulation of lung maturation [7, 8], their role
in lung function later in life is poorly understood [9]. No longitudinal study on the association between
androgen levels and lung function decline in either sex exists and no study of this association in women,
although there are important differences in androgen levels between sexes related to ageing [10]. In men,
circulating testosterone levels gradually decrease as of 35 to 40 years [11]. In women, circulating
concentrations of total and bioavailable testosterone are approximately 20-times lower than in men [12]
and decline with age before menopause [13], altering little through the menopausal transition [14, 15].

We examined sex-specific associations of total and bioavailable testosterone levels with spirometric lung
function and its decline over 8 years in participants from a large population-based adult cohort (UK
Biobank). As a secondary aim, we studied the change in testosterone levels over 4 years and its association
with lung function at the end of this period in a subset of participants.

Methods

Study population

UK Biobank is a multicentre, population-based, prospective cohort that recruited approximately 500000
adults aged 40 to 69 years throughout the UK between 2006 and 2010 (T,). Two follow-ups have taken
place: 2012-2013 (T;) and 2014-ongoing (T,). The UK Biobank received ethical approval from the UK
Research Ethics Committee North West-Haydock. Additional details are provided in the supplementary
material.

For our main analyses, we included men and women who took part in the baseline assessment and second
follow-up until March 2019 and who 1) provided high-quality spirometry on both occasions and 2) had

29888 UKB
participants with
LFatTyandT,

Excluded:
375 with inhaler use <1 h before spirometry*
18 with testosterone replacement therapy*

4 26 pregnant or unsure*

29469

6199 with no measurements of albumin, TT or SHBG at T,
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available albumin,
TT and SHBG
measurements at
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12689 with poor-quality spirometry
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FIGURE 1 Flow chart of Tg-T, participants included for main analysis, with acceptable and reproducible
spirometry at baseline [Ty, 2006-2010) and second follow-up (T,, 2014-2019) as well as available
measurements for TT, SHBG and albumin at To. LF: lung function; SHBG: sex hormone-binding globulin;
TT: total testosterone; UKB: UK Biobank. *: at any time point.
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available measures of sex hormone-binding globulin (SHBG), total testosterone (TT) and albumin at
baseline. We excluded participants who used an inhaler less than 1h prior to spirometry, participants
using testosterone replacement and women who were (or thought they may be) pregnant (figure 1).

Lung function measurements

Trained nurses or healthcare technicians performed spirometry using a standard protocol and a
Vitalograph Pneumotrac 6800 spirometer (Vitalograph, Buckingham, UK). We used high-quality
spirometry, defined as at least one acceptable and reproducible blow during one test session. A blow was
deemed acceptable if the back extrapolated volume was <5% of forced vital capacity (FVC) or 0.15L,
whichever greater; time to peak flow was not excessive; an adequate plateau (1 s volume plateau) existed at
the end of the test; no cough was detected during the manoeuvre; and the expiration lasted more than 6 s;
or the test was explicitly accepted by the investigator. In keeping with the European Respiratory Society
(ERS)/American Thoracic Society (ATS) quality criteria [16], only reproducible measures were included
(highest acceptable measure and any other measure within 150 mL, or within 100 mL if FVC is <1 litre).
However, due to time constraints, each participant was only allowed three attempts to provide two
acceptable blows instead of the recommended maximum of eight attempts.

Participants did not perform spirometry if they reported a chest infection in the last month; history of
detached retina; heart attack or surgery to eyes, chest or abdomen in the last 3 months; history of a
collapsed lung; pregnancy; currently on medication for tuberculosis.

Biomarker measurements

Blood samples taken at T, and from the subsample at T; were tested for SHBG and TT using a
chemiluminescent immunoassay (Beckman Coulter Ltd., UK, analytical platform DXI 800), by two-step
sandwich and competitive-binding method, respectively, with results expressed in nmol-L™". Albumin
levels were obtained through colorimetric measures (Beckman Coulter Ltd., UK, analytical platform
AU5800) and results expressed in g-L™".

We included SHBG in our analysis as it is the main carrier protein for testosterone [17] and appears
relevant for health (e.g. low SHBG levels have been associated with the metabolic syndrome and type 2
diabetes [18]). As most testosterone is bound to either SHBG or albumin (therefore biologically
unavailable) we used recognised methods to calculate circulating free testosterone (cFT) and free androgen
index (FAI) as proxies for bioavailable testosterone. Vermeulen’s formula adapted by Ho [19] was used to
calculate cFT=(TT—N—SHBG+\/ ((N+SHBG—TT)*+4xNxTT))/2xN, where N=0.5217xalbumin. FAI was
calculated as FAI=(TT/SHBG) x100.

Statistical analysis

Simple linear regression was used to examine cross-sectional associations of baseline TT, SHBG, FAI and
cFT with baseline forced expiratory volume in 1s (FEV,), FVC and FEV,/FVC ratio. Associations of
hormonal biomarkers with decline in FEV,, FVC and FEV,/FVC ratio over an 8-year period were assessed
using linear mixed-effects regression with random intercepts.

All analyses were stratified by sex. We adjusted both models for age, age’, standing height, body mass
index (continuous), smoking status (never/former/current), pack-years, area level measure of deprivation
(Townsend score [20]), number of days per week of moderate physical activity (>10 min), fresh fruit intake
(0-1 portion, 2-3 portions, >4 portions) and time of day of appointment (before 12:00 versus 12:00 and
later) to control for diurnal variability of hormone levels. For the associations with lung function at
baseline, all covariates were entered as the value provided at baseline. For the associations with lung
function decline, age and age® were entered as the values provided at baseline while all other covariates
were entered as time-varying.

As some studies showed beneficial effects of testosterone replacement on lean body mass and strength, we
examined effect modification by physical activity (exact question provided in supplementary material). The
interaction term was composed of a categorical variable for moderate physical activity (<3 days-week ™
and >4 days-week ') and the sex-specific IQR increase of the hormonal marker.

To address our secondary aim, simple linear regression was used to study the association of lung function
at first follow-up with hormonal change between baseline and follow-up. Models were adjusted for the
same covariates as above plus lung function and hormonal levels at baseline to account for differences in
these values at baseline and difference in the time of day of blood sampling between baseline and
follow-up appointments (both in the morning, both in the afternoon or one before and one after midday).

Effect estimates are reported per sex-specific interquartile range (IQR) of each hormonal measure.
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Linearity was verified through generalised additive models.

All analyses were conducted using STATA 15.0 (StataCorp, College Station, TX, USA).

Results

Overall, 29888 individuals had lung function measurements at T, and at T, by March 2019 (figure 1).
Mean time between the two visits was 8.3 years. After applying the exclusion criteria, 10581 had baseline
measurements for TT, SHBG and albumin available and reproducible and acceptable quality spirometry on
both occasions. Their main characteristics are in table 1, compared to subjects who did not provide
acceptable spirometry on both occasions.

In both sexes, participants with high-quality spirometry at both time points were more likely to have
smoked, live in less-deprived areas and have slightly lower FEV, and FEV,/FVC values than those
excluded. There were no differences in hormone levels.

Lung function with hormone measures at baseline
Associations of lung function with hormonal measures at baseline are shown in table 2.

In men, higher TT was associated with higher FEV, and higher FVC. Although not statistically significant,
effect estimates for cFT were in a similar direction. There was strong evidence that the association of cFT
levels with FEV; and FVC in men was modified by physical activity (for interaction, p=0.029 and p=0.026,
respectively). Stronger positive associations were observed in men physically active for more than 3 days
per week (mean difference in FEV; per IQR change in cFT: 36.73 mL, 95% CI 4.69-68.77; FVC: 42.77 mL,
95% CI 4.92-80.62) compared to less-active men (FEV;: —10.15mL, 95% CI —35.07 to 14.77; FVC:
—13.94, 95% CI —43.14 to 15.25).

In women, there was a negative association of FAI with FEV, and FVC, which, unlike in men, reached
conventional levels of significance for FVC.

Higher levels of TT, FAI or cFT were not associated with airway obstruction (FEV,/FVC ratio) in either
sex.

Men and women with higher SHBG levels had higher FEV, and FVC. Effect sizes were higher in men
than in women and higher for FVC than for FEV;. Consequently, there was some evidence of an inverse
association of SHBG with the FEV/FVC ratio in men (—0.33%, 95% CI —0.58 to —0.07).

Repeating analyses on all participants with reproducible and acceptable quality spirometry at baseline only
and on all participants at baseline, irrespective of spirometry quality did not change the findings
(supplemental tables S1 and S2).

Lung function decline with hormone measures at baseline
Associations of lung function decline over the 8-year follow-up with hormonal measurements at baseline
are shown in table 3.

Few associations were observed, and all effect estimates were small.
Men with higher SHBG had greater decline in all lung function parameters.

Women with higher TT, FAI and cFT had less FVC and FEV; decline. Higher cFT levels were also
associated with less FVC decline. There were no associations with FEV,/FVC. Unlike in men, there was no
association of lung function decline with SHBG in women.

Results were broadly similar when all participants with available spirometry at baseline and the 8-year
follow-up were included, regardless of spirometry quality (supplemental table S3).

Adjusting the longitudinal model for baseline lung function led to slightly stronger effect sizes for men
(supplemental table S4).

No differences in the cross-sectional or longitudinal results were found when women with self-reported
polycystic ovary syndrome (PCOS) (n=18) or men with prostate cancer or prostate hypertrophy (n=584)
were excluded (supplemental tables S5 and S6).

No differences in cross-sectional or longitudinal results were found when participants with self-reported
asthma or emphysema/chronic bronchitis at baseline (n=1230 and n=36, respectively) and follow-up
(additionally, n=268 and n=37, respectively) were excluded.
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TABLE 1 Characteristics of participants who had spirometry at baseline and follow-up and biomarker measurements at baseline

High-quality spirometry (included participants)

Low-quality spirometry (excluded participants)

Differences between included
and excluded participants

Male n=5114 Female n= 5467 p-value® Male n=7067 Female n=5622 p-value?  p-value® p-value®
(48.3%) (51.7%) (55.7%) (44.3%) men women
Age years 55.3+7.6 53.5+7.1 <0.001 55.4+7.6 54.0+7.5 <0.001 0.703 <0.001
Smoking <0.001 <0.001 <0.001 <0.001
Never 2776 (54.4) 3426 (62.8) 4186 (59.4) 3790 (67.6)
Ex 1938 (38.0) 1729 (31.7) 2369 (33.6) 1526 (27.2)
Current 387 (7.6) 304 (5.6) 496 (7.0) 292 (5.2)
Pack-years® 21.0+16.4 16.6£12.9 <0.001 21.3+17.7 15.9£12.3 <0.001 0.654 0.176
BMI 27.2+3.8 26.3+4.7 <0.001 27.2+3.8 26.2+4.7 <0.001 0.923 0.083
Townsend deprivation index —2.1£2.6 —2.0£2.6 0.147 —1.97+2.7 —1.84%2.7 0.006 0.012 <0.001
Moderate physical activity" 3.4%2.2 3.5+2.3 0.057 3.4+2.3 3.5+2.3 0.062 0.428 0.362
days-week ™’
Daily fresh fruit intake <0.001 <0.001 0.003 0.251
0-1 portion 2162 (42.4) 1603 (29.3) 2783 (39.4) 1615 (28.8)
2-3 portions 2253 (44.2) 2910 (53.2) 3235 (45.9) 3070 (54.7)
>3 portions 685 (13.4) 954 (17.5) 1038 (14.7) 928 (16.5)
Length of follow-up years 8.6 (7.2 to 9.7) 8.6 (7.2 t0 9.7) 0.242 8.4 (7.1 to 9.6) 8.4 (7.1 to 9.6) 0.804 0.127 0.004
Lung function parameters
FEV, L 3.46 (3.05 to 3.89) 2.58 (2.27 to 2.89) <0.001 3.55 (3.15 to 3.94) 2.60 (2.30 to 2.91) <0.001 <0.001 0.020
FVC L 4.56 (4.06 to 5.10) 3.35 (2.97 to 3.75) <0.001 4.63 (4.12 to 5.14) 3.34 (2.97 to 3.72) <0.001 0.001 0.725
FEV4/FVC % 76.4 (72.3 to 79.8) 77.3 (73.9 to 80.3) <0.001 77.4 (73.6 to 80.5) 78.2 (75.2 to 81.1) <0.001 <0.001 <0.001
Serum measures
SHBG nmol-L™" 36.9 (27.7 to 47.7) 59.0 (42.5 to 79.4) <0.001 36.5 (27.7 to 47.4) 59.4 (42.5 to 79.9) <0.001 0.674 0.538
TT nmol.L™! 11.9 (9.7 to 14.3) 1.0 (0.7 to 1.4) <0.001 11.9 (9.7 to 14.2) 1.0 (0.7 to 1.4) <0.001 0.428 0.633
FAI 32.0 (26.0 to 40.1) 1.7 (1.1 to 2.7) <0.001 32.1(26.2 to 40.1) 1.7 (1.1 to 2.7) <0.001 0.733 0.854
cFT nmol-L™" 0.21 (0.18 to 0.25) 0.01 (0.01 to 0.02) <0.001 0.21 (0.18 to 0.25) 0.01 (0.01 to 0.02) <0.001 0.789 0.814

Data are presented as mean#sp, n (%) or median (interquartile range), unless otherwise stated. BMI: body mass index; |QR: interquartile range; FEV;: forced expiratory volume in 1 s;
FVC: forced vital capacity; SHBG: sex hormone-binding globulin; TT: total testosterone; FAI: free androgen index; cFT: calculated free testosterone; n/a: not appropriate to derive.
#. Statistical difference between men and women tested through two-sample t-test for continuous variables and Chi-squared test for categorical variables; ": minimum 10 min;
*: calculated amongst ever-smokers only.
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TABLE 2 Difference in forced expiratory volume in 1 second (FEV,) and forced vital capacity (FVC) (mL) and FEV;/FVC (%) at baseline in men and women per

sex-specific interquartile range increase in hormone measure

Hormonal measure Men Women
n=4252* n=4616"*
FEV; mL FVC mL FEV,/FVC % FEV; mL FVC mL FEV,/FVC %
T 27.56 (5.43 to 49.68) 48.06 (22.07 to 74.06) —0.18 (-0.42 to 0.07) 4.22 (—6.60 to 15.04) 1.51 (—=11.67 to 14.70) 0.08 (-0.06 to 0.22)
FAI —3.20 (—21.86 to 15.47) —15.47 (-37.41 to 6.47) 0.17 (-0.04 to 0.38) —7. 67 (-15.72 to 0.37) —12.47 (—22.27 to —2.67) 0.05 (—0.06 to 0.15)
cFT 8.42 (—=11.26 to 28.10) 8.10 (—15.04 to 31.24) 0.03 (-0.18 to 0.25) —7.15 (—17.68 to 3.38) —12.27 (-25.10 to 0.55) 0.05 (—0.08 to 0.19)
SHBG 26.74 (3.81 to 49.68) 57.76 (30.83 to 84.69) —0.33 (—0.58 to —0.07) 16.83 (2.18 to 31.48) 28.87 (11.03 to 46.71) —0.11 (-0.30 to 0.07)

All results are expressed in millilitres (mL) for average changes in FEV; and FVC levels and as percentages (%) for the FEV,/FVC ratio, with corresponding 95% Cl. Participants with
hormonal biomarker measurements and high-quality spirometry available at both time points. Linear regression model adjusted for age, age?, standing height, body mass index,
smoking status, pack-years, Townsend deprivation score, days per week of moderate physical activity, fresh fruit intake and time of appointment. FEV;: forced expiratory volume in 1 s;
FVC: forced vital capacity; TT: total testosterone; FAI: free androgen index; cFT: calculated free testosterone; SHBG: sex hormone-binding globulin. #. numbers of participants with no
covariates missing for the adjusted model. Bold text indicates a 95% CI not overlapping 0.

TABLE 3 Difference in decline in forced expiratory volume in 1 second (FEV;) and forced vital capacity (FVC) (mL-yr=") and FEV;/FVC (%-yr~") in men and women per

sex-specific interquartile range increase in hormone level measured at baseline

Hormonal measure Men Women
n=4333" n=4734%
FEV; mL-yr~’ FVC mL-yr~' FEV,/FVC %.-yr~" FEV; mL.yr~’ FVC mL-yr~' FEV,/FVC %.-yr~"
TT —0.91 (—2.66 to 0.84) —0.24 (-2.38 to 1.89) —0.02 (—0.04 to 0.00) 0.98 (0.00 to 1.95) 1.38 (0.18 to 2.59) 0.00 (—0.01 to 0.01)
FAI 1.04 (—0.39 to 2.47) 1.46 (—0.28 to 3.20) 0.01 (=0.01 to 0.03) 0.77 (0.10 to 1.44) 1.03 (0.20 to 1.86) 0.00 (-0.01 to 0.01)
cFT 0.76 (-0.82 to 2.34) 1.55 (—0.37 to 3.47) —0.00 (-0.02 to 0.02) 1.00 (0.12 to 1.89) 1.45 (0.36 to 2.55) —0.00 (-0.01 to 0.01)
SHBG —2.69 (—4.44 to —0.95) —2.76 (—4.88 to —0.63) —0.03 (—0.05 to —0.01) —0.50 (—1.66 to 0.66) —0.77 (-2.20 to 0.66) —0.00 (-0.02 to 0.02)

Al results are expressed in mL-yr~' for average changes in FEV; and FVC decline and %-yr~" for FEV;/FVC ratio decline, with corresponding 95% CI. Linear mixed effects regression
model adjusted for age, age?, standing height, body mass index, smoking status, pack-years, Townsend deprivation score, days per week of moderate physical activity, fresh fruit intake,
time of appointment and a random intercept for participant. FEV;: forced expiratory volume in 1 s; FVC: forced vital capacity; TT: total testosterone;. FAI: free androgen index; cFT:
calculated free testosterone; SHBG: sex hormone-binding globulin. #: numbers of participants with no covariates missing for the adjusted model. Bold text indicates a 95% CI not
overlapping 0.
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16595 UKB
participants with
LFatTgand T,

Excluded:

90 with inhaler use <1 h before spirometry at T,

14 with testosterone replacement therapy at Ty or T,
4 6 pregnant or unsure at Tg or T4
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7108 with no measurements of albumin, TT or SHBG at
TU or T1

y

9377 with
available albumin,
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TO and T1
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v
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LF at
T

FIGURE 2 Flow chart of TO - T1 participants with acceptable and reproducible spirometry at first follow-up
(T1, 2012-2013) and available measurements for TT, SHBG and albumin at both baseline (T0, 2006-2010) and
T1. LF: lung function; SHBG: sex hormone-binding globulin; TT: total testosterone; UKB: UK Biobank.

Change in hormones and lung function
There were 16595 subjects with spirometry at Ty and at T; (mean 4.3 years later) (figure 2), of which 6041
had hormonal measures on both occasions and good-quality spirometry at first follow-up.

The mean, median and IQR of baseline values and change in each hormonal measure over the 4-year
period are shown in table 4. FAI and cFT levels decreased in men more than women. SHBG levels

TABLE 4 Hormonal biomarkers between baseline (2006-2010) and first follow-up (2012-2013)

Hormonal Men (n=3342) Change by p-value for Women (n=2699) Change by p-value for
measure baseline follow-up® change’ baseline follow-up® change'
TT
Mean 12.27 0.04 0.584 1.15 0.01 0.697
Median 12.00 0.06 1.05 —0.01
QR 9.87 to 14.32 —1.71 t0 1.75 0.77 to 1.39 —0.24 to 0.24
FAI
Mean 33.50 —2.80 <0.001 2.32 —0.05 0.002
Median 31.18 -2.38 1.81 —0.05
IQR 25.48 to 39.15 —7.44 to 2.24 1.16 to 2.88 —0.56 to 0.44
cFT
Mean 0.216 -0.011 <0.001 0.015 —0.000 0.006
Median 0.210 —0.010 0.013 —0.000
IQR 0.176 to 0.248 —0.044 to 0.020 0.009 to 0.019 —0.004 to 0.003
SHBG
Mean 40.30 3.64 <0.001 62.67 1.21 <0.001
Median 38.13 3.26 57.85 2.19
IQR 28.61 to 49.10 —1.35 t0 8.58 41.46 to 77.99 —6.95 to 10.29

All participants with hormonal biomarker measurements at both time points and high-quality spirometry available at first follow-up. TT: total
testosterone (nmol-L™"); 1QR: interquartile range; FAI: free androgen index; cFT: calculated free testosterone (nmol-L™"); SHBG: sex-hormone
binding globulin (nmol-L~"). #: Difference A is calculated as T;—To; T: Based on paired t-test of log-transformed variables.
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increased over time in both sexes. TT levels were not different between baseline and first follow-up, hence
associations between changes in this parameter and lung function were not considered.

Table 5 shows the association of lung function at T; with hormonal changes between T, and T;.
Hormonal changes are expressed as sex-specific quartiles of difference between the measurements
(T1=To).

There was no association of change in FAI or cFT with lung function after 4 years in men. Although some
associations were observed in women for FAI and cFT, there was no evidence of linearity and consistency
(trend p=0.283 for FEV; and FAIL p=0.078 for FVC and FAI; trend p=0.252 for FEV; and cFT; p=0.152
for FVC and cFT).

Being in the quartile with the greatest increase (Q4) in SHBG was associated with higher FEV; in men
(trend p=0.031 across all quartiles), higher FVC in both sexes (trend p=0.002 in men, p=0.004 in women)
but more airway obstruction in both sexes (trend p=0.035 in men, p<0.001 in women) at follow-up.

Excluding women with self-reported PCOS or men with prostate cancer or prostate hypertrophy did not
change the results. Effect estimates were slightly attenuated when the adjustments for lung function and
testosterone at T, were removed.

Discussion

In the largest study to date, we found that men with higher levels of TT had better lung function. Higher
levels of bioavailable testosterone (cFT) were also associated with better lung function in physically active
men. These results are consistent with previous work suggesting better lung function in men with more
bioavailable testosterone (measured by cFT [21] and dihydrotestosterone [22]), although these earlier
studies did not consider effect modification by physical activity. Nonetheless, effect modification by
physical activity is supported by some small randomised controlled trials of TRT that suggest that
beneficial effects are mainly seen in those taking part in a pulmonary rehabilitation programme
incorporating exercise. This is biologically plausible as androgens have a positive effect on respiratory
muscle strength, and physical activity is associated with better lung function [23, 24].

Our analysis is the first to include women and shows some important differences to men. The lack of
cross-sectional associations between TT and lung function in women could be partly due to 10-fold lower
TT concentrations compared to men. Our study further suggests that bioavailable androgens (FAIL cFT)
have deleterious associations with lung function. This observation is consistent with reports of poor lung
function in women with PCOS [25], a condition characterised by high androgen levels [26]. Excluding
those with self-reported PCOS did not alter the results, but this condition is frequently undiagnosed [27].
The menopausal transition and menopause do not have an independent impact on testosterone levels in
women [28] and adjustment for proxy measures of menopausal status did not alter the associations
observed (data not shown).

This study is the first report of associations of testosterone levels with lung function decline, for which we
found little evidence, despite the strong cross-sectional associations. We propose several potential
interpretations. First, testosterone could have short-term effects on lung function rather than influencing
decline. Second, current testosterone levels may reflect levels across the life course, and associations in
adults reflect positive influences on lung growth earlier in life. Both known forms of the androgen receptor
are expressed in the adult human lung, predominantly in the epithelium and type II pneumocytes [29].
Androgen exposure influences the gene expression profile in mouse models and human lung
adenocarcinoma tissue, upregulating genes involved in oxygen transport and downregulating genes
implicated in DNA repair [29]. This could mediate greater lung growth in early life or adolescence without
impacting on decline. Third, given that we only had two measures of lung function and very small effect
sizes were observed, regression to the mean may have occurred. This may also account for the small
associations between reduced FEV; and FVC decline over 8 years with levels of TT, FAI and cFT at
baseline in women.

Finally, our study found clear evidence that both men and women with higher levels of SHBG had better
lung function, after controlling for obesity. In addition, participants whose SHBG levels increased most
over a 4-year period had higher FEV, and FVC at the end of this period. SHBG is synthesised in the liver,
binds to testosterone, dihydrotestosterone and oestrogen and is the major plasma transport protein for
these hormones [30]. It tightly controls the levels of free or bioavailable testosterone [31] but has been
negatively associated with obesity and risk for type 2 diabetes [32], both associated with decreased lung
function [33, 34]. Thus, SHBG links hormonal with metabolic status while being associated with lung
health as recently shown in a Mendelian randomisation study [35].
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TABLE 5 Difference in forced expiratory volume in 1 second (FEV4) and forced vital capacity (FVC) (mL) and FEV;/FVC (%) at first follow-up per sex-specific quartile

of difference between hormone level measured at baseline (2006-2010) and first follow-up (2012-2013)

A Hormonal Men Women
1
measure n=*1907 n=*1764
FEV, (mL) FVC (mL) FEV./FVC (%) FEV, (mL) FVC (mL) FEV,/FVC (%)
FAIl
Quartile 2 —30.53 (-77.63 to 16.58) —27.78 (-86.95 to 31.39) —0.10 (—0.54 to 0.33) —46.31 (—81.28 to —11.34) —66.27 (—109.57 to —22.97) 0.15 (-0.38 to 0.67)
Quartile 3 —20.06 (—69.03 to 28.91) —27.32 (—88.83 to 34.20) 0.12 (-0.33 to 0.58) —38.76 (—74.35 to —3.16) —37.74 (—81.83 to 6.36) —0.33 (—0.87 to 0.20)
Quartile 4 —8.98 (—58.11 to 40.14)  —20.27 (—81.97 to 41.44) 0.18 (~0.28 to 0.63) —34.46 (—68.74 to —0.18) —54.10 (—96.55 to —11.64) 0.18 (—0.33 to 0.69)
cFT
Quartile 2 7.73 (—38.78 to 54.25) —2.94 (—61.35 to 55.47) 0.24 (-0.19 to 0.67) —42.23 (-76.75 to —7.71)  —62.44 (—105.21 to —19.67) 0.20 (-0.32 to 0.72)
Quartile 3 —7.17 (-55.07 to 40.73)  —14.06 (—74.23 to 46.10) 0.16 (-0.28 to 0.61) —36.58 (—71.86 to —1.30) —35.80 (-79.51 to 7.91) —0.28 (-0.81 to 0.25)
Quartile 4 29.54 (—20.68 to 79.77) 24.31 (-38.78 to 87.39) 0.29 (-0.18 to 0.75) —31.92 (-66.52 to 2.68) —46.52 (—89.39 to —3.66) 0.07 (—0.45 to 0.59)
SHBG
Quartile 2 17.98 (—28.46 to 64.41)  47.44 (-10.67 to 105.55) —0.43 (-0.85 to 0.00) —27.56 (—61.83 to 6.72) —9.55 (-51.94 to 32.85) —0.65 (—1.16 to —0.14)
Quartile 3 32.56 (—13.43 to 78.55) 69.56 (11.92 to 127.20) —0.46 (—0.89 to —0.04) —29.71 (—64.08 to 4.66) —7.96 (-50.43 to 34.50) —0.77 (—1.29 to —0.26)
Quartile 4 47.47 (2.36 to 92.59) 89.06 (32.56 to 145.57) —0.47 (—0.89 to —0.06) 9.02 (—24.37 to 42.42) 59.30 (17.97 to 100.62) —1.18 (—1.68 to —0.68)

All results are expressed in millilitres (mL]) for average changes in FEV; and FVC levels and as percentages (%) for the FEV;/FVC ratio, with corresponding 95% confidence intervals.
Participants with hormonal biomarker measurements at both time points and high-quality spirometry available at first follow-up. Simple linear regression model adjusted for age, agez,
standing height, body mass index, smoking status, pack-years, Townsend deprivation score, days per week of moderate physical activity, fresh fruit intake at baseline, lung function
parameter at baseline, hormonal marker measurement at baseline and difference between time of appointment at baseline and follow-up. FEV;: forced expiratory volume in 1 s; FVC:
forced vital capacity; FAI: free androgen index; cFT: calculated free testosterone; SHBG: sex hormone-binding globulin; TT: total testosterone. #: Numbers of participants with no
covariates missing for the adjusted model; T: the reference is the lowest guartile which captures individuals with the greatest decrease in hormone measurement between Ty and T,
while the upper quartile represents those with the greatest increase over time. Difference A is calculated as T1—T,. Bold text indicates a 95% CI not overlapping 0.
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The strengths of this study are its large sample size, measures in both sexes and the examination of
longitudinal associations. However, with such a large study small effect sizes that reach statistical
significance can be observed, although they may be clinically irrelevant (as seen in the analysis of change
over an 8-year period). The 8-year follow-up is relatively short; it is possible that trends would become
clearer in studies with longer follow-ups.

One difficulty in the interpretation of our results lies in the various available measures of testosterone.
Most circulating testosterone is strongly bound to SHBG, some weakly bound to albumin and
approximately 2-3% circulating freely in the serum [36]. The free component is active and able to bind
the androgen receptor of target tissues to exert androgenic effects [37]. However, the reference methods to
measure free testosterone are equilibrium dialysis and ultrafiltration, which are analytically and technically
challenging and rarely performed in clinical laboratories [38]. The FAI is a simple method to estimate
bioavailable testosterone levels and widely used in clinical practice and research. However, when SHBG
concentrations are low, it correlates less well with the gold standard measurements of free testosterone
[19, 39]. Therefore, alternative methods to calculate free testosterone (cFT) have been developed the most
widely adopted being the method of Vermeulen [19, 38]. Further, total and free testosterone levels show
marked diurnal variation with peaks between 05:30 and 08:00. To avoid measurement error, blood samples
should be collected in the early morning [22] or the analysis adjusted for the time of collection, as we and
others [21] have done.

We excluded participants reporting inhaler use in the hour preceding spirometry, thereby removing any
immediate effects of inhalers on lung function. Participants with poorer lung function may be more likely
to use inhalers on a regular basis (but not in the hour before spirometry), which may have led to an
underestimation of the effects of testosterone on lung function.

UK Biobank participants are not representative of the UK general population, with evidence of a “healthy
volunteer” selection bias [40]. This should not compromise the generalisability of observed associations
unless the group of nonresponders had different associations of lung function with the hormonal measures
than responders, which seems unlikely.

We conclude that men, but not women, with higher levels of TT have better lung function. We also
observe that the effect of cFT on lung function may be restricted to physically active men. In women,
higher levels of bioavailable testosterone seem associated with worse lung function. The strong associations
of SHBG with lung function in both sexes warrant further investigation.
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