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Abstract

Background: Observational studies suggest that testosterone (TT) and sex hormone-binding globulin
(SHBG) may have beneficial effects on lung function, but these findings might be spurious due to
confounding and reverse causation. We addressed these limitations by using multivariable
Mendelian randomisation (MVMR) to investigate the independent causal effects of TT and SHBG on

lung function.

Methods: We first identified genetic instruments by performing genome-wide association analyses of
TT and SHBG in the large UK Biobank, separately in males and females. We then assessed the
independent effects of TT and SHBG on FEV,;, FVC, and FEV,/FVC using one-sample MVMR. We
addressed pleiotropy, which could bias MVMR, using several methods that account for it. We
performed subgroup MVMR analyses by obesity, physical activity and menopausal status, and
assessed associations between TT and SHBG with lung function decline. Finally, we compared the

MVMR results with those of observational analyses in UK Biobank.

Findings: In the MVMR analyses there was evidence of pleiotropy, but results were consistent when
accounting for it. We found a strong beneficial effect of TT on FVC and FEV; in both males and
females, but a moderate detrimental effect of SHBG on FEV; and FEV,;/FVC in males only. Subgroup
analyses suggested stronger effects of TT among obese and older males. The observational analyses,

in line with previous studies, agreed with MRMV for TT, but not for SHBG.

Interpretation: These findings suggest that testosterone improves lung function in males and

females, while SHBG has an opposite independent effect in males.

Word count abstract: 248 words

Keywords: Testosterone; sex hormone-binding globulin; lung function; multivariable Mendelian

randomisation; GWAS.
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Summary box

What is already known on this topic

A few epidemiologic studies have shown that higher testosterone levels are associated with better
lung function in men and experimental studies have highlighted possible protective effects of
testosterone in the lungs. Our recent observational analysis of the UK Biobank study also showed a
significant beneficial association of sex hormone-binding globulin (SHBG) levels with forced vital
capacity (FVC) and forced expiratory volume in one second (FEV,), both in males and females.
However, whether testosterone and SHBG have a causal effect on lung function in both sexes
remains unknown, as associations from observational studies may arise from confounding or reverse

causation.

What this study adds

By using multivariable Mendelian Randomisation, which addresses the limitations of observational
studies, our study in the large UK Biobank provides strong evidence that higher testosterone levels
lead to higher FEV,; and FVC levels in both men and women from the general population. Conversely,

SHBG has a negative effect on FEV; and FEV,/FVC in men.

How this study might affect research, practice or policy

Our findings stress the need for further research on testosterone supplementation in people at risk
of accelerated lung function decline and suggest the need for active screening for lung function

impairment in people with low testosterone levels.
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Introduction

Sex hormones influence lung physiology and respiratory disease. Clinical studies have reported low
levels of testosterone in male patients with chronic obstructive pulmonary disease (COPD).[1] This
was initially thought to reflect endocrine dysfunctions due to the disease or to the long-term use of
corticosteroids in COPD patients.[1-3] However, recent laboratory based research has provided
stronger evidence for an overall beneficial effect of androgens on respiratory health.[4—8] In line with
this hypothesis, epidemiological studies have reported positive associations of lung function with
levels of testosterone, testosterone precursors (dehydroepiandrosterone (DHEA)), testosterone
metabolites (DHT), and androgen receptor expression in the airway epithelium in men [2,9,10], with
some positive associations also reported in women.[11-15] One study also reported higher forced
vital capacity (FVC) and forced expiratory volume in one second (FEV,) in men with higher levels of
sex hormone-binding globulin (SHBG), which binds androgens and oestrogens with high affinity

regulating their bioavailability to tissues and target cells.[9]

In agreement with previous cross-sectional studies, our recent observational analysis of the UK
Biobank study (UKB) showed a positive association of total testosterone (TT) with FEV,; and FVC in
men.[13] This was not observed in women, but a longitudinal analysis showed that women with
higher TT levels at baseline had reduced decline in FEV;and FVC over the follow-up. In this study we
also reported a significant positive association of SHBG levels with FEV,; and FVC, both in men and
women, with participants with the greatest increase in SHBG over 4 years of follow-up also having
higher FVC at the end of follow-up. Although the underlying mechanisms are unclear, there is
increasing evidence that SHBG might have biological effects that are independent of those explained
by its binding to sex steroids.[16—19] SHBG could itself function as a hormone or as a signal
transduction factor. A recent Mendelian Randomisation (MR) study reported a positive causal effect

of SHBG on asthma, supporting the hypothesis of beneficial effects of SHGB in the lungs.[20]

Overall, these findings, mostly based on cross-sectional studies, suggest a protective effect of both TT
and SHBG on lung function. However, they might be spurious and arise from confounding by factors
such as smoking, physical activity and diet, or from reverse causation, whereby it is lung function
affecting hormone levels rather than vice-versa (e.g., hormones influenced by hypoxemia[1-3]). The
MR approach addresses these limitations by using genetic instruments as proxies for the risk factor
of interest. MR is thereby not affected by traditional confounding or reverse causation and thus
provides stronger evidence of a possible causal effect and its direction. MR has been shown to not
always confirm observational evidence (see for example [21,22]), and it therefore represents an
important complemental approach to observational studies when experimental studies (randomized
controlled trials - RCTs) are not feasible. The validity of MR relies on some assumptions, the most
problematic being the absence of pleiotropy, where a genetic instrument affects the outcome
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through additional pathways independent from the risk factor of interest.[23] While pleiotropy can

bias MR findings, methods have been developed to both detect and control for it.[24]

Here we used one-sample MR to investigate the presence of a causal effect of TT and SHBG on FEV,,
FVC and FEV,/FVC, separately in males and females, using data from the large UKB. As levels of SHBG
and TT are partly determined by the same genes, we used multivariable MR (MVMR), where TT and
SHBG are modelled together to estimate their effects independent of each other. First, genetic
instruments for the MVMR were selected by performing a genome-wide association (GWA) analysis
of TT and SHBG, stratified by sex in UKB. Then, several MVMR methods were used to identify and
address pleiotropy. As secondary analyses, we performed subgroup analyses to investigate possible
effect modification by obesity, physical activity, and menopausal status in females and age above 50
years in males. We also assessed the effect of TT and SHBG on lung function decline using 8-year
follow-up data on a subset of the UKB study population. Finally, we compared the results of our main
MVMR analyses with observational estimates of the association of TT and SHBG with lung function

obtained in UKB.



121

122
123
124
125
126
127
128
129

130

131
132
133
134

135
136
137
138
139
140
141
142

143
144
145
146
147
148

149

150
151
152
153
154

Material and methods

We first performed a GWA analysis to identify SNPs associated with TT and SHBG to be used as
genetic instruments. We then performed a one-sample MVMR to investigate the effect of TT and
SHBG on lung function. We applied different MVMR methods to test the robustness of the findings.
Using MVMR, we also investigated possible effect modification in population subgroups, and we
assessed the effects of TT and SHBG on lung function decline. Finally, for comparison, we performed
an observational analysis of the association of TT and SHBG with lung function. All analyses were
performed using UKB data and were stratified by sex. A figure describing this workflow (Figure S1)

and further details on the methods are provided in the Supplementary Methods.

UK Biobank data

We included subjects from the UKB, which is a large population-based study in the United Kingdom
[25]. Details on the study design of UKB [25] and genotyping/imputation methods [26] have been
published elsewhere. UKB has received ethics approval from the National Health Service National

Research Ethics Service (Ref 11/NW/0382) and all participants provided written consent.

Within UKB, we created 3 datasets (Figure 1), which were subsequently stratified by sex: 1)
“discovery hormone dataset” (2/3 of sample: N=323,144), used in the GWA analyses of TT and SHBG;
2) “replication hormone dataset” (1/3 of sample: N=161,572), used for the replication of GWA
findings of TT and SHBG and for the MVMR analyses; 3) “lung function dataset” (N=341,826), used
for the MVMR analyses and for the observational analyses. The “lung function dataset” used to
obtain the lung function effect estimates included only subjects with previously defined good-quality
spirometry data (see Supplementary Methods). In the MVMR analyses, the overlap between the

hormone replication dataset and the lung function datasets was about 70%.

For lung function we considered three measures: FEV; (mL), FVC (mL), and FEV,/FVC (%). The lung
function estimates were based only on subjects with spirometry data that passed the quality control
criteria developed by Prof. Tobin and coll. in the UK BIiLEVE study[27], who created UKB variables for
"best" measures. As lung function “best measure” were derived for white participants, and therefore
only these were included in the lung function dataset, while the hormone datasets also included a

very small proportion of participants from other ethnicities (5.4%).

GWA analysis for genetic instrument selection

To identify genetic instruments for TT and SHBG, we performed GWA analyses stratified by sex in the
“discovery hormone dataset” on (natural) log-transformed TT and SHBG values. We used linear
mixed-models implemented in BOLT-LMM[28], which account for relatedness and fine-scale
population structure, adjusted for age, genotyping batch/array, and centre. We selected

independent single nucleotide polymorphism (SNPs; linkage disequilibrium (LD), r’<0.05) with p-
5
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value<5x10® and tested them for replication in the “replication hormone dataset”. We considered
SNPs as replicated if the direction of their effect was the same as in the discovery dataset, and their

Bonferroni-corrected one-side p-value was statistically significant.

In total, we replicated 450 SNPs (Supplementary Table S1 and S2 and Manhattan plots in
Supplementary Figures S2 and S3). For TT, we replicated 92 SNPs in males and 63 in females, which
explained 8.1% and 3.6% of the variance in TT levels, respectively. For SHBG, we replicated 213 SNPs

in males and 153 in females, which explained 20.5% and 13.0% of SHBG variance.

MVMR analyses

We performed one-sample MVMR analyses, with estimates of the causal effects of TT and SHBG on
lung function derived from the SNP-hormone (G-X) and the SNP-lung function (G-Y) association
estimates, using different MVMR methods (see Supplementary Methods for details and background
information).[24,29]

As G-X estimates, we used the effect estimates of our GWA replication analysis and removed SNPs
that were in LD (r>>0.1) between the SNP lists of TT and SHBG. In total, 178 independent SNPs were
included in the male MVMR analyses, and 174 in the female analyses. To obtain the G-Y estimates,
again stratified by sex, we estimated the effect of each SNP on FEV;, FVC and FEV;/FVC in UKB using
BOLT-LMM and adjusting for age, age® height, genotyping batch/array, and centre. G-X and G-Y

estimates are reported in Supplementary Table S2.

The validity of MR heavily relies on the absence of “horizontal” pleiotropy, which occurs when a
genetic instrument affects the outcome through pathways that are independent from the risk factor
of interest.[23] We therefore applied six MVMR methods, of which two assume no pleiotropy (two-
stage least squares (2SLS) and fixed-effect inverse-variance weighted (FE-IVW) meta-analysis), while
the others account for pleiotropy but make different assumptions about it: random-effects IVW (RE-
IVW) meta-analysis, robust regression, weighted median estimation, and MR-Egger regression (see

Supplementary Methods for details and references).

Possible pleiotropy was detected, and reported in the Supplementary Tables (Q test, Sargan test, and
MR-Egger intercept p-value). To assess the validity of our genetic instruments, we took two
approaches to identify and remove potential pleiotropic SNPs which were subsequently excluded in
sensitivity analyses; 1) a statistical approach using MVMR-PRESSO[30] to detect outliers, and 2) using
PhenoScanner (www.phenoscanner.medschl.cam.ac.uk) to identify SNPs associated with potential
sources of pleiotropy identified a priori: smoking, weight-related traits, diabetes, insulin, leptin and
adiponectin (n= 36 SNPs). In addition, to better understand the relevance of potential pleiotropic

pathways, we further investigated MVMR-PRESSO outliers by searching for association of these SNPs
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with any other traits in previous GWA studies (p<5x10®) using PhenoScanner; and used Leave-One-

Out RE-IVW analysis to identify the most influential pleiotropic SNPs.

MVMR Secondary analyses

We performed three subgroup analyses to investigate effect modification by potential modifiers: 1)
obesity, as several studies have reported interactions between sex-hormones and obesity on lung
function and asthma[22,31]); 2) moderate physical activity, as randomised controlled trials in COPD
patients have suggested that testosterone supplementation might be more effective when combined
with exercise training[3,13,32], and our previous observational analysis[13] highlighted a stronger
positive effect of testosterone levels in physically active men; 3) menopausal status in females and
age 50 years in males, as the effects of the SHBG and testosterone might vary with age and age-

related changes in hormonal milieu.

We also performed MVRM to assess the effect of TT and SHBG on lung function decline using a
subset of the UKB study population with available longitudinal data. We included 6,812 males and
7,470 females with a mean follow-up time of 8.3 years. We obtained the G-Y estimates stratified by
sex by estimating the effect of each SNP on yearly decline of FEV;, FVC and FEV,/FVC in UKB using the
same model as in the main analysis (Supplementary Methods). Not all the 450 SNPs passed QC and
therefore less SNPs were included in the MVMR analyses (see Supplementary Table S2 for the G-Y

estimates of the included SNPs).

Observational analyses

For comparison, we also performed cross-sectional observational analyses in UKB of the association
of log-transformed TT and SHBG values with the three lung function outcomes, separately by sex,
adjusted for the same covariates as in our previous study in UKB.[13] This analysis is different as both
TT and SHBG were included in the same multiple linear regression models in order to estimate their
independent association with lung function.[13] Moreover, our previous analysis was performed on a

much smaller samples size (n=10,581) as it was based on longitudinal data only.

Results presentation

To help interpretation of the results and figures (based on log-transformed hormone values), we
calculated the average regression coefficient (beta) across MVMR methods and multiplied it by
In(1.1) to display the effect of a 10% increase in SHBG or TT on lung function. The effect estimates
reported in the Supplementary Tables represent the effect on lung function of a 1-unit increase in

log-transformed SHBG and TT.
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Results

The characteristics of the participants included in the GWA and MVMR analyses are reported in Table
1. Results of the GWA for genetic instrument selection and derivation of G-X and G-Y estimates for

MVMR analysis are described in the methods and Supplementary Methods.

MVMR — Testosterone

In males, the MVMR analysis did not show consistent evidence across the various MVMR methods of
an effect of TT on any lung function outcome but there was strong evidence of pleiotropy (Figure 2,
Supplementary Table S3). After removing 13 SNPs identified by MVMR-PRESSO as pleiotropic
(outliers), we found consistent evidence for a large beneficial effect of higher TT being associated
with higher FVC and FEV; across all methods, although there was evidence of residual pleiotropy. A
10% increase in TT was associated with 15.5mL higher FVC and 17.0mL higher FEV4, and therefore a
small beneficial effect on FEV,/FVC (Figure 3 and Supplementary Table S4A). The Leave-One-Out
analysis carried-out to investigate the effect of the 13 pleiotropic SNPs, identified two SNPs
(rs56196860 in FKBP4 and rs62062271 in MAPT) as the most influential pleiotropic SNPs that were
driving the results towards the null (Supplementary Figures S4 and S5). Investigation of these SNPs in
PhenoScanner showed that rs56196860 was not associated with any other trait at genome-wide
significance level (p<5x107), but rs62062271 was associated with several human blood-cell traits in
the GWA study by Astle et al. (Supplementary Table S5).[33] Of note, by lowering the significance
level to p<0.05 in PhenoScanner, revealed that 9 out of the 13 pleiotropic SNPs were associated with

blood-cell traits, including rs56196860 which was associated with platelet related outcomes.

In females, we found a beneficial effect of TT on FVC and FEV, (Figure 2, Supplementary Table S3),
with 4.0mL higher FVC and 3.8mL higher FEV,. There was strong evidence of pleiotropy, but the
results remained similar after removing 10 SNPs identified as outliers (Figure 3, Supplementary Table

S4A).
MVMR — SHBG

In males, the MVMR analyses showed a detrimental effect of SHBG on FEV,/FVC (Figure 2,
Supplementary Table S3), with about 0.07% lower FEV,/FVC. A detrimental effect on FEV; (-10.5mL)
was also found, but only with the robust and weighted median MVMR methods. None of the MVMR
methods showed an effect of SHBG on FVC. Again, there was strong evidence of pleiotropy, and the
analyses removing 13 outlier SNPs showed a detrimental effect for SHBG on both FEV,/FVC and FEV,
across all MVMR methods (Figure 3, Supplementary Table S4A). Of note, it is interesting that the
detrimental effect of SHBG was accompanied by a beneficial effect of TT on both FEV; and FEV,/FVC
(Figure 3).
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In females, we did not find consistent evidence of an effect of SHBG on FVC or FEV,/FVC (Figure 2,
Supplementary Table S3), while there was evidence of a small detrimental effect on FEV; (-2.0mL).
However, when repeating the analysis excluding 10 outlier SNPs (which reduced but did not
eliminate the heterogeneity), no significant effect was found in any of the MVMR analyses (Figure 3,

Supplementary Table S4A).

For the analyses of both TT and SHBG and in both sexes, when we removed potential sources of

pleiotropy identified a priori (36 SNPs), the results did not change (Supplementary Table S4B).

MVMR — Secondary analyses

In males, the subgroup analyses showed a stronger effect of TT on FVC and FEV; in obese males
(Figure 4A-B, Supplementary Table S6-A), although a statistically significant interaction with obesity
was only found for one MVMR method (2SLS; FVC: +32.7mL in obese vs +3.8mL in non-obese,
p=0.010). Furthermore, the beneficial effect of TT and detrimental effect of SHBG on FEV,/FVC (TT:
+0.12%; SHBG: -0.11%) were restricted to males older than 50, with no effect found in younger males
(Figure 4C, Supplementary Table S6-D). We found no evidence of modifying effects of obesity,

moderate physical activity, or menopause in females (Supplementary Table S6).

In the MVMR analyses assessing the effect on lung function decline, we did not find a significant
effect of TT or SHBG on the decline of any of the three lung function outcomes (Supplementary Table

57).

Observational analyses

In the observational analyses, a 10% increase in TT was independently associated with higher FVC
(+10.4mL) and FEV; (+9.3mL) in males (Figure 2, Supplementary Table S8). Beneficial statistically
significant associations, although of small magnitude, were also observed between TT and FEV; in
females (+0.87mL) and between TT and FEV,/FVC in both males (+0.04%) and females (+0.03%). The
same analysis showed beneficial association of SHBG with higher FVC in both males (+6.6mL) and
females (+6.0mL). SHBG was also beneficially, but less strongly, associated with FEV,, and thus

detrimentally associated with FEV,/FVC.
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Discussion

Our multivariable Mendelian Randomisation (MVMR) showed a beneficial effect of testosterone on
FVC and FEV, in males, with a more moderate beneficial effect in females, independent from the
effect of SHBG. While this provides causal support for previous observational evidence, our findings
for SHBG contrast with the observational evidence in showing a detrimental effect of SHBG on

FEV; and FEV,/FVC in males, with no effect of SHBG in females.

The MVMR finding of a beneficial effect of testosterone on FVC in males is consistent with
observational findings from previous studies and from our own analysis.[2,9,10,13] While in the
initial analysis there was no consistent evidence of an effect across MVMR methods, this appeared to
be driven by pleiotropy, where genetic instruments affect the outcome through alternative
independent pathways (phenotypes). Moreover, it suggested “negative” pleiotropy, where the effect
of a genetic instruments on the alternative phenotype is in the opposite direction compared to its
effect on testosterone. After removing pleiotropic SNPs identified by MVMR-PRESSO, we found a
strong beneficial effect of TT and a weaker detrimental effect of SHBG on FVC in males. This suggests
that a few SNPs associated with higher levels of testosterone are also associated with other factors
that negatively impact lung function. Further investigation of the identified pleiotropic SNPs suggests
that pleiotropy might occur through the effect of these SNPs on blood-cell subtypes, and indeed
several blood-cell types have been previously associated with lung function and its decline.[34,35]
Heterogeneity remained, although reduced, when we removed outlier SNPs, thus suggesting the
presence of some unresolved pleiotropy. However, when we removed a priori considered potential
sources of pleiotropy the results did not change, suggesting the presence of other unknown sources
of pleiotropy. Moreover, the consistency of the findings across the different MVMR methods

accounting for pleiotropy provides reassurance of the robustness of our results.

The MVMR analysis also suggests a moderate beneficial effect of testosterone on FVC in females.
Significant beneficial effects of testosterone were found in all female analyses, including the
subgroup analyses.[34] Few studies have investigated the associations between circulating
testosterone and lung function in females. Recent cross-sectional analyses showed no significant, or
modest detrimental, associations between free testosterone levels and FVC in women.[10,13]
However, the longitudinal analysis over an 8-year follow-up by Lenoir et al.[13] showed a slower
decline in FVC in females with higher levels of total and free testosterone at baseline. This is
consistent with another study showing higher FVC in women with higher levels of DHEAs, a major

precursor of testosterone in women.[12]

In addition to its action on lung development and maturation early in life, testosterone might
increase FEV, through direct bronchodilator effects, and FVC through direct effects on respiratory or

skeletal muscle strength, or it could affect both lung function measures by reducing inflammatory
10
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responses and subsequent airway remodelling.[3,4,7,8,14] In our cross-sectional MVMR analyses, we
found that TT had some beneficial effect on FVC, whereas we found no significant effect of TT in the
longitudinal analysis with FVC decline. A first possible explanation might be a beneficial effect of TT in
attaining higher maximum peak FVC during lung growth. However, at least in females, the slower FVC
decline observed by Lenoir et al.[13] in females with higher testosterone might rather point towards
a protective effect of testosterone in sustaining lung capacity in adulthood, rather than a beneficial
effect during lung growth in early life. An alternative hypothesis might be a positive short-term effect
of testosterone. Such a “short-term” effect was also proposed by Lenoir et al.[13] as an alternative
explanation for the positive cross-sectional association between TT and FVC but lack of association
with FVC decline in men. In the ECRHS, Pesce et al.[12] found that low level of the major precursor of
testosterone in women (DHEA-S) was associated with FVC but not FVC decline and suggested that
this might point towards a short-term, maybe reversible, effect of DHEA-S deficiency on pulmonary
vital capacity. Similarly, a short-term positive effect of testosterone (possibly through broncho-
relaxing properties, or anabolic effects on muscle strength) might explain why we observe strong
associations in the cross-sectional analysis, but not in the longitudinal analysis. We further cannot
exclude a small effect of TT on lung function decline that we could not observe after a short follow-
up. Longitudinal studies, with lung function trajectories from childhood to adulthood would be useful
to investigate whether the effect of TT is mostly on lung growth, and whether this takes place

similarly in males and females.

Testosterone deficiency has been frequently reported in patients with COPD.[1,3,32] However, to
date, small clinical trials of male patients with COPD failed to show any protective effect of
testosterone supplementation on lung function, although it was associated with an increase in lean
body mass and a reduced risk of respiratory hospitalizations.[3,32,36] Moreover, a recent phase 2A
trial in men and postmenopausal women with COPD showed that a selective androgen receptor
modulator (GSK2881078) increased leg strength, at least in men, and lean body mass in both men
and women, but no changes in lung function were observed.[37] As suggested by Mohan et al.[9], it
is possible that testosterone might have a beneficial effect in preserving lung function through
mechanisms independent from those driving the lower testosterone levels in patients with COPD. It
is also possible that the duration of the intervention trials was too short to observe a protective
effect on lung function measures. In an additional analysis [data not shown], we did assess the
association of TT and SHBG with airflow obstruction (FEV;/FVC < lower limit of normal) and did not
find a clear association in either males or females, in line with the null association observed for the

FEV,/FVC ratio.

There is increasing interest in a possible role of SHBG in several diseases.[16—20,38] SHBG binds to

circulating sex hormones; in particular, 40%-65% of testosterone is bound to SHBG, which reduces
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the concentration of unbound (“free”) testosterone.[39] In our observational analysis, which was
adjusted for testosterone, SHBG showed positive associations with FVC in males and females,
consistent with previous observational studies.[9,13] In contrast, our MVMR analysis showed
significant independent detrimental effects of SHBG on FVC, FEV; and FEV,/FVC in males after
removing pleiotropic SNPs. This detrimental effect of SHBG was always accompanied by a beneficial
effect of TT. Therefore, one might speculate that SHBG has a detrimental effect on lung function

through its binding to testosterone.[36]

In females, we found no evidence for a detrimental effect of SHBG on lung function. Of note,
oestradiol also binds to SHBG, and in contrast to androgens, oestrogens may also have pro-
inflammatory proprieties and might detrimentally impact lung function.[4,7,40] Therefore, the lack of
effect of SHBG on lung function in females might be partly explained by SHBG binding, not only to
testosterone, but also to oestradiol in females, and the balance between the two may be driving the

final effect.

The “free hormone” hypothesis assumes that only unbound testosterone can bind to androgen
receptors and thus exert its effect, and measurement of free testosterone has been recommended
to establish clinical diagnoses, particularly in men with altered SHBG levels and in women[41].
However, more recent evidence suggests that testosterone binding to SHBG is important for reaching
and becoming active in target tissues[41], and that SHBG might even increase sex hormones signal
transduction.[42] In this study we used MVMR with the aim to investigate the independent effects of
SHBG and TT on lung function (i.e. whether for a given value of TT, individuals with higher SHBG have
higher lung function, and vice-versa), and hence we did not consider any calculated index to reflect

the proportion of TT that is not bound to SHBG.

The large sample size allowed us to investigate possible interactions based on a priori hypotheses.
We observed that the effects of TT and SHBG on FVC in men were more marked in obese than in
non-obese individuals, although the effects were in the same direction in the two groups and there
was no consistent evidence of interaction. We found no evidence of interaction with physical activity
and menopausal status in women, while we found that the small negative effect of SHBG on

FEV,/FVC was limited to older men.

There are some limitations in our study. Like many previous observational studies on hormones, TT
was not measured using a standardized LC-MS/MS assay, which is the gold-standard method.
Regarding our findings for FEV,/FVC, a marker of obstruction, only pre-bronchodilator lung function
measurements were available in UKB, and this does not allow us to differentiate between reversible
airflow obstruction (as in asthma) and fixed obstruction (as in COPD). However, our findings mostly
provided evidence of an effect of TT on FVC, while there was little evidence for an effect on

FEV./FVC. As we only used UK Biobank data, which pronominally includes white participants, and
12
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good spirometry data was limited to participants of Caucasian ancestry, our findings should be
generalised with caution. Finally, we did not find and effect on lung function decline in our secondary
MVMR analyses in contrast to our previous observational study[13]. However, this could be due to
the greatly reduced the number of UKB participants in the longitudinal analysis (N=14,282) compared
to the main MVMR analyses (N=341,826) and the relatively short follow-up time (average 8 years),
and there could be a small effect that we would be underpowered to detect. Future availability of
longitudinal lung function data from large samples and over a long period of time will allow further
MR investigations to provide conclusive evidence on the effects of sex hormones on lung function

decline.

Conclusion

Our findings show that higher genetically-determined testosterone levels are associated with higher
FVC and FEV, in both males and females. In contrast, higher genetically-determined SHBG levels are
associated with lower FEV; and FEV;/FVC in males. These findings suggest a beneficial causal effect of
testosterone and an adverse causal effect of SHBG on adult lung function. Our findings stress the
need for further research to investigate whether testosterone therapy might be used to slow down
lung function impairment among selected groups of people at risk of accelerated lung function
decline and in older age. They also suggest the need for active screening for lung function

impairment in people with low-testosterone levels.
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Figure legends

Figure 1: Flow diagram of sample selection from UK Biobank (UKB) for the one-sample multivariable
Mendelian Randomisation (MVMR) analyses. We first undertook genome-wide association analyses
(GWA), separately by sex, in the “hormone discovery dataset” to identify genetic instruments (SNPs)
for Total Testosterone (TT) and Sex Hormone Binding Globulin (SHBG), with replication in the
“hormone replication dataset”. The MVMR estimates of the effects of TT and SHBG on lung function
were then derived in UKB, separately by sex, from the SNP-hormone (G-X; “hormone replication
dataset”) and the SNP-lung function (G-Y; “lung function dataset”) estimates. The “lung function

dataset” included only UKB subjects with previously defined good-quality spirometry data.

Figure 2: Results of the MVMR analysis of the effect of SHBG and testosterone on A) FVC, B) FEV4,
and C) FEV,/FVC separately in males and females. Results expressed as the effect of a 10% increase in

SHBG or TT on lung function.

FE-IVW = Fixed effect Inverse variance weighted meta-analysis; RE-IVW = Random effect Inverse

variance weighted meta-analysis; 2SLS = Two-Stage least squares regression.

Figure 3: Results of the MVMR analysis after excluding pleiotropic SNPs identified by MVMR-PRESSO
(outliers), for the effect of SHBG and TT on: A) FVC, B) FEV,, and C) FEV,/FVC, separately in males and

females. Results expressed as the effect of a 10% increase in SHBG or TT on lung function.

Figure 4: Subgroup analysis showing significant interaction by obesity (A-B) and age (C) in males.
Outlier SNPs and “weak” SNPs (F-statistic <10) were excluded. Results expressed as the effect of a

10% increase in SHBG or TT on lung function.

* Nominal significant interaction (p-values for interaction<0.05).
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Tables

Table 1. Population characteristics per dataset.

Discovery Replication Lung function
hormone dataset hormone dataset dataset
Males Females Males Females Males Females
N 140,941 163,661 70,321 82,033 158,693 183,133
Age (years), median [min-max] 58 [39-72] 57 [39-70] 58(37-73] | 58[40-71] | 58[39-72] 57 [39-71]
>50 years, N (%) 104,389 (74%) 119,869 (73%) | 51,978 (74%) | 60,245 (73%) | 117,735 (74%) | 135,419 (74%)
Height (cm), mean (SE) 176 (0.02) 162 (0.02) 176 (0.03) 162 (0.02) 176 (0.02) 163 (0.01)
BMI (kg/m?), mean (SE) 27.8(0.01) 27.1(0.01) 27.8(0.02) 27.1(0.02) 27.8(0.01) 27.0(0.01)
Smoking status
Never-smoker, N (%) 69,047 (49%) 97,637 (60%) 34,598 (49%) | 48,877 (60%) | 77,469 (49%) | 106,280 (58%)
Ex-smoker, N (%) 54,148 (38%) 51,304 (31%) 26,898 (38%) | 25,598 (31%) | 62,432 (39%) | 60,883 (33%)
Current-smoker, N (%) 17,529 (12%) 14,461 (9%) 8,699 (12%) 7,428 (9%) 18,755 (12%) 15,913 (9%)
Pack years (years), mean (SE) 26.1 (0.09) 20.1 (0.07) 26.2 (0.13) 20.4 (0.11) 25.6 (0.09) 19.9 (0.07)

Menopause, N (%)

98,791 (60%)

49,884 (61%)

111,601 (61%)

Moderate physical activity, N (%)*

67,420 (50%)

75,356 (49%)

33,546 (50%)

37,614 (49%)

76,836 (50%)

85,322 (49%)

Hormone measurements

N Testosterone (%)

140,216 (99%)

139,591 (85%)

69,933 (99%)

69,916 (85%)

Testosterone (nmol/L), median (IQR)

11.62 (4.71)

1.01 (0.65)

11.61 (4.70)

1.01 (0.66)

N SHBG (%)

129,700 (92%)

150,365 (92%)

64,804 (92%)

75,325 (92%)

SHBG (nmol/L), median (IQR)

36.96 (20.25)

56.46 (37.40)

36.93 (20.21)

56.25 (37.03)

Lung function outcomes

FEV; (L), mean (SE) - - - - 3.35(0.002) 2.43 (0.001)
FVC (L), mean (SE) - - - - 4.46 (0.002) 3.20(0.001)
FEV,/FVC (%), mean (SE) - - - - 74.91 (0.02) 75.96 (0.01)
Airflow obstruction**, N (%) - - - - 15,341 (10%) 14,976 (8%)

SHBG: sex hormone binding globulin.

* Reported 4 or more days doing 10 minutes or more of moderate physical activities like carrying light loads, cycling at normal pace (Does not include walking).

19




** Airflow obstruction = FEV,/FVC < Lower limit of normal (LLN) based on GLI-2012.

20



