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and Shigeo Horie1,2*

1Department of Urology, Juntendo University, Graduate School of Medicine, Tokyo, Japan,
2Department of Advanced Informatics for Genetic Diseases, Juntendo University, Graduate School of
Medicine, Tokyo, Japan
Low testosterone levels in men have been linked to decreased physical and

mental function, as well as a reduced quality of life. Previous prospective

observational studies have suggested an association between testosterone and

sleep traits, but the causality of this relationship remains unclear. We aimed to

explore the potential causal link between genetically determined sleep traits and

testosterone levels in men using Mendelian randomization (MR) analysis from the

UK Biobank dataset. Our exposures were genetic variants associated with sleep

traits (chronotype and sleep duration), whereas our outcomes were traits of sex

steroid hormones (total testosterone, TT; bioavailable testosterone, BAT; and sex

hormone-binding globulin, SHBG). We employed inverse variance weighted

(IVW) and weighted median (WM) methods to assess the causal associations.

The IVW method offers a robust estimate of causality, whereas the WM method

provides reliable results even when some genetic variants are invalid instruments.

Our main analysis involving sex steroid hormones and chronotype identified 155

chronotype-related variants. The primary findings from the analysis, which used

chronotype as the exposure and sex steroid hormones as the outcomes, showed

that a genetically predicted chronotype score was significantly associated with an

increased levels of TT (association coefficient b, 0.08; 95% confidence interval

[CI], 0.02–0.14; P = 0.008) and BAT (b, 0.08; 95% CI, 0.02–0.14; P = 0.007),

whereas there was no significant association with SHBG (b, 0.01; 95% CI, −0.02–

0.03; P = 0.64). Meanwhile, MR analysis of sex steroid hormones and sleep

duration was performed, and 69 variants associated with sleep duration were

extracted. There were no significant association between sleep duration and sex

steroid hormones (TT, P = 0.91; BAT, P = 0.82; and SHBG, P = 0.95). Our data

support a causal association between chronotype and circulating testosterone

levels in men. These findings underscore a potential causal relationship between

chronotype and testosterone levels in men, suggesting that lifestyle adjustments

are crucial for men’s health. Recognizing factors that influence testosterone is

essential. One limitation of this study is the use of one-sample MR, which can
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introduce potential bias due to non-independence of genetic associations for

exposure and outcome. In conclusion, our findings indicate that a morning

preference is correlated with circulating testosterone levels, emphasizing the

potential impact of lifestyle habits on testosterone levels in men.
KEYWORDS

testosterone, sex steroid hormone, chronotype, sleep duration, Mendelian
randomization (MR)
1 Introduction

Testosterone, a key sex steroid hormone, is essential for muscle

maintenance, hematopoiesis, and male sexual behavior in adult

physiology (1–3). In men, approximately 95% is produced in the

testes and the remaining 5% in the adrenal glands. Although it is

produced in the ovaries and adrenal glands in women, the amount

of production is much lower than that in men. Approximately 98%

of total testosterone (TT) in the blood is bound to sex hormone

binding globulin (SHBG) and albumin (as Alb-T), with the

remaining 1%–2% present as free testosterone (FT). Among these,

FT and Alb-T have biological activity as androgens, and thus, FT

and Alb-T are collectively called bioavailable testosterone (BAT).

On the other hand, SHBG has no biological activity and increases

gradually with aging. Therefore, even if TT remains unchanged,

BAT is thought to decrease relatively over an individual’s life (4).

Low testosterone levels are associated with decreased physical and

mental function and quality of life in men. Maintaining testosterone

levels may contribute to extending healthy life expectancy (5–7).

Testosterone exhibits diurnal fluctuations (8). Similarly, sleep

traits are also deeply affected by diurnal fluctuations. Therefore, the

relationship with testosterone and sleep traits has recently attracted

attention. Sleep traits, such as timing and duration of sleep, are varied

greatly from person to person and are involved in the maintaining

sleep homeostasis, such as 24-h internal rhythms that are

synchronized with external environmental stimuli. Sleep traits are

influenced by genetic factors, and disturbances in sleep traits have

adverse effects on health (9). Timing of sleep, also called chronotype,

expresses preferences for when to wake up and when to go to bed.

Several observational studies reported the association of sleep traits

and circulating testosterone levels. In a prospective observational

study in Germany targeting college student volunteers (N = 106),

Randler et al. used the composite scale of morningness to assess

chronotype and sampled saliva testosterone in the midmorning to

avoid seasonal and circadian effects. Morning preference was

significantly associated with lower testosterone levels (r = −0.22;

P = 0.023) compared with evening preference (10). Another

prospective study in the United States targeted elderly volunteers

(N = 12) aged 64–74 years. Three morning blood samples were

pooled for the measurement of total and free testosterone. In addition
02
to overnight laboratory polysomnography was used to determine the

amount of nighttime sleep of the participants in everyday life settings.

Penev reported that sleep deprivation was associated with lower

testosterone levels (r = 0.842; P = 0.001) (11). However, these

observational studies could not elucidate whether sleep habits

causally influence testosterone levels, or testosterone levels affect

sleep traits.

This study aimed to investigate potential causal associations

between sleep traits (chronotype and sleep duration) and

testosterone levels in men using Mendelian randomization (MR),

which estimates the causal relationship between exposure factors and

outcomes using genetic variants as instrumental variables (IVs) (12).
2 Materials and methods

2.1 Data source

Using the genome-wide association studies (GWAS) database

in the UK Biobank, we collected information on genetic variants

associated with sleep traits and not associated with sex steroid

hormones trait (13, 14). The UK Biobank is a large prospective

cohort study with deep genetic and phenotypic data collected on

approximately 500,000 individuals from across the United

Kingdom, aged between 40 and 69 years at recruitment. Health-

related information from each participant, including genetic and

lifestyle information, blood and urine biomarkers, and physical

characteristics, were collected. This database can be used as an open

resource (15, 16). We performed MR analyses with sleep traits as

exposure and sex steroid hormone levels as outcome (Figure 1) (17).

As sleep traits, information on chronotype (ID:ikb-b-4956)

and sleep duration (ID:ukb-b-4424) was extracted. We

analyzed 9,851,867 variants obtained from 413,343 individuals

with chronotype information and extracted chronotype-associated

variants based on the genome-wide significance level (P < 5×10−8).

Chronotype was assessed using a questionnaire, “Do you consider

yourself to be?” Possible answers were: “Definitely a ‘morning’

person”, “More a ‘morning’ than ‘evening’ person”, “More an

‘evening’ than a ‘morning’ person”, “Definitely an ‘evening’

person”, “Do not know,” and “Prefer not to answer”. The
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precomputed GWAS publicly available from UK Biobank defined

the chronotype score as 1 for “Definitely a ‘morning’ person”, 2 for

“More a ‘morning’ than ‘evening’ person”, 3 for “More an ‘evening’

than a ‘morning’ person”, and 4 for “Definitely an ‘evening’ person”.

The continuous value of the chronotype score was modeled as

outcome of linear regression with adjustment for sex and 10

principal components (PCs) calculated from the genotypes of the

subjects. We analyzed 9,851,867 variants obtained from 460,099

individuals with information on sleep duration, and extracted

associated SNPs (P < 5 × 10−8). Questions about average sleep

duration were answered as integer numbers. The precomputed

GWAS defined the sleep duration score as 1 for <7 h of sleep

duration, 2 for 7 h–8 h, and 3 for ≥8 h. The continuous value of the

sleep duration score was modeled as outcome of linear regression

with adjustments for sex and 10 PCs (13).

Similarly, for sex steroid hormones, we extracted information on

TT (ID:ebi-a-GCST90012113), BAT (ID:ebi-a-GCST90012103), and

SHBG (ID:ebi-a-GCST90012109) in men. We investigate which

components of circulating testosterone are associated with sleep

traits. We analyzed 16,131,612 variants from 194,453 men with TT

information, 16,131,701 variants from 178,782 men with BAT

information, and 16,136,768 variants from 180,726 men with SHBG

information. We extracted genetic variants that were strongly

associated with each. In UK Biobank, blood samples were collected

at initial visit. TTmeasured in nmol/L by one-step competitive analysis

on a Beckman Coulter UniCel Dxl 800. The data were conducted

inverse normal transformation of rank adjusted by fasting time, age,

center, and chip/release of genetic data. SHBG measured in nmol/L by

two-step sandwich immunoassay analysis on a Beckman Coulter

UniCel Dxl 800. The data were conducted natural log

transformation adjusted by age, dilution, batch, minutes since blood

draw, time of blood draw, and operation status. Alb-T measured in g/L

by BCG analysis on a Beckman Coulter AU5800. BAT was calculated

from testosterone, accounting for concentration of SHBG and Alb-T

using Vermeulen equation (14).
2.2 Statistical analysis

We performed MR analyses to assess the effects of the exposures

(chronotype and sleep duration) on the outcomes (TT, BAT, and
Frontiers in Endocrinology 03
SHBG). Mendelian randomization uses genetic variants to

determine whether an observational association between a risk

factor and an outcome is consistent with a causal effect.

Mendelian randomization relies on the natural, random

assortment of genetic variants during meiosis yielding a random

distribution of genetic variants in a population. Individuals are

naturally assigned at birth to inherit a genetic variant that affects a

risk factor or not inherit such a variant. Individuals who carry the

variant and those who do not are then followed up for the

development of an outcome of interest. Because these genetic

variants are typically unassociated with confounders, differences

in the outcome between those who carry the variant and those who

do not can be attributed to the difference in the risk factor (12).

The causal association between exposure and outcome was

estimated using inverse variance weighted (IVW) and weighted

median (WM) methods as primary and secondary analyses,

respectively (18–22). The IVW estimate is asymptotically equal to

the two-stage least squares estimate commonly used with

individual-level data. If the genetic variants are uncorrelated, and

all genetic variants satisfy the IV assumptions, then the IVW

estimate is a consistent estimate of the causal effect (18, 19).

The WM estimator is the median of a distribution having

estimate percentile. For all other percentile values, we extrapolate

linearly between the neighboring ratio estimates. The contribution

of the genetic variant to the empirical distribution is proportional to

its weight. The simple median estimator can be thought of as a

weighted median estimator with equal weights. Although the simple

median provides a consistent estimate of causal effect if at least 50%

of IVs are valid, the weighted median will provide a consistent

estimate if at least 50% of the weight comes from valid IVs. We

assume that no single IV contributes more than 50% of the weight;

otherwise, the 50% validity assumption is equivalent to assuming

that this IV is valid (in which case, an analysis should simply be

based on this one IV) (18, 19).

The MR-Steiger test was used to confirm the effect direction of

causality. The MR-Steiger approach is used to determine the

direction of a possible causal effect between two phenotypes. For

two phenotypes, denoted phenotypes A and B, the MR-Steiger

approach is composed of two parts. (i) MR is performed for a set of

variants that serve as IVs for phenotype A. (ii) The difference of two

correlations, the correlation between the variants and phenotype A
FIGURE 1

One-sample Mendelian randomization (MR) study design.
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and the correlation between the variants and phenotype B, is

calculated. These two parts are then used to determine the

direction of a possible causal effect between the two phenotypes

(21, 22). Furthermore, MR-PRESSO was used to assess horizontal

pleiotropy in the results that demonstrate causality (23, 24).

MR results were defined as statistically significant at two-sided

P<0.05. We analyzed the relationship between three types of

testosterone levels and each sleep trait. Therefore, Bonferroni

correction was performed to correct the significance level (P <

0.016) due to multiple comparisons. All statistical tests were

performed using the TwoSampleMR package version 0.5.6 and

the R language version 4.2.1 (R Foundation for Statistical

Computing, Vienna, Austria) (17).
3 Results

MR of sex steroid hormones and chronotype was performed,

and 161 variants associated with chronotype were extracted

(Supplementary Tables S1-S4). One was not included in the

GWAS of sex steroid hormones, and five palindromic variants

were excluded. Thus, we extracted the association statistics for the

remaining 155 chronotype-related variants, which were used as IVs

for MR analysis. In the primary analysis of IVW, genetically

predicted chronotype score was significantly associated with an

increased level of TT (b = 0.08; 95% confidence interval [CI], 0.02–

0.14; P = 0.008) (Table 1; Figure 2A). Similarly, genetically predicted

chronotype score was significantly associated with an increased

level of BAT (b = 0.08; 95% CI, 0.02–0.14; P = 0.007, Table 1;

Figure 2B). No significant association was observed between

chronotype score and SHBG (b = 0.01; 95% CI, −0.02–0.03;

P = 0.64) (Table 1; Figure 2C). The results suggest that morning

preference was shown to have lower TT and BAT.

The relationship between chronotype and TT showed a similar

tendency in the secondary analysis of WM (b = 0.03; 95% CI,

−0.03–0.09; P = 0.32) (Table 1). MR-PRESSO revealed horizontal

pleiotropy (global test P < 0.001) and showed that nine out of 155

variants were outliers. Chronotype demonstrated a significant

causal effect on TT in the outlier-corrected estimate (b = 0.06;

95% CI, 0.01–0.11; P = 0.013). The relationship between chronotype
Frontiers in Endocrinology 04
and BAT using WM analysis also showed a significant association

(b = 0.08; 95% CI, 0.02–0.14; P = 0.006) (Table 1). MR-PRESSO

revealed horizontal pleiotropy (global test P < 0.001) and

determined that seven out of 155 variants were outliers.

Chronotype exhibited a trend of causal effect on BAT even in the

outlier-corrected estimate (b = 0.05; 95% CI, 0.004–0.10; P = 0.034).

In both analyses, the MR-Steiger test confirmed that chronotype

influenced TT and BAT in the positive direction of causality.

To confirm the absence of reverse causality, a similar analysis

was performed with sex steroid hormones as the exposure and

chronotype as the outcome. As a result, no significant association

was observed between the two (TT: b = −0.01; 95% CI, −0.03–0.01;

P = 0.18, BAT: b = −0.006; 95% CI, −0.03–0.02; P = 0.67, SHBG:

b = −0.01; 95% CI, −0.04–0.02; P = 0.55). Therefore, it was shown

that testosterone levels do not affect chronotype, confirming that

there is no reverse causal relationship.

MR of sex steroid hormones and sleep duration was performed,

and 71 variants strongly associated with sleep duration were

extracted (Supplementary Tables S5-S8). Two palindromic

variants were excluded. Thus, we extracted the association

statistics for the remaining 69 sleep duration-related variants,

which were used as IVs for MR analysis. In the primary analysis

of IVW, an increase in genetically predicted sleep duration score

was not significantly associated with TT (b = −0.01; 95% CI, −0.17–

0.15; P = 0.91) (Table 2; Figure 3A). Similarly, no significant

association was observed between sleep duration and BAT

(b = 0.02; 95% CI, −0.13–0.06; P = 0.82) (Table 2; Figure 3B).

The results were similar for SHBG (b = 0.002; 95% CI, −0.06–0.06;

P = 0.95) (Table 2; Figure 3C).

To confirm an inverse causal association, a similar analysis was

performed using sex steroid hormones as the exposure and sleep

duration as the outcome. TT, BAT, and SHBG were not

significantly associated with sleep duration (TT: b = −0.01; 95%

CI, −0.03–0.002; P = 0.09, BAT: b = −0.01; 95% CI, −0.03–0.01;

P = 0.31; SHBG: b = −0.03; 95% CI, −0.05 to −0.002; P = 0.03). It

became clear that there was no causal relationship between

testosterone levels and sleep duration.

A causal relationship between testosterone levels and

chronotype was confirmed, but not with sleep duration.

Interestingly, different results were shown depending on sleep traits.
TABLE 1 MR analyses of chronotype and sex steroids hormone.

Exposure Outcomes

MR methods

Inverse variance weighted Weighted median test

Beta
(95% CI)

P-value
Beta

(95% CI)
P-value

Chronotype
(155 variants)

Total testosterone
0.08

(0.02–0.14)
0.008

0.03
(−0.03–0.09)

0.32

Bioavailable testosterone
0.08

(0.02–0.14)
0.007

0.08
(0.02–0.14)

0.006

Sex hormone-
binding globulin

0.01
(−0.02–0.03)

0.64
−0.01

(−0.03–0.02)
0.65
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4 Discussion

Previous several observational studies have been reported

between sleep traits (chronotype, sleep duration) and circulating

testosterone levels (8, 10, 11), but all were small population and the

causal association was unclear. We analyzed the causal association

between sleep traits and testosterone using MR. Our data showed

that morning preference was causally associated with lower

testosterone levels (TT and BAT), whereas there was no

significant association between sleep duration and testosterone.

Testosterone is highest after waking up and decreases toward

night (25). Since more testosterone is produced during sleep,

morning preference may be starting activity before they have

enough testosterone produced. A latent state of low testosterone

may have a negative impact on the maintenance of muscle mass and

strength, hematopoiesis, and male sexual function.

Testosterone replacement therapy has previously been reported

as a treatment for low testosterone in men. A 3-year study of

testosterone patch supplementation in men aged 65 years and over
Frontiers in Endocrinology 05
in the United States found effects on improving body composition,

such as increasing muscle mass and decreasing fat mass (26). On the

other hand, it has been reported that in the group, a decrease in

testosterone due to antiandrogen therapy including GnRH agonist

administration in patients with prostate cancer and changes in body

composition such as decreased muscle mass and increased fat mass

were observed (27). In a meta-analysis examining the efficacy of

testosterone replacement therapy for sexual function, the therapy

showed modest improvements in the number of nocturnal

erections, erectile function scores, and overall sexual satisfaction

in men with low mean testosterone levels (28).

The chronotype has been associated with individual differences

in traits related to circadian rhythms, such as body temperature,

cortisol, and melatonin secretion. A previous MR study using

dataset from the UK Biobank and PRACTICAL Consortium

reported that morning preference was associated with a decreased

risk of developing prostate cancer (29). A meta-analysis of 20

prospective studies reported that low free testosterone levels were

associated with a lower risk of developing prostate cancer (30). Yet,
TABLE 2 MR analyses of sleep duration and sex steroids hormone.

Exposure Outcomes

MR methods

Weighted inverse variance Weighted median test

Beta
(95% CI)

P-value
Beta

(95% CI)
P-value

Sleep duration
(69 variants)

Total testosterone
−0.01

(−0.17–0.15)
0.91

−0.01
(−0.13–0.11)

0.88

Bioavailable testosterone
0.02

(−0.13–0.16)
0.82

−0.02
(−0.15–0.11)

0.76

Sex hormone-
binding globulin

0.002
(−0.06–0.06)

0.95
−0.02

(−0.06–0.03)
0.49
B CA

FIGURE 2

Scatter plots for MR analyses of chronotype and sex steroids hormone. (A) Total testosterone, (B) bioavailable testosterone, (C) sex hormone-binding
globulin. Analyses were conducted using the IVW and WM methods using chronotype associated 155 variants.
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another MR study reported that morning preference was associated

with a decreased risk of breast cancer (31). This study and the

results of previous studies suggest, although not directly, that

individuals with morning preference may tend to have lower

testosterone levels; similar findings on sex steroid hormones and

sleep habits using two-sample MR have recently been reported (32),

which in turn may reduce the risk of developing prostate cancer.

Our application of one-sample MR to the association between

testosterone and sleep allowed us to validate previous findings

and check robustness, ensuring that the observed associations

were consistent across different methodologies. This strengthened

the reliability of the results, provided a complementary perspective,

and reduced potential biases inherent in each methodology.

Focusing on aspects other than testosterone, evening preference is

more likely to be associated with mental disorders (OR, 1.94;

P < 0.001), diabetes (OR, 1.30; P < 0.001), neuropathy (OR, 1.25;

P < 0.001), gastrointestinal/abdominal disorders (OR, 1.23; P < 0.001),

respiratory disorders (OR, 1.22; P < 0.001), and increased risk of all-

cause mortality (HR, 1.10; P = 0.012) (33). Another previous report

that those with evening preference had lower adherence to the Baltic

Sea diet score and were more often smokers (men), were physically

inactive, and had lower perceived health than those of other

chronotypes (P < 0.05) (34). Furthermore, those with evening

preference experienced insomnia symptoms, had nightmares, and

had used recently hypnotics significantly more often than other

chronotypes among both men and women (35). These previous

reports suggest that regarding lifestyle guidance for patients with low

testosterone levels, caution should be practiced regarding

recommending evening preference, taking into consideration the

effects that lifestyle can have on the mind and body.

Montaruli et al. report that the circadian rhythm plays a

fundamental role in regulating biological functions, including
Frontiers in Endocrinology 06
sleep–wake preference, body temperature, hormonal secretion,

food intake, and cognitive and physical performance. Circadian

rhythm alterations could create predispositions to the development

of several diseases (such as cancer and neurodegenerative,

cardiovascular, and metabolic diseases) and to physiological

aging. Interindividual differences in chronotypes need to be

considered to reduce the negative effects of circadian disruptions

on health (36). Therefore, we need to further understand the true

role of chronotype.

In understanding diseases, it is extremely important to clarify

their causes and causal relationships. By identifying causal

relationships, it becomes easier to consider ways to prevent and

deal with diseases. Essentially, in order to make causal inferences, it

is necessary to investigate causal relationships by eliminating

confounding effects through randomized clinical trials. However,

conducting randomized clinical trials requires many resources. MR

analysis has the great advantage of being able to make causal

inferences that minimize the effects of confounding by taking

advantage of the fact that genetic polymorphisms are randomly

inherited by offspring (12).

However, this study has several research limitations. First, we

used an analysis method called one-sample MR. One-sample MR is

a method of estimating causality using GWAS results obtained from

one population for exposure and outcome, whereas two-sample MR

assumes that association of genetic variants with exposure and

outcome variables was estimated using independent populations. In

contrast to two-sample MR, one-sample MR derives both estimates

from the same cohort, leading to potential violation of the

independence assumption when confounding is present. As a

result, one-sample MR may introduce potential bias. A recent

study assessing the bias and accuracy of causal inference for one-

and two-sample MR has suggested that one-sample MR yields
B CA

FIGURE 3

Scatter plots for MR analyses of sleep duration and sex steroids hormone. (A) Total testosterone, (B) bioavailable testosterone, and (C) sex hormone-
binding globulin. Analyses were conducted using the IVW and WM methods using sleep duration associated 69 variants.
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unbiased estimates when using large-scale cohorts such as the UK

Biobank. In this study, we applied the one-sample MR to the UK

Biobank datasets (20), enabling a large-scale analysis. Second, our

analysis failed to consider potential genetic pleiotropy. Therefore,

supplementary analyses that accommodate the potential genetic

pleiotropy are warranted (37). Additionally, to solidify the causal

relationship between testosterone and sleep traits, future

investigations employing different MR analytical techniques

beyond the ones used in this study are essential. Third, we used

the European-ancestry dataset for MR analyses (13, 14). It is unclear

whether the present results can be applied to other ancestry. Further

studies are needed to determine whether our results can be

extrapolated across ancestries. Finally, the chronotype score and

sleep duration were adjusted for sex and 10 PCs, but not for age.

Further studies are needed to clarify the age-dependent causal

relationship between the chronotype score and testosterone levels.

In conclusion, we showed that morning preference was causally

associated with a decreased level of circulating testosterone. This

result reinforces those shown in previous observational studies.

However, the exact reason why chronotype affects testosterone is

not clear, and this remains a topic for future research.
Data availability statement

Publicly available datasets were analyzed in this study. This data

can be found here: https://gwas.mrcieu.ac.uk; Dataset:ebi-a-

GCST90012113,ebi-a-GCST90012103,ebi-a-GCST90012109,ukb-

b-4956,ukb-b-4424.
Author contributions

TI: Conceptualization, Data curation, Formal Analysis,

Investigation, Writing – original draft, Writing – review &

editing. TK: Data curation, Formal Analysis, Investigation,

Resources, Validation, Visualization, Writing – original draft,

Writing – review & editing. TH: Data curation, Formal Analysis,

Investigation, Resources, Validation, Visualization, Writing –

review & editing. YI: Investigation, Project administration,

Validation, Writing – review & editing. SI: Investigation,
Frontiers in Endocrinology 07
Validation, Writing – review & editing. HI: Supervision,

Validation, Writing - review & editing. SH: Conceptualization,

Project administration, Supervision, Writing – review & editing.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Acknowledgments

We would like to acknowledge the participants and

investigators of the United Kingdom Biobank. We thank the staff

of the Department of Urology at Juntendo University for guidance

and support.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2024.

1264410/full#supplementary-material
References
1. Storer TW, Woodhouse L, Magliano L, Singh AB, Dzekov C, Dzekov J, et al.
Changes in muscle mass, muscle strength, and power but not physical function are
related to testosterone dose in healthy older men. J Am Geriatr Soc. (2008) 56:1991–9.
doi: 10.1111/j.1532-5415.2008.01927.x

2. Kelly DM, Jones TH. Testosterone: a metabolic hormone in health and disease. J
Endocrinol. (2013) 217:R25–45. doi: 10.1530/JOE-12-0455

3. Sinclair M, Grossmann M, Gow PJ, Angus PW. Testosterone in men with
advanced liver disease: abnormalities and implications. J Gastroenterol Hepatol.
(2015) 30:244–51. doi: 10.1111/jgh.12695

4. Narinx N, David K, Walravens J, Vermeersch P, Claessens F, Fiers T, et al. Role of
sex hormone-binding globulin in the free hormone hypothesis and the relevance of free
testosterone in androgen physiology. Cell Mol Life Sci. (2022) 79:543. doi: 10.1007/
s00018-022-04562-1
5. Walther A, Seuffert J. Testosterone and dehydroepiandrosterone treatment in ageing
men: are we all set? World J Mens Health. (2020) 38:178–90. doi: 10.5534/wjmh.190006

6. Shirakawa T, Fink J, Hotta ZU, Shimada Y, Lu Y, Du J, et al. The impact of serum
testosterone level to reflect age-related multi-organ functions. Endocr J. (2024) 71:265–
72. doi: 10.1507/endocrj.EJ23-0380

7. Ide H. The impact of testosterone in men’s health. Endocr J. (2023) 70:655–62.
doi: 10.1507/endocrj.EJ22-0604

8. Qin L-Q, Kaneko T, Li J, Wang P-Y, Xu J-Y, Wang J, et al. The effects of nocturnal
life on the circadian patterns of sex hormones in young healthy men. J Health Sci.
(2005) 51:33–40. doi: 10.1248/jhs.51.33

9. Ashbrook LH, Krystal AD, Fu YH, Ptacek LJ. Genetics of the human circadian
clock and sleep homeostat. Neuropsychopharmacology. (2020) 45:45–54. doi: 10.1038/
s41386-019-0476-7
frontiersin.org

https://gwas.mrcieu.ac.uk
https://www.frontiersin.org/articles/10.3389/fendo.2024.1264410/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2024.1264410/full#supplementary-material
https://doi.org/10.1111/j.1532-5415.2008.01927.x
https://doi.org/10.1530/JOE-12-0455
https://doi.org/10.1111/jgh.12695
https://doi.org/10.1007/s00018-022-04562-1
https://doi.org/10.1007/s00018-022-04562-1
https://doi.org/10.5534/wjmh.190006
https://doi.org/10.1507/endocrj.EJ23-0380
https://doi.org/10.1507/endocrj.EJ22-0604
https://doi.org/10.1248/jhs.51.33
https://doi.org/10.1038/s41386-019-0476-7
https://doi.org/10.1038/s41386-019-0476-7
https://doi.org/10.3389/fendo.2024.1264410
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Ichikawa et al. 10.3389/fendo.2024.1264410
10. Randler C, Ebenhoh N, Fischer A, Hochel S, Schroff C, Stoll JC, et al. Chronotype
but not sleep length is related to salivary testosterone in young adult men.
Psychoneuroendocrinology. (2012) 37:1740–4. doi: 10.1016/j.psyneuen.2012.02.008

11. Penev PD. Association between sleep and morning testosterone levels in older
men. Sleep. (2007) 30:427–32. doi: 10.1093/sleep/30.4.427

12. Emdin CA, Khera AV, Kathiresan S. Mendelian randomization. JAMA. (2017)
318:1925–6. doi: 10.1001/jama.2017.17219

13. Elsworth BL, Raistrick CA, Paternoster L, Hemani G, Gaunt TR. MRC IEU UK
Biobank GWAS pipeline version 1. University of Bristol. (2017). doi: 10.5523/
bris.2fahpksont1zi26xosyamqo8rr

14. Ruth KS, Day FR, Tyrrell J, Thompson DJ, Wood AR, Mahajan A, et al. Using
human genetics to understand the disease impacts of testosterone in men and women.
Nat Med. (2020) 26:252–8. doi: 10.1038/s41591-020-0751-5

15. Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, et al. Genome-
wide genetic data on ~500,000 UK Biobank participants. bioRxiv. (2017), 166298.
doi: 10.1101/166298

16. Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, et al. The UK
Biobank resource with deep phenotyping and genomic data. Nature. (2018) 562:203–9.
doi: 10.1038/s41586-018-0579-z

17. Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, et al. The
MR-Base platform supports systematic causal inference across the human phenome.
Elife. (2018) 7:e34408. doi: 10.7554/eLife.34408

18. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid
instruments: effect estimation and bias detection through Egger regression. Int J
Epidemiol. (2015) 44:512–25. doi: 10.1093/ije/dyv080

19. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estimation in
mendelian randomization with some invalid instruments using a weighted median
estimator. Genet Epidemiol. (2016) 40:304–14. doi: 10.1002/gepi.21965

20. Minelli C, Del Greco MF, van der Plaat DA, Bowden J, Sheehan NA, Thompson
J. The use of two-sample methods for Mendelian randomization analyses on single
large datasets. Int J Epidemiol. (2021) 50:1651–9. doi: 10.1093/ije/dyab084

21. Hemani G, Tilling K, Davey Smith G. Orienting the causal relationship between
imprecisely measured traits using GWAS summary data. PloS Genet. (2017) 13:
e1007081. doi: 10.1371/journal.pgen.1007081

22. Lutz SM, Voorhies K, Wu AC, Hokanson J, Vansteelandt S, Lange C. The
influence of unmeasured confounding on the MR Steiger approach. bioRxiv. (2021)
10.28.466267. doi: 10.1101/2021.10.28.466267

23. Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal
pleiotropy in causal relationships inferred from Mendelian randomization between
complex traits and diseases. Nat Genet. (2018) 50:693–8. doi: 10.1038/s41588-018-
0099-7

24. Kobayashi T, Hachiya T, Ikehata Y, Horie S. Genetic association of mosaic loss of
chromosome Y with prostate cancer in men of European and East Asian ancestries: a
Frontiers in Endocrinology 08
Mendelian randomization study. Front Aging. (2023) 4:1176451. doi: 10.3389/
fragi.2023.1176451

25. Diver MJ, Imtiaz KE, Ahmad AM, Vora JP, Fraser WD. Diurnal rhythms of
serum total, free and bioavailable testosterone and of SHBG in middle-aged men
compared with those in young men. Clin Endocrinol (Oxf). (2003) 58:710–7.
doi: 10.1046/j.1365-2265.2003.01772.x

26. Snyder PJ, Peachey H, Hannoush P, Berlin JA, Loh L, Lenrow DA, et al. Effect of
testosterone treatment on body composition and muscle strength in men over 65 years
of age. J Clin Endocrinol Metab. (1999) 84:2647–53. doi: 10.1210/jc.84.8.2647

27. Smith MR, Finkelstein JS, McGovern FJ, Zietman AL, Fallon MA, Schoenfeld
DA, et al. Changes in body composition during androgen deprivation therapy for
prostate cancer. J Clin Endocrinol Metab. (2002) 87:599–603. doi: 10.1210/
jcem.87.2.8299

28. Isidori AM, Giannetta E, Gianfrilli D, Greco EA, Bonifacio V, Aversa A, et al.
Effects of testosterone on sexual function in men: results of a meta-analysis. Clin
Endocrinol (Oxf). (2005) 63:381–94. doi: 10.1111/j.1365-2265.2005.02350.x

29. Sun X, Ye D, Jiang M, Qian Y, Mao Y. Genetically proxied morning chronotype
was associated with a reduced risk of prostate cancer. Sleep. (2021) 44:1–6. doi: 10.1093/
sleep/zsab104

30. Watts EL, Appleby PN, Perez-Cornago A, Bueno-de-Mesquita HB, Chan JM,
Chen C, et al. Low free testosterone and prostate cancer risk: A collaborative analysis of
20 prospective studies. Eur Urol. (2018) 74:585–94. doi: 10.1016/j.eururo.2018.07.024

31. Richmond RC, Anderson EL, Dashti HS, Jones SE, Lane JM, Strand LB, et al.
Investigating causal relations between sleep traits and risk of breast cancer in women:
mendelian randomisation study. BMJ. (2019) 365:l2327. doi: 10.1136/bmj.l2327

32. Yuan C, Jian Z, Jin X. Chronotype and insomnia may affect the testosterone
levels with a sexual difference: a Mendelian randomization. J Endocrinol Invest. (2022)
46:123–32. doi: 10.1007/s40618-022-01890-8

33. Knutson KL, von Schantz M. Associations between chronotype, morbidity and
mortality in the UK Biobank cohort. Chronobiol Int. (2018) 35:1045–53. doi: 10.1080/
07420528.2018.1454458

34. Maukonen M, Kanerva N, Partonen T, Kronholm E, Konttinen H, Wennman H,
et al. The associations between chronotype, a healthy diet and obesity. Chronobiol Int.
(2016) 33:972–81. doi: 10.1080/07420528.2016.1183022

35. Merikanto I, Kronholm E, Peltonen M, Laatikainen T, Lahti T, Partonen T.
Relation of chronotype to sleep complaints in the general Finnish population.
Chronobiol Int. (2012) 29:311–7. doi: 10.3109/07420528.2012.655870

36. Montaruli A, Castelli L, Mule A, Scurati R, Esposito F, Galasso L, et al. Biological
rhythm and chronotype: new perspectives in health. Biomolecules. (2021) 11:487.
doi: 10.3390/biom11040487

37. Leinonen JT, Mars N, Lehtonen LE, Ahola-Olli A, Ruotsalainen S, Lehtimaki T,
et al. Genetic analyses implicate complex links between adult testosterone levels and
health and disease. Commun Med (Lond). (2023) 3:4. doi: 10.1038/s43856-022-00226-0
frontiersin.org

https://doi.org/10.1016/j.psyneuen.2012.02.008
https://doi.org/10.1093/sleep/30.4.427
https://doi.org/10.1001/jama.2017.17219
https://doi.org/10.5523/bris.2fahpksont1zi26xosyamqo8rr
https://doi.org/10.5523/bris.2fahpksont1zi26xosyamqo8rr
https://doi.org/10.1038/s41591-020-0751-5
https://doi.org/10.1101/166298
https://doi.org/10.1038/s41586-018-0579-z
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1093/ije/dyab084
https://doi.org/10.1371/journal.pgen.1007081
https://doi.org/10.1101/2021.10.28.466267
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.3389/fragi.2023.1176451
https://doi.org/10.3389/fragi.2023.1176451
https://doi.org/10.1046/j.1365-2265.2003.01772.x
https://doi.org/10.1210/jc.84.8.2647
https://doi.org/10.1210/jcem.87.2.8299
https://doi.org/10.1210/jcem.87.2.8299
https://doi.org/10.1111/j.1365-2265.2005.02350.x
https://doi.org/10.1093/sleep/zsab104
https://doi.org/10.1093/sleep/zsab104
https://doi.org/10.1016/j.eururo.2018.07.024
https://doi.org/10.1136/bmj.l2327
https://doi.org/10.1007/s40618-022-01890-8
https://doi.org/10.1080/07420528.2018.1454458
https://doi.org/10.1080/07420528.2018.1454458
https://doi.org/10.1080/07420528.2016.1183022
https://doi.org/10.3109/07420528.2012.655870
https://doi.org/10.3390/biom11040487
https://doi.org/10.1038/s43856-022-00226-0
https://doi.org/10.3389/fendo.2024.1264410
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Association of genetically determined chronotype with circulating testosterone: a Mendelian randomization study
	1 Introduction
	2 Materials and methods
	2.1 Data source
	2.2 Statistical analysis

	3 Results
	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


