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Abstract
Objective: To determine if testosterone treatment effect on glycaemia is mediated through changes in total fat mass, abdominal fat mass, 
skeletal muscle mass, non-dominant hand-grip, oestradiol (E2), and sex hormone-binding globulin (SHBG).
Design: Mediation analysis of a randomised placebo-controlled trial of testosterone.
Methods: Six Australian tertiary care centres recruited 1007 males, aged 50-74 years, with waist circumference ≥95 cm, serum total 
testosterone ≤14 nmol/L (immunoassay), and either impaired glucose tolerance or newly diagnosed type 2 diabetes on an oral glucose 
tolerance test (OGTT). Participants were enrolled in a lifestyle programme and randomised 1:1 to 3 monthly injections of 1000 mg 
testosterone undecanoate or placebo for 2 years. Complete data were available for 709 participants (70%). Mediation analyses for the primary 
outcomes of type 2 diabetes at 2 years (OGTT ≥ 11.1 mmol/L and change in 2-h glucose from baseline), incorporating potential mediators: 
changes in fat mass, % abdominal fat, skeletal muscle mass, non-dominant hand-grip strength, E2, and SHBG, were performed.
Results: For type 2 diabetes at 2 years, the unadjusted OR for treatment was 0.53 (95% CI:.35-.79), which became 0.48 (95% CI:.30-.76) after 
adjustment for covariates. Including potential mediators attenuated the treatment effect (OR 0.77; 95% CI:.44-1.35; direct effect) with 65% 
mediated. Only fat mass remained prognostic in the full model (OR: 1.23; 95% CI: 1.09-1.39; P < .001).
Conclusion: At least part of the testosterone treatment effect was found to be mediated by changes in fat mass, abdominal fat, skeletal muscle 
mass, grip strength, SHBG, and E2, but predominantly by changes in fat mass.
Keywords: mediation analysis, testosterone, diabetes, glucose

Significance

• Testosterone treatment prevents or reverses newly diagnosed type 2 diabetes in high-risk men (aged 50+, waist circum-
ference >94 cm) with testosterone (≤14 nmol/L) but without pathological hypogonadism. However, the mechanism of 
effect is unresolved.

• We utilised a novel, intuitive method of mediation analysis, applied to our randomised placebo-controlled clinical trial, to 
decompose the testosterone effect into the effect of testosterone alone and the effect due to changes in other “mediators”.

• This analysis highlights the dominant effect of a decrease in fat, and to a lesser extent, skeletal muscle, mass, strength, 
SHBG and E2, to improve glucose tolerance and prevent type 2 diabetes in response to testosterone treatment.
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Introduction
In randomised controlled trials (RCTs), the mechanisms by 
which outcomes are induced by health interventions can be in-
vestigated by mediation analysis.1 Mediation analyses have 
emerged as a powerful tool to disentangle potential causal 
pathways in data from clinical trials. It has been widely ap-
plied in the field of psychology2 but has also been used in other 
fields to understand how treatments work in RCTs.3 They en-
able researchers to decompose the treatment effect into an in-
direct component mediated through given variable(s) and the 
remaining direct effect of treatment or effects of unmeasured 
mediators. Identifying these mediating variables can help clini-
cians refine and adapt to improve the effectiveness of interven-
tions and guide their implementation.

The Testosterone for Prevention of Type 2 Diabetes 
Mellitus (T4DM) trial was a randomised, double blind, 
placebo-controlled trial on the background of a lifestyle pro-
gramme, in males aged 50 years or more with a waist circum-
ference of 95 cm or over with a serum testosterone (≤14 nmol/ 
L) and impaired glucose tolerance or newly diagnosed type 2 
diabetes (T2D). The trial found that administering testoster-
one undecanoate 1000 mg injections every 3 months for 
2 years significantly lowered the chances of a T2D diagnosis. 
This was measured by using an oral glucose tolerance test 
(OGTT) at the end of the 2-year period, with a 40% reduction 
in likelihood compared with placebo.4

The effectiveness of this treatment was linked to beneficial 
changes in body composition. After 2 years, the fat mass in 
the placebo group decreased by 1.9 kg, whereas in the 
testosterone-treated group, it decreased by 4.6 kg. In those 
given the placebo, skeletal muscle mass and non-dominant 
hand-grip strength saw a decrease of 1.3 and 0.5 kg, respect-
ively. However, in those treated with testosterone, these meas-
ures increased by 0.4 and 1.7 kg, respectively.

In middle-aged and older males, a lower fat mass and in-
creased skeletal muscle mass and strength are known to reduce 
the risk of T2D.5-7 Despite these findings, it remains unclear 
whether, and to what extent, testosterone contributes to pre-
venting T2D by inducing changes in fat mass, and/or skeletal 
muscle mass and strength. The glucose-lowering effect of tes-
tosterone may also be mediated by aromatisation to oestradiol 
(E2), which increases skeletal muscle insulin sensitivity and 
glucose utilisation via oestrogen receptor alpha-mediated 
mechanisms,8 possibly facilitating insulin transport across 
the vascular endothelium.9,10

Here we present the first mediation analysis into the effect of 
testosterone, to assess in the T4DM trial whether the treat-
ment effect was mediated through changes in body compos-
ition, muscle strength, and E2. Serum sex hormone-binding 
globulin (SHBG) concentration was included in the analyses 
because of its role as primary carrier of circulating sex 
steroids.11,12

Materials and methods
Source of data
The Testosterone for Diabetes Mellitus (T4DM) trial was a 
randomised, double blind, placebo-controlled, 2-year, phase 
3b trial performed at six tertiary care centres. The trial design 
paper13 and full protocol4 are previously published. The trial 
recruitment commenced on February, 5, 2013 and completed 
on February, 27, 2017, with the final follow-up visit on 

May, 21, 2019. Briefly, participants provided written in-
formed consent and were included if they met all entry criteria: 
male, age 50-74 years, waist circumference ≥95 cm, impaired 
glucose tolerance or newly diagnosed T2D, and a fasting se-
rum testosterone drawn between 8 and 10 AM of ≤14 nmol/ 
L by immunoassay at an accredited pathology provider 
(Sonic Health Care, Australia). Exclusions included hypothal-
amic–pituitary–testicular pathology, testosterone treatment in 
the past 12 months, or history of androgen use at any time. All 
1007 participants were given access to a lifestyle programme 
(WW, formerly Weight Watchers) and randomised (1:1) to 
testosterone undecanoate (1000 mg) or matched placebo, 
both administered by deep intramuscular injection every 
3 months for 2 years. The T4DM study was approved by 
the ethics committee at each of the participating centres, 
with the lead Human Research Ethics Committee (HREC) as 
Sydney Local Health District HREC—CRGH. The other 
HRECs were Central Adelaide Local Health Network 
Human Research Ethics Committee, South Metropolitan 
Health Service Human Research Ethics Committee and 
Bellberry Human Research Ethics Committee. The study 
was registered on the Australia and New Zealand Clinical 
Trials Registry (ACTRN12612000287831).

Sample size
The sample size for T4DM was performed based on the two 
primary outcomes and is reported elsewhere.4,13 Briefly, we 
determined that 1000 participants would have ≥80% power 
to detect a change in the proportion of participants with 
OGTT ≥11.1 mmol/L at 2 years and ≥88% power to detect 
a change between groups in the reduction of OGTT 2-h glu-
cose from baseline to 2 years. The trial was to be deemed posi-
tive if either of the primary outcomes was met.

Outcome
This paper analyses the two primary outcomes from the main 
trial; (1) 2-h glucose ≥ 11.1 mmol/L and (2) the change in 2-h 
glucose from baseline, both as measured by OGTT after 
2 years of treatment. Two years was defined as an OGTT 
test performed between 21 and 27 months post randomisation 
(inclusive) and were assessed blinded to treatment allocation.

Potential treatment mediators
Body composition was measured at baseline and 2 years by 
dual x-ray absorptiometry to provide data on skeletal muscle 
mass (kilograms), total fat mass (kilograms), and abdominal 
fat mass (percentage; %). Grip strength in the non-dominant 
hand was measured by hand-grip dynamometer in kilo-
grams.13 Serum E2 was measured by a validated liquid chro-
matography–tandem mass spectrometry method.14 SHBG 
was measured using platform chemiluminescent-based im-
munoassay.4 It was included as a possible mediator given 
the relationship between sex steroids and SHBG,11,12 with a 
sensitivity analysis performed excluding SHBG.

Baseline covariates
Baseline risk factors (as determined previously4) were levels of 
2-h glucose as measured by OGTT, centre, age, baseline waist 
circumference, baseline weight, baseline smoking status, base-
line serum testosterone, baseline use of selective serotonin re-
uptake inhibitors, and first-degree family history of T2D. 
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Additionally, baseline levels of the treatment mediators were 
included in the relevant models.15 For the sensitivity analysis 
excluding SHBG as a mediator, baseline SHBG was included 
in the model.

Statistical analyses
All analyses were performed according to the intention-to- 
treat principle, and, other than a sensitivity analysis, included 
participants with complete data at 2 years. Assessment of 
treatment mediation was performed using a counterfactual 
framework that decomposes the causal effect (treatment ef-
fect) into a natural direct effect and natural indirect effect, ir-
respective of the data distribution or scale of the effect.16-19

This therefore overcomes the flaws in the earlier methodology 
used in mediation analyses.20-22 Given that we have parallel 
mediation (mediators and outcomes measured at the same 
time-point) with baseline covariates, fitting a single model 
(joint mediation model) for each outcome with adjustment 
for baseline covariates was performed.15 The causal pathway 
is given in Figure 1, where the mediators are part of the causal 
pathway and the baseline covariates are other independent 
variables that may (or may not) predict outcome. Natural dir-
ect and indirect effects were estimated using an imputation- 
based approach as recommended,19,23 and robust standard er-
rors were used to calculate 95% CI.

Models for 2-h glucose ≥11.1 mmol/L at 2 years were per-
formed with logistic regression, while linear regression was 
performed for the change in 2-h glucose at 2 years from base-
line. Estimates are given as odds ratios (OR) or mean differ-
ence in the change from baseline in 2-h glucose (mmol/L) 
with the relevant 95% CI. Mediated proportions were calcu-
lated as the natural indirect effect divided by the total effect 
for change in glucose, using the log OR or the mean change 
as the effect for 2-h glucose ≥ 1.1 mmol/L and the change in 
glucose, respectively.24

Assumptions for these mediation analyses included that the 
control for confounders is sufficient for the relationships be-
tween (A) treatment and outcome, (B) treatment and media-
tors, and (C) mediators and outcome (after adjustment for 
treatment). Lastly, (D) we assume there are no confounders 
of the mediator–outcome relationship that are affected by 
treatment. Given that we have an RCT, assumptions (A) and 
(B) are met.19,23 Sensitivity analyses will assess assumption 
(C) by exploring interactions between treatment and media-
tors. The joint mediation model given above satisfies assump-
tion (D), given all available mediators have been included.25

An additional sensitivity analysis was used to explore the im-
pact of missing data by multiple imputation. A total of 709 out 
of 1007 patients have complete data for baseline covariates, 
mediators, and 2-h glucose at 2 years. The remaining 298 pa-
tients have between 1 and 11 variables missing, with most 

(126/298; 42%) missing the seven variables collected at 2 years 
(six mediators and 2-h glucose) (Figure S1). Multiple imput-
ation by chained equations was performed, assuming missing 
at random, using 30 imputations as 30% of patients had miss-
ing data. The imputation model used all possible covariates in 
the full mediation model, that is, baseline covariates, media-
tors, and 2-h glucose at 2 years. Distributions of imputed 
data were checked against observed data. Results from the 
natural effects models were pooled using Rubin’s rules.26

Analyses were conducted in R version 4.127 using the 
gtsummary,28 medflex23 and mice29 packages, and SAS ver-
sion 9.4 (Cary, USA). The code used to perform these analyses 
is publicly available at https://github.com/kristyrobledo/ 
T4DM_mediation_paper.

Results
There were 709 (70.4%) participants with complete data for 
the investigation of testosterone treatment mediation 
(Figure S1). A comparison of the baseline characteristics be-
tween those patients with and without data available is given 
in Table S1. Briefly, participants were comparable for most 
characteristics; however, those without data available ap-
peared to be 3 kg heavier, with 3 cm larger waist circumfer-
ences, more fat mass (3 kg), and less likely to have a history 
of T2D. For 2-h glucose ≥11.1 mmol/L at 2 years in those 
with data available, the unadjusted OR for treatment was 
0.53 (95% CI: 0.35-0.79), which became 0.48 (95% CI: 
0.30-0.76) after adjustment for baseline covariates.

The effect of treatment was attenuated (OR 0.75 (95% CI: 
0.42-1.36)) after inclusion of all six mediators (fat mass, ab-
dominal fat percentage, skeletal muscle mass, grip strength, 
E2, and SHBG). A comparison of these results is given in 
Figure 2, showing the attenuation of the OR for 2-h glucose 
≥11.1 mmol/L, as well as the attenuation in the change in 
the 2-h glucose from baseline.

Further exploration of these treatment effects with medi-
ation analyses allowed the estimation of both the direct and in-
direct effects of testosterone treatment. For both outcomes, 
the estimated direct effect of testosterone and the estimated in-
direct effect, mediated through the six mediators, are given in 
Figure 3. For a subject with given mean baseline covariates, al-
tering treatment from placebo to testosterone while control-
ling for the given mediators decreases the odds of 2-h 
glucose ≥11.1 mmol/L by a factor of 0.77 (OR 0.77; 95% 
CI: 0.44-1.35; direct effect of testosterone treatment com-
pared to placebo). Altering mediator levels as observed in 
those allocated to placebo to those allocated testosterone, 
while controlling for baseline covariates, decreases the odds 
of diabetes at 2 years by a factor of 0.62 (95% CI: 
0.45-0.86; indirect effect of testosterone treatment compared 
to placebo). This gives a proportion mediated of 65.1% for 
2-h glucose ≥11.1 mmol/L. Similarly, the direct effect for the 
change in 2-h glucose is −0.26 mmol/L (95% CI: 
−0.69-0.17) and the indirect effect is −0.50 mmol/L (95% 
CI: −0.77 to −0.23), giving a proportion mediated of 
65.9%. There was no evidence of interactions between any 
of the mediators and treatment (all P-values >.61).

A sensitivity analysis was performed to explore the effects of 
missing data, using multiple imputation. The direct and indir-
ect effects in Table S2 show that the effect of testosterone is 
still partially (but not wholly) mediated by these given six var-
iables, with the proportion mediated slightly attenuated from 

Figure 1. Parallel mediation: relationship between testosterone 
(treatment), 2-h glucose (outcome), and potential mediators.
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65% to ∼50%. Another sensitivity analysis explored the ex-
clusion of SHBG as a possible mediator, instead including 
SHBG as a baseline risk factor only. This gave 56% and 
63% of the effect of testosterone mediated (for 2-h glucose 
≥11.1 mmol/L and change in glucose respectively) compared 
to the ∼65% seen previously (Table S3).

While we have shown that the effects of testosterone are 
partially mediated through changes in fat mass, skeletal 
muscle mass, abdominal fat percentage, grip strength, E2, 
and SHBG, it is unclear which of these (if any) is the primary 
mediator. However, if we explore the effects of the mediators 
in the full model (Table 1), we can see that the change in fat 
mass retains a relationship with outcome for 2-h glucose 
≥11.1 mmol/L, after accounting for the effect of testosterone. 
Similar results are seen for change in 2-h glucose, with changes 
in fat mass the only mediator prognostic for outcome. A 1-kg 
decrease in fat mass at 2 years from baseline gives a mean de-
crease in 2-h glucose of 0.20 mmol/L (95% CI: 0.12 to 0.28) 
or decreases the odds by 0.81 (OR: 1/1.23 = 0.81; 95% CI: 
0.72 to 0.92) for 2-h glucose ≥11.1 mmol/L, after adjustment 
for baseline covariates, treatment, and other mediators. A 
1 pmol/L increase in E2 at 2 years compared to baseline corre-
sponds to an OR of 1.002 (95% CI: 1.000 to 1.004) for 2-h 
glucose ≥11.1 mmol/L, after adjustment for baseline covari-
ates, treatment, and other mediators. Meanwhile, a 1-kg in-
crease in skeletal muscle mass at 2 years compared to 
baseline corresponds to an OR of 1.01 (95% CI: 0.91 to 
1.13) for 2-h glucose ≥11.1 mmol/L, after adjustment for 
baseline covariates, treatment, and other mediators. Almost 
negligible effects are seen for SHBG, grip strength, and ab-
dominal fat mass after adjustment for other factors.

Discussion
We found in this mediation analysis that the effect of testoster-
one on 2-h glucose at 2 years was attenuated with the inclusion 
of treatment mediators over the 2 years indicating that around 
65% of the treatment effect may be explained through the 

combined effects of changes in body composition, grip 
strength, E2, and SHBG.

While other trials have established an improvement in 
glucose tolerance in parallel to a decrease in fat mass, medi-
ation analyses have not been performed to ascertain the 
relative effects of fat mass and other possible mediators. 
This novel mediation analysis shows that a decrease in fat 
mass is the predominant (but not entire) mechanism by 
which testosterone mediates the beneficial effects on glucose 
tolerance and diabetes risk. The remaining effect is the dir-
ect effect of testosterone and/or the effects of any unmeas-
ured mediators.

We anticipated a more significant effect of muscle mass and 
strength in mediating the testosterone effect on glycaemia. It is 
possible that either (or both) the increase in muscle mass or 
strength was insufficient or (and) alterations in muscle fibre 
composition and function following treatment with testoster-
one are different compared to the effects of physical activity or 
differ in the context of concomitant diet-induced weight loss. 
In the T4DM study, the mean increase in skeletal muscle mass 
in response to testosterone was modest at 0.4 kg, but contrasts 
with the 1.3-kg decrease in skeletal muscle mass in the placebo 
group. Other studies of testosterone treatment show signifi-
cant greater effects of testosterone treatment on skeletal 
muscle mass. For example, in a group of men who were on 
average older than those in the current study, topical testoster-
one increased skeletal muscle mass by ∼1 kg30 and 1.9 kg31

after 6 months and 3 years treatment, respectively. 
However, unlike T4DM, none of these studies had a 
diet-induced weight loss component. Two prior studies of tes-
tosterone treatment in the context of dietary induced weight 
loss, one in a population of men with obesity and mean age 
just over 50 years where treatment was with 3 monthly testos-
terone undecanoate over 12 months32 and the other using top-
ical testosterone gel in in men with obesity aged 65 and over33

showed that treatment with testosterone preserved but did not 
increase lean body mass. Alternatively, in line with our find-
ings, another view is that diet-induced weight loss attenuated 
the effects of testosterone on muscle mass.

Figure 2. Comparison of testosterone treatment effects from unadjusted and adjusted models for (A) 2-h glucose ≥11.1 mmol/L and (B) changes in oral 
glucose tolerance test (OGTT) levels at 2 years.
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While the increase in muscle mass may not have been suffi-
cient to independently mediate part of the effect of testoster-
one on glucose metabolism, functional changes in muscle 
may occur independent of trophic effects. For example, aerob-
ic training improves fatty acid oxidation in skeletal muscle but 
a 1.4-kg increase in muscle mass induced by resistance training 
did not.34

Another potential mechanism is differential effects on muscle 
fibre type, as T2D is associated with reduced and functionally dif-
ferent type I (slow twitch myosin heavy chain) and type II (fast 
twitch myosin heavy chain) muscle fibres.35 Type I muscle fibres 
appear to be more important than type II fibres for whole body 
insulin sensitivity,36 and are more responsive to testosterone.37,38

By contrast, the benefit of the diet and exercise intervention in the 
Finnish Diabetes Prevention Study was associated with an im-
provement glucose metabolism in type II fibres.39

There are accumulating data on the role of E2 in mediating 
insulin sensitivity and glucose metabolism in males.40 In this 
study, after adjustment for all other mediators, there was no 
significant effect of E2. The E2 receptor mutations and aroma-
tase deficiency in males are associated with increased adipose 
tissue, insulin resistance, impaired glucose metabolism, and 
dyslipidaemia.41 Short-term treatment with E2 regulates lipid 
metabolism pathways in skeletal muscle of men.42 Recent ex-
perimental data in animals demonstrate that E2 induces, via 
ERα dependent mechanisms, an increase GLUT 4 expression 
and activity8 and insulin transport across vascular endothe-
lium, in skeletal muscle.9 E2 increases overnight pulsatile 
growth hormone (GH) secretion from the pituitary while in-
hibiting the hepatic IGF-1 response to GH,43 and therefore in-
creasing skeletal muscle glucose metabolism independent of 
any trophic effects.

Figure 3. Decomposition of the testosterone treatment effects into direct and indirect effects for (A) 2-h glucose ≥ 11.1 mmol/L and (B) changes in oral 
glucose tolerance test (OGTT) levels at 2 years.

Table 1. Treatment mediation: estimates of effects from models of 2-h glucose ≥11.1 mmol/L and change in OGTT at 2 years.

2-h glucose ≥ 11.1 2-h glucose change from baseline

Characteristic ORa,b 95% CIb P-value Mean changec 95% CIb P-value

Treatment with testosterone 0.75 0.42, 1.36 .4 −0.26 −0.68, 0.16 .2
Change in skeletal muscle mass (kg) 1.01 0.91, 1.13 .8 0.04 −0.04, 0.11 .3
Change in fat mass (kg) 1.23 1.09, 1.39 <.001 0.20 0.12, 0.28 <.001
Change in abdominal fat (%) 1.02 0.90, 1.15 .8 0.00 −0.09, 0.08 >.9
Change in non-dominant grip strength (kg) 1.01 0.97, 1.06 .5 0.00 −0.03, 0.03 .8
Change in E2 1.00 1.00, 1.00 .066 0.00 0.00, 0.00 .2
Change in SHBG 1.00 0.97, 1.03 .8 0.02 −0.01, 0.04 .14

aModels are adjusted for all baseline covariates (baseline risk factors and baseline mediators). 
bOR, Odds Ratio; CI, Confidence Interval. 
cChange is calculated as 2 years minus baseline, with positive values indicating increases from baseline and negative as decreases from baseline. 
Abbreviations: E2, oestradiol; SHBG, sex hormone-binding globulin.
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Further, beyond effects in skeletal muscle, E2 via ERα may 
also improve glucose metabolism in males by improving pan-
creatic beta cell function and central nervous system regula-
tion of insulin production.44 There are a few possible 
reasons why we did not see a significant mediating effect of 
E2. Testosterone is converted to E2 by the enzyme aromatase 
in a tissue-specific manner, and while serum E2 concentrations 
increased in response to treatment with testosterone in T4DM, 
this provides only a limited approximation of tissue E2 expos-
ure. Further, serum E2 concentration was measured in trough 
samples taken just prior to the next injection and it is likely the 
proportion of E2 derived from aromatisation of testosterone 
in adipose tissue decreased as fat mass decreased. The absence 
of a significant mediating effect of SHBG is consistent with 
published data showing that men with obesity and the meta-
bolic syndrome testosterone but not SHBG is an independent 
determinant of incident T2D.45

The strength of this study is the randomised design of the 
T4DM trial, which allows assumptions of mediation analyses 
to be met. As participants are randomly allocated to testoster-
one or placebo treatment, the relationships between both 
treatment and outcome, and treatment and mediators, are 
therefore not confounded.19,23 Further, the use of natural ef-
fects models in a counterfactual framework enabled the testos-
terone effect to be decomposed into direct and indirect effects 
in an easily interpretable fashion. While 30% of the patients 
had missing data for the analyses, predominately due to not re-
turning for the 2-year assessments, our findings in complete 
case analyses were confirmed with sensitivity analyses using 
multiple imputation.

The main limitation is the difficulty of decomposition of the 
indirect effect further into the contribution of each mediator, 
as mediation analyses require that all potential confounders 
are concurrently present in the model. Thus (formal) investiga-
tion of the individual contributions currently cannot be con-
ducted with certainty.17 Nevertheless, we found that only 
change in fat mass was significantly associated with glucose 
at 2 years after adjustment for all other mediators, treatment, 
and baseline variables. This observation is consistent with the 
well-established relationship between decrease in adipose tis-
sue and risk of T2D.46 For example, in the diabetes prevention 
programme, weight loss was the dominant predictor of re-
duced diabetes incidence with a hazard ratio per 5-kg weight 
loss of 0.42.47

In conclusion, we found that at least part of the effect of tes-
tosterone to reduce diabetes risk was mediated through 
changes in fat mass, abdominal fat, skeletal muscle mass, 
grip strength, SHBG, and E2. Of the mediators investigated, 
the largest contributor to mediating the testosterone effect 
on glucose was change in fat mass. We could not rule out ef-
fects of muscle that may have been sensitive to diet-induced 
weight loss and were not dependent on mass or strength. It 
is likely that there are other pathways that mediate the effects 
of testosterone requiring further investigation.

Acknowledgments
The authors are grateful to the T4DM study participants, as 
well as the excellent contributions of the study nurses: 
Glenda Fraser (ANZAC Research Institute and Concord 
Hospital), Jenny Healy (Austin Hospital), Helen Daniels and 
Chyn Soh (Fremantle Hospital and Fiona Stanley Hospital), 
Jody Sawyer (Princess Alexandra Hospital), Rosemary Cox 

and Fiona Cossey (The Queen Elizabeth Hospital), and Lee 
Mahoney (The Keogh Institute for Medical Research).

Supplementary material
Supplementary material is available at European Journal of 
Endocrinology online.

Funding
National Health and Medical Research Council (NHMRC) 
Project Grant 1030123, Bayer, Lilly, University of Adelaide. 
WW, formerly Weight Watchers, provided enrolment to their 
programme for trial participants without cost.

Contributors
All authors conceived the initial T4DM trial. K.R., G.W., and 
I.M. proposed the treatment mediation analyses. K.R. per-
formed the analyses and all authors interpreted the analyses. 
K.R. and G.W. drafted the paper and all authors revised and 
approved the final paper.

Conflicts of interest: G.W. has received research funding 
from Bayer, Lilly, Lawley Pharmaceuticals, and WW, and 
speaker honoraria from Bayer, Lilly and Besins Healthcare. 
C.A. has received honoraria from Besins Healthcare and is 
an advisory board member for Ferring. M.G. is on the editor-
ial board of EJE. They were not involved in the review or edi-
torial process for this paper, on which they are listed as an 
author. M.G. has received research funding from Bayer, 
Novartis, WW, Lilly and speaker’s honoraria from Besins 
Healthcare and Otsuka. D.J.H. has received institutional 
grants for investigator-initiated studies of testosterone 
pharmacology (Lawley, Besins Healthcare) but no personal in-
come and has provided expert testimony to antidoping and 
professional standards tribunals and testosterone litigation. 
B.B.Y. has received speaker honoraria and conference support 
from Bayer, Lilly and Besins Healthcare, and research support 
from Bayer, Lilly and Lawley Pharmaceuticals, and has held 
advisory roles with Lilly, Besins Healthcare, Ferring and 
Lawley Pharmaceuticals. D.J. has received honoraria for 
speaking at GP education sessions for Lilly, Amgen and 
Boehringer Ingelheim. B.G.A.S. has received speaker’s honor-
aria from Besins Healthcare. K.R., K.B., W.I., and B.S. declare 
no relevant conflicts of interest.

Data availability
T4DM data are available on request to the trial management 
committee. Please contact karen.bracken@sydney.edu.au to 
submit a proposal to request access.

Ethics approval and consent to participate
The T4DM study was approved by the ethics committee at 
each of the participating centres, with the lead HREC as 
Sydney Local Health District HREC—CRGH. The other 
HRECs were Central Adelaide Local Health Network 
Human Research Ethics Committee, South Metropolitan 
Health Service Human Research Ethics Committee and 
Bellberry Human Research Ethics Committee. All patients 
gave written informed consent for the trial and separately 
for further clinic or remote follow-up. The study was per-
formed in accordance with the Declaration of Helsinki, and 

Robledo et al.                                                                                                                                                                                                      55
D

ow
nloaded from

 https://academ
ic.oup.com

/ejendo/article/189/1/50/7219871 by U
niversity of Adelaide user on 08 August 2023

http://academic.oup.com/ejendo/article-lookup/doi/10.1093/ejendo/lvad074#supplementary-data
mailto:karen.bracken@sydney.edu.au


registered with Australia and New Zealand Clinical Trials 
Registry (ACTRN12612000287831).

References
1. Cashin AG, Lee H. An introduction to mediation analyses of 

randomized controlled trials. J Clin Epidemiol. 2021;133: 
161-164. https://doi.org/10.1016/j.jclinepi.2021.02.014

2. Kraemer HC, Wilson GT, Fairburn CG, Agras WS. Mediators and 
moderators of treatment effects in randomized clinical trials. Arch 
Gen Psychiatry. 2002;59(10):877-883. https://doi.org/10.1001/ 
archpsyc.59.10.877

3. Leake HB, Moseley GL, Stanton TR, et al. Using mediation analysis 
to understand how treatments for paediatric pain work: a systemat-
ic review and recommendations for future research. Children 
(Basel). 2021;8(2):147. https://doi.org/10.3390/children8020147

4. Wittert G, Bracken K, Robledo KP, et al. Testosterone treatment to 
prevent or revert type 2 diabetes in men enrolled in a lifestyle pro-
gramme (T4DM): a randomised, double-blind, placebo-controlled, 
2-year, phase 3b trial. Lancet Diabetes Endocrinol. 2021;9(1): 
32-45. https://doi.org/10.1016/S2213-8587(20)30367-3

5. Atlantis E, Martin SA, Haren MT, Taylor AW, Wittert GA. Inverse 
associations between muscle mass, strength, and the metabolic syn-
drome. Metab Clin Exp. 2009;58(7):1013-1022. https://doi.org/10. 
1016/j.metabol.2009.02.027

6. Qadir R, Sculthorpe NF, Todd T, Brown EC. Effectiveness of resist-
ance training and associated program characteristics in patients at 
risk for type 2 diabetes: a systematic review and meta-analysis. 
Sports Medicine—Open. 2021;7(1):38. https://doi.org/10.1186/ 
s40798-021-00321-x

7. Li JJ, Wittert GA, Vincent A, et al. Muscle grip strength predicts in-
cident type 2 diabetes: population-based cohort study. Metab Clin 
Exp. 2016;65(6):883-892. https://doi.org/10.1016/j.metabol.2016. 
03.011

8. Inada A, Fujii NL, Inada O, Higaki Y, Furuichi Y, Nabeshima Y. 
Effects of 17β-estradiol and androgen on glucose metabolism in 
skeletal muscle. Endocrinology. 2016;157(12):4691-4705. https:// 
doi.org/10.1210/en.2016-1261

9. Chambliss K, Peng J, Sacharidou A, et al. Abstract 392: endothelial 
ERα promotes insulin sensitivity by enhancing endothelial insulin 
transcytosis and insulin delivery to skeletal muscle. Arterioscler 
Thromb Vasc Biol. 2019;39(Suppl_1: Abstracts From the 
American Heart Association’s Vascular Discovery: From Genes to 
Medicine 2019 Scientific Sessions Abstracts):A392-2. https://doi. 
org/10.1161/atvb.39.suppl_1.392

10. Aladhami AK, Unger CA, Hope III MC, Cotham WE, Velázquez 
KT, Enos RT. Augmenting skeletal muscle estrogen does not pre-
vent or rescue obesity-linked metabolic impairments in female 
mice. Endocrinology. 2022.163(11):bqac146. https://doi.org/10. 
1210/endocr/bqac146

11. Mean F, Pellaton M, Magrini G. Study on the binding of dihydro-
testosterone, testosterone and oestradiol with sex hormone binding 
globulin. Clinica Chimica Acta. 1977;80(1):171-180. https://doi. 
org/10.1016/0009-8981(77)90276-5

12. Hammond GL. Plasma steroid-binding proteins: primary gatekeep-
ers of steroid hormone action. J Endocrinol. 2016;230(1):R13-R25. 
https://doi.org/10.1530/JOE-16-0070

13. Wittert G, Atlantis E, Allan C,  et al. Testosterone therapy to pre-
vent type 2 diabetes mellitus in at-risk men (T4DM): design and im-
plementation of a double-blind randomized controlled trial. 
Diabetes Obesity Metabolism. 2019;21(4):772-780. https://doi. 
org/10.1111/dom.13601

14. Harwood DT, Handelsman DJ. Development and validation of a 
sensitive liquid chromatography–tandem mass spectrometry assay 
to simultaneously measure androgens and estrogens in serum with-
out derivatization. Clinica Chimica Acta. 2009;409(1-2):78-84. 
https://doi.org/10.1016/j.cca.2009.09.003

15. Vo T-T, Superchi C, Boutron I, Vansteelandt S. The conduct and re-
porting of mediation analysis in recently published randomized 

controlled trials: results from a methodological systematic review. 
J Clin Epidemiol. 2020;117:78-88. https://doi.org/10.1016/j. 
jclinepi.2019.10.001

16. Lange T, Vansteelandt S, Bekaert M. A simple unified approach for 
estimating natural direct and indirect effects. Am J Epidemiol. 
2012;176(3):190-195. https://doi.org/10.1093/aje/kwr525

17. Lange T, Rasmussen M, Thygesen LC. Assessing natural direct and 
indirect effects through multiple pathways. Am J Epidemiol. 
2013;179(4):513-518. https://doi.org/10.1093/aje/kwt270

18. Loeys T, Moerkerke B, Smet OD, Buysse A, Steen J, Vansteelandt S. 
Flexible mediation analysis in the presence of nonlinear relations: 
beyond the mediation formula. Multivariate Behav Res. 2013; 
48(6):871-894. https://doi.org/10.1080/00273171.2013.832132

19. Vansteelandt S, VanderWeele TJ. Natural direct and indirect effects 
on the exposed: effect decomposition under weaker assumptions. 
Biometrics. 2012;68(4):1019-1027. https://doi.org/10.1111/j. 
1541-0420.2012.01777.x

20. Cole SR, Hernán MA. Fallibility in estimating direct effects. Int J 
Epidemiol. 2002;31(1):163-165. https://doi.org/10.1093/ije/31.1. 
163

21. Kaufman JS, MacLehose RF, Kaufman S. A further critique of the 
analytic strategy of adjusting for covariates to identify biologic me-
diation. Epidemiol Perspect Innov. 2004;1(1):4. https://doi.org/10. 
1186/1742-5573-1-4

22. VanderWeele T, Vansteelandt S. Conceptual issues concerning me-
diation, interventions and composition. Stat Interface. 2009;2(4): 
457-468. https://doi.org/10.4310/SII.2009.v2.n4.a7

23. Steen J, Loeys T, Moerkerke B, Vansteelandt S. Medflex: an r pack-
age for flexible mediation analysis using natural effect models. J Stat 
Softw. 2017;76(11):1-46. https://doi.org/10.18637/jss.v076.i11

24. Lange T, Hansen KW, Sørensen R, Galatius S. Applied mediation 
analyses: a review and tutorial. Epidemiol Health. 2017;39: 
e2017035. https://doi.org/10.4178/epih.e2017035

25. VanderWeele T, Vansteelandt S. Mediation analysis with multiple 
mediators. Epidemiol Method. 2014;2(1):95-115. https://doi.org/ 
10.1515/em-2012-0010

26. Rubin DB. Multiple Imputation for Nonresponse in Surveys. vol. 
81. John Wiley & Sons; 2004.

27. R Core Team. R: A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing; 2022.

28. Sjoberg DD, Whiting K, Curry M, Lavery JA, Larmarange J. 
Reproducible summary tables with the gtsummary package. R J. 
2021;13(1):570-580. https://doi.org/10.32614/RJ-2021-053

29. van Buuren S, Groothuis-Oudshoorn K. Mice: multivariate imput-
ation by chained equations in r. J Stat Softw. 2011;45(3):1-67. 
https://doi.org/10.18637/jss.v045.i03

30. Srinivas-Shankar U, Roberts SA, Connolly MJ, et al. Effects of tes-
tosterone on muscle strength, physical function, body composition, 
and quality of life in intermediate-frail and frail elderly men: a 
randomized, double-blind, placebo-controlled study. J Clin 
Endocrinol Metab. 2010;95(2):639-650. https://doi.org/10.1210/ 
jc.2009-1251

31. Neto WK, Gama EF, Rocha LY, et al. Effects of testosterone on lean 
mass gain in elderly men: systematic review with meta-analysis of 
controlled and randomized studies. Age (Dordr). 2015;37(1): 
9742. https://doi.org/10.1007/s11357-014-9742-0

32. Ng Tang Fui M, Prendergast LA, Dupuis P, et al. Effects of testos-
terone treatment on body fat and lean mass in obese men on a hypo-
caloric diet: a randomised controlled trial. BMC Med. 2016;14(1): 
153. https://doi.org/10.1186/s12916-016-0700-9

33. Barnouin Y, Armamento-Villareal R, Celli A, et al. Testosterone re-
placement therapy added to intensive lifestyle intervention in older 
men with obesity and hypogonadism. J Clin Endocrinol Metab. 
2020;106(3):e1096-e1110. https://doi.org/10.1210/clinem/dgaa917

34. Sparks LM, Johannsen NM, Church TS, et al. Nine months of com-
bined training improves ex vivo skeletal muscle metabolism in indi-
viduals with type 2 diabetes. J Clin Endocrinol Metab. 2013;98(4): 
1694-1702. https://doi.org/10.1210/jc.2012-3874

56                                                                                                                             European Journal of Endocrinology, 2023, Vol. 189, No. 1
D

ow
nloaded from

 https://academ
ic.oup.com

/ejendo/article/189/1/50/7219871 by U
niversity of Adelaide user on 08 August 2023

https://doi.org/10.1016/j.jclinepi.2021.02.014
https://doi.org/10.1001/archpsyc.59.10.877
https://doi.org/10.1001/archpsyc.59.10.877
https://doi.org/10.3390/children8020147
https://doi.org/10.1016/S2213-8587(20)30367-3
https://doi.org/10.1016/j.metabol.2009.02.027
https://doi.org/10.1016/j.metabol.2009.02.027
https://doi.org/10.1186/s40798-021-00321-x
https://doi.org/10.1186/s40798-021-00321-x
https://doi.org/10.1016/j.metabol.2016.03.011
https://doi.org/10.1016/j.metabol.2016.03.011
https://doi.org/10.1210/en.2016-1261
https://doi.org/10.1210/en.2016-1261
https://doi.org/10.1161/atvb.39.suppl_1.392
https://doi.org/10.1161/atvb.39.suppl_1.392
https://doi.org/10.1210/endocr/bqac146
https://doi.org/10.1210/endocr/bqac146
https://doi.org/10.1016/0009-8981(77)90276-5
https://doi.org/10.1016/0009-8981(77)90276-5
https://doi.org/10.1530/JOE-16-0070
https://doi.org/10.1111/dom.13601
https://doi.org/10.1111/dom.13601
https://doi.org/10.1016/j.cca.2009.09.003
https://doi.org/10.1016/j.jclinepi.2019.10.001
https://doi.org/10.1016/j.jclinepi.2019.10.001
https://doi.org/10.1093/aje/kwr525
https://doi.org/10.1093/aje/kwt270
https://doi.org/10.1080/00273171.2013.832132
https://doi.org/10.1111/j.1541-0420.2012.01777.x
https://doi.org/10.1111/j.1541-0420.2012.01777.x
https://doi.org/10.1093/ije/31.1.163
https://doi.org/10.1093/ije/31.1.163
https://doi.org/10.1186/1742-5573-1-4
https://doi.org/10.1186/1742-5573-1-4
https://doi.org/10.4310/SII.2009.v2.n4.a7
https://doi.org/10.18637/jss.v076.i11
https://doi.org/10.4178/epih.e2017035
https://doi.org/10.1515/em-2012-0010
https://doi.org/10.1515/em-2012-0010
https://doi.org/10.32614/RJ-2021-053
https://doi.org/10.18637/jss.v045.i03
https://doi.org/10.1210/jc.2009-1251
https://doi.org/10.1210/jc.2009-1251
https://doi.org/10.1007/s11357-014-9742-0
https://doi.org/10.1186/s12916-016-0700-9
https://doi.org/10.1210/clinem/dgaa917
https://doi.org/10.1210/jc.2012-3874


35. Frankenberg NT, Mason SA, Wadley GD, Murphy RM. Skeletal 
muscle cell-specific differences in type 2 diabetes. Cell Mol Life 
Sci. 2022;79(5):256. https://doi.org/10.1007/s00018-022-04265-7

36. Stuart CA, McCurry MP, Marino A, et al. Slow-twitch fiber propor-
tion in skeletal muscle correlates with insulin responsiveness. J Clin 
Endocrinol Metab. 2013;98(5):2027-2036. https://doi.org/10. 
1210/jc.2012-3876

37. Alén M, Häkkinen K, Komi PV. Changes in neuromuscular per-
formance and muscle fiber characteristics of elite power athletes 
self-administering androgenic and anabolic steroids. Acta Physiol 
Scand. 1984;122(4):535-544. https://doi.org/10.1111/j.1748- 
1716.1984.tb07542.x

38. Eriksson A, Kadi F, Malm C, Thornell L-E. Skeletal muscle morph-
ology in power-lifters with and without anabolic steroids. 
Histochem Cell Biol. 2005;124(2):167-175. https://doi.org/10. 
1007/s00418-005-0029-5

39. Venojärvi M, Puhke R, Hämäläinen H, et al. Role of skeletal 
muscle-fibre type in regulation of glucose metabolism in middle- 
aged subjects with impaired glucose tolerance during a long-term 
exercise and dietary intervention. Diabetes Obes Metab. 2005; 
7(6):745-754. https://doi.org/10.1111/j.1463-1326.2004.00466.x

40. Hevener AL, Ribas V, Moore TM, Zhou Z. The impact of skeletal 
muscle ERα on mitochondrial function and metabolic health. 
Endocrinology. 2020;161(2):bqz017. https://doi.org/10.1210/ 
endocr/bqz017

41. Simpson E, Jones M, Misso M, et al. Estrogen, a fundamental player 
in energy homeostasis. J Steroid Biochem Mol Biol. 2005;95(1-5): 
3-8. https://doi.org/10.1016/j.jsbmb.2005.04.018

42. Maher AC, Akhtar M, Tarnopolsky MA. Men supplemented with 
17β-estradiol have increased β-oxidation capacity in skeletal 
muscle. Physiol Genomics. 2010;42(3):342-347. https://doi.org/ 
10.1152/physiolgenomics.00016.2010

43. Russell N, Grossmann M. Mechanisms in endocrinology: estradiol 
as a male hormone. Eur J Endocrinol. 2019;181(1):R23-r43. 
https://doi.org/10.1530/eje-18-1000

44. Alemany M. Estrogens and the regulation of glucose metabolism. 
World J Diabetes. 2021;12(10):1622-1654. https://doi.org/10. 
4239/wjd.v12.i10.1622

45. Gyawali P, Martin SA, Heilbronn LK, et al. The role of sex 
hormone-binding globulin (SHBG), testosterone, and other sex 
steroids, on the development of type 2 diabetes in a cohort of 
community-dwelling middle-aged to elderly men. Acta 
Diabetol. 2018;55(8):861-872. https://doi.org/10.1007/s00592- 
018-1163-6

46. Wilding JPH. The importance of weight management in type 2 dia-
betes mellitus. Int J Clin Pract. 2014;68(6):682-691. https://doi.org/ 
10.1111/ijcp.12384

47. Hamman RF, Wing RR, Edelstein SL, et al. Effect of weight loss 
with lifestyle intervention on risk of diabetes. Diabetes Care. 
2006;29(9):2102-2107. https://doi.org/10.2337/dc06-0560

Robledo et al.                                                                                                                                                                                                      57
D

ow
nloaded from

 https://academ
ic.oup.com

/ejendo/article/189/1/50/7219871 by U
niversity of Adelaide user on 08 August 2023

https://doi.org/10.1007/s00018-022-04265-7
https://doi.org/10.1210/jc.2012-3876
https://doi.org/10.1210/jc.2012-3876
https://doi.org/10.1111/j.1748-1716.1984.tb07542.x
https://doi.org/10.1111/j.1748-1716.1984.tb07542.x
https://doi.org/10.1007/s00418-005-0029-5
https://doi.org/10.1007/s00418-005-0029-5
https://doi.org/10.1111/j.1463-1326.2004.00466.x
https://doi.org/10.1210/endocr/bqz017
https://doi.org/10.1210/endocr/bqz017
https://doi.org/10.1016/j.jsbmb.2005.04.018
https://doi.org/10.1152/physiolgenomics.00016.2010
https://doi.org/10.1152/physiolgenomics.00016.2010
https://doi.org/10.1530/eje-18-1000
https://doi.org/10.4239/wjd.v12.i10.1622
https://doi.org/10.4239/wjd.v12.i10.1622
https://doi.org/10.1007/s00592-018-1163-6
https://doi.org/10.1007/s00592-018-1163-6
https://doi.org/10.1111/ijcp.12384
https://doi.org/10.1111/ijcp.12384
https://doi.org/10.2337/dc06-0560

	Mediation analysis of the testosterone treatment effect to prevent type 2 diabetes in the Testosterone for Prevention of Type 2 Diabetes Mellitus trial
	Introduction
	Materials and methods
	Source of data
	Sample size
	Outcome
	Potential treatment mediators
	Baseline covariates
	Statistical analyses

	Results
	Discussion
	Acknowledgments
	Supplementary material
	Funding
	Contributors
	Data availability
	Ethics approval and consent to participate
	References


