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Abstract

Aims: To describe changes in homeostasis model assessment of insulin resistance

index (HOMA-IR) following testosterone therapy in men with hypogonadism and

metabolic syndrome (MetS).

Materials and Methods: A randomized, placebo-controlled, double-blind randomized

controlled trial (RCT) comprising 184 men with MetS and hypogonadism (testoster-

one undecanoate [TU]: 113 men, placebo: 71 men) was conducted. This was followed

by an open-label phase in which all men were given TU. We focused on men who

were not receiving antiglycaemic agents (TU: 81 men; placebo: 54 men) as these

could affect HOMA-IR. Inter-group comparison of HOMA-IR was restricted to the

RCT (30 weeks), whilst intra-group comparison was carried out on men provided TU

during the RCT and open-label phases (study cohort) and men given placebo during

the RCT and then switched to TU during the open-label phase (confirmatory cohort).
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Regression analysis was performed to identify factors associated with change in

HOMA-IR (ΔHOMA-IR).

Results: The median HOMA-IR was significantly reduced at almost every time point

(after 18 weeks) compared to baseline in men receiving TU in both the study and

confirmatory cohorts. There was a significant decrease in median values of fasting

glucose (30 weeks: �2.1%; 138 weeks: �4.9%) and insulin (30 weeks: �10.5%;

138 weeks: �35.5%) after TU treatment. Placebo was not associated with significant

ΔHOMA-IR. The only consistent predictor of HOMA-IR decrease following TU treat-

ment was baseline HOMA-IR (r2 ≥ 0.64).

Conclusions: Baseline HOMA-IR predicted ΔHOMA-IR, with a greater percentage

change in insulin than in fasting glucose. In men with MetS/type 2 diabetes (T2DM)

not on antiglycaemic therapy, improvements in HOMA-IR may be greater than sug-

gested by change in fasting glucose. Our results suggest that hypogonadism screening

be included in the management of men with MetS/T2DM.
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1 | INTRODUCTION

Metabolic syndrome (MetS) is described as a cluster of associated

metabolic factors that individually are predictors of cardiovascular dis-

ease.1 In 2009, a consensus was reached on key variables to provide

the basis for diagnosing MetS, mirroring those of the International

Diabetes Federation (IDF) classification. These variables are central

obesity (ethnic-specific waist circumference [WC]) and presence of at

least two of the following: (1) triglycerides ≥1.7 mmol/L (2) high-

density lipoprotein <1.03 mmol/L in males and <1.29 mmol/L in

females; (3) blood pressure ≥135/85; and (4) fasting plasma glucose

≥5.6 mmol/L.2 Central obesity, a surrogate maker for visceral adipos-

ity, and insulin resistance (IR) are considered drivers of MetS.1

IR, defined as impaired insulin action on tissues (principally skele-

tal muscle, adipose tissue and liver), is a key predictor of type 2 diabe-

tes mellitus (T2DM) development/progression.3 Visceral fat

accumulation appears related to IR via increased secretion of proin-

flammatory markers and reduced adiponectin secretion, an anti-

atherosclerotic adipokine.3–6

Adult-onset testosterone deficiency, characterized by low serum

testosterone with related symptoms/signs, has a prevalence of 0.6%–

12% in men aged over 50 years, is associated with MetS and present

in 40% of men with T2DM.7–9 Low testosterone levels are associated

with increased all-cause mortality,10–13 whilst restoring hormone

levels using testosterone therapy (TTh) improves the symptoms/signs

associated with testosterone deficiency and reduces mortality in men

with T2DM.7,11–14

Some studies have suggested that low serum testosterone medi-

ates IR.15 Ottarsdottir et al.15 assessed 1400 men between 2002 and

2005, with 657 of the men followed up in 2012–2014 (mean follow-

up 9.7 years). Low baseline testosterone levels appeared to be associ-

ated with high homeostasis model assessment of IR index (HOMA-IR),

after adjusting for confounders and baseline HOMA-IR.15 Interest-

ingly, high baseline HOMA-IR did not predict low testosterone at the

end of follow-up, hinting that low testosterone levels could be a driver

of IR pathogenesis.15 This observation is reinforced by studies show-

ing that acute androgen withdrawal resulted in deterioration of IR

markers.16–18

Several studies have assessed the impact of TTh on IR in men

with MetS/T2DM. The TIMES2 study, a randomized controlled trial

(RCT), evaluated changes in HOMA-IR (mean baseline ± SD = 5.4

± 3.6) over 12 months in 220 hypogonadal men with T2DM and/or

MetS following transdermal testosterone gel (2%).19 TTh (vs. placebo)

led to a significant reduction in HOMA-IR: 15.2% (p = 0.018) after

6 months and 16.4% (p = 0.006) after 12 months.19 Similarly, Groti

et al.20 carried out an RCT measuring changes in HOMA-IR following

TTh in 55 men (28 men on testosterone undecanoate [TU], 27 men

on placebo, administered 10-weekly), with T2DM, obesity and hypo-

gonadism, and on oral antiglycaemic therapy. In the men on TU, after

12 months, HOMA-IR (mean baseline ± SD) decreased significantly

(11.45 ± 7.34 to 6.81 ± 4.18; p < 0.001), whilst no significant change

was observed in the men on placebo.20 However, a 40-week RCT

(TU vs. placebo) carried out by Gianatti et al.21 in 88 men (45 men on

TU, 43 men on placebo) with T2DM and serum total testosterone

(TT) ≤12.0 nmol/L did not demonstrate a significant change in

HOMA-IR compared to placebo. The baseline median (interquartile

range [IQR]) HOMA-IR values were 2.11 (1.69–2.94) and 2.78 (1.76–

3.93) in the TU and placebo arms, respectively.21

The Moscow Study was a 30-week RCT in 184 men with MetS

(113 men [32 with T2DM] on TU, 71 men [24 with T2DM] on
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placebo) with low serum TT (<12 nmol/L) and/or low calculated free

testosterone (cFT; <0.225 nmol/L).22 HOMA-IR decreased signifi-

cantly (p = 0.04) in the men on TU (mean baseline HOMA-IR: 5.4,

95% confidence interval [CI] 4.7–6.1; change in HOMA-IR [ΔHOMA-

IR]: �1.49) compared to men on placebo (mean baseline HOMA-IR:

4.8, 95% CI 4.0–5.7; ΔHOMA-IR: 0.20).22 Despite significant reduc-

tions in weight, WC and body mass index in the men on TU, no signifi-

cant change in serum glucose levels were observed.22 More recently,

the T4DM Study investigated 1007 men with prediabetes and basal

serum TT levels <14 nmol/L and showed a 40% reduction in T2DM

progression.23 Although fasting glucose significantly decreased in men

on TU, improvement in glycated haemoglobin (HbA1c) was not

evident.23

From the outset, the Moscow Study was scheduled as an open-

label phase (not previously published) post RCT, in which men in the

treatment arm continued TU, whilst those on placebo switched to

TU. In this further analysis of the Moscow Study, we aimed to evalu-

ate the impact of TU on HOMA-IR in a subgroup of men not on anti-

glycaemic agents during the RCT and open-label phases. We then

determined whether baseline HOMA-IR, after adjusting for con-

founders (age, serum TT, sex hormone-binding globulin [SHBG], cFT,

oestradiol [E2] and WC) was independently associated with ΔHOMA-

IR.24–28

2 | MATERIALS AND METHODS

The Moscow Study (ClinicalTrials.gov identifier: NCT00696748—

randomized controlled study/open-label phase—https://clinicaltrials.

gov/ct2/show/NCT00696748) was carried out between 2005 and

2010 in accordance with the Declaration of Helsinki (2000)

and approved by the institution's committee on scientific investiga-

tions in human subjects, the Federal Service of Control and Supervi-

sion in Public Health and Social Development, and the Russian

Pharmacological Committee of the Ministry of Health.21,29,30 All par-

ticipants received written information on the study, potential benefits

and risks, and participation requirements. Informed consent was

obtained and signed and dated by the physician and participant.

Details of the study are shown in Figure 1.

2.1 | RCT phase

The Moscow Study22,29,30 was a 30-week randomized controlled

double-blind study including 184 men aged 35–70 years with MetS

(IDF criteria)1,2 and low testosterone levels (serum TT <12 nmol/L

[350 ng/dL] and/or cFT <0.225 nmol/L [6.5 ng/dL]). Of the total

cohort, 113 and 71 men were randomized to the treatment (TU) and

placebo arms, respectively (the study design included unequal ran-

domization as only small changes in outcomes were anticipated in the

men provided placebo).22 Exclusion criteria included participation in

another study, being unable to provide informed consent or to

undergo measurements required in the study protocol, having serious

organic or mental health disease based on history and/or examination,

suspicion of prostate cancer (based on digital rectal examination or

serum prostate-specific antigen >4 ng/mL), breast cancer, history of

hepatic tumours, hepatic disease (serum alanine aminotransferase or

aspartate aminotransferase four times the upper limit of reference

range), serum creatinine value >150 μmol/L, haematocrit >0.55, a pre-

vious allergic reaction to testosterone preparations or other injections,

and a judgement of possible non-compliance with study requirements.

Medications (diabetes, lipid-lowering and antihypertensive agents)

were not altered during the RCT. HOMA-IR data were available in

133 men (TU 79 men, placebo 54 men) at baseline (Visit 1) and at

18 weeks (Visit 3) and in 120 men (72 men on TU and 48 men on pla-

cebo) at the end of the RCT (Visit 4; Figure 1).

2.2 | Open-label phase

Following the RCT, TU was continued in the RCT treatment arm

(‘study cohort’) in the open-label phase (30 weeks RCT pha-

se/108 weeks open-label phase). The numbers of men on TU during

the open-label phase decreased: 72 men at 30 weeks, 59 men at

66 weeks, 43 men at 102 weeks and 39 men at 138 weeks (Table 1).

The men on placebo during the RCT phase were switched to TU for

102 weeks (data after 30 weeks on placebo [RCT phase] were consid-

ered the new 0 weeks baseline data in the open-label phase) and,

once switched to TU, were termed the ‘confirmatory cohort’. The
number of men in this phase decreased during follow-up; 48 men at

0 weeks, 40 men at 30 weeks, 34 men at 66 weeks and 32 men at

102 weeks (Table 1).

2.3 | Administration of TU or placebo

All the men received written lifestyle recommendations (improving

diet and increasing activity, such as walking for at least 30–40 min/

day). Eligible participants were assigned to receive either parenteral

TU 1000 mg or matching placebo. The study medication was prepared

by Bayer Schering Pharma, Germany, with packages numbered. Only

when the code was broken was it apparent which contained TU or

placebo. After baseline measurements were obtained (Visit 1),

patients received TU or placebo, and subsequent injections were

given at 6 weeks (Visit 2), 18 weeks (Visit 3) and 30 weeks (Visit 4).

From 30 weeks onwards, the study and confirmatory cohorts were

administered TU (open-label phase; Table 1).

2.4 | Outcomes and measures

Primary outcome variables included body composition measurements

(e.g., WC, waist-to-hip ratio) and serum lipids. Details of the outcome

measures have been reported.21,30 These included fasting glucose,

insulin and HOMA-IR. HOMA-IR was chosen as the principal outcome

measure, as opposed to the updated HOMA2-IR, as we wished to

TISHOVA ET AL. 2149
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F IGURE 1 Recruitment process and protocol used for the Moscow Study (randomized controlled trial [RCT] and the open-label phase) and
baseline values of the men not on antiglycaemic agents in the testosterone undecanoate (TU) and placebo arms. Study measurements: Visits 1 and
3–13: weight, waist circumference (WC), Ageing Male Symptoms Scale, International Index of Erectile Function-5, International Prostate Symptom
Score, Beck depression inventory, haemoglobin, white blood cells, platelets, haematocrit (HCT), erythrocyte sedimentation rate. Visits 1, 3, 4, 7,
10, 13: total testosterone (TT), sex hormone-binding globulin (SHBG), oestradiol (E2), fasting glucose, fasting insulin, prostate-specific antigen (PSA),

lipids, bilirubin. Visits 1, 3, 4, 7, 10: leptins. Visits 1, 4: interleukin (IL)-1B, IL-6, IL-10, tumour necrosis factor, C-reactive protein. Study outcomes:
Patient deaths—two deaths in RCT phase; placebo (one patient after Visit 2—myocardial infarction, one patient after Visit 3—unknown cause), two
deaths in the open-label phase; TU—two patients (one patient after Visit 6—unknown cause, one patient after Visit 10—heart failure). Patients not
completing the study: RCT: TU group (n = 7)—protocol break (n = 2), non-compliance (n = 2), loss to follow-up (n = 1), moved (n = 1), decrease in
testicular volume (n = 1). Placebo group (n = 6)—death (n = 2), non-compliance (n = 1), angina (n = 1), family planning (n = 1), gluteal abscess (n =

1); Open-label phase: TU (n = 34)—deaths (n = 2), non-compliance (n = 10), lost to follow-up (n = 7), moved (n = 7), allergic reaction (n = 1), adrenal
tumour (n = 1), increased PSA level (n = 2), anaemia (n = 1), family planning (n = 1), increased HCT (n = 1), testicular pain (n = 1); Placebo group (n
= 16)—non-compliance (n = 6), lost to follow-up (n = 4), moved (n = 2), increased PSA level (n = 1), gluteal abscess (n = 1), non-diabetes treatment
changes affecting study outcomes (n = 2). cFT, calculated free testosterone; MetS, metabolic syndrome; T2DM, type 2 diabetes.

2150 TISHOVA ET AL.
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TABLE 1 Changes in homeostasis model assessment-insulin resistance index, total testosterone, calculated free testosterone, oestradiol, sex
hormone-binding globulin and waist circumference in the men on testosterone undecanoate and placebo during the randomized controlled trial
and open-label phases of the Moscow Study.

A: Changes in HOMA-IR, TT, cFT, E2, SHBG and WC in the men over 138 weeks (30 weeks RCT phase, followed by 108 weeks open-label phase) in men who were initially

randomized to TU therapy in the Moscow RCT.

Median (IQR), p (sign-rank vs. baseline values), n

TU HOMA-IR Serum TT, nmol/L cFT, nmol/L Serum E2, pmol/L SHBG, nmol/L WC, cm

RCT phase Baseline 4.13 (2.11, 7.81),

n = 79

7.6 (5.3, 9.7),

n = 81

0.15 (0.11, 0.19),

n = 81

89.0 (71.0, 128.0),

n = 79

33.3 (26.0, 43.7),

n = 81

115.0 (106.0, 124.0),

n = 81

18 weeks 2.94 (1.96, 4.93),

p < 0.0001,

n = 77

12.4 (9.3, 16.6),

p < 0.0001,

n = 77

0.26 (0.19, 0.33),

p < 0.0001,

n = 77

107.0 (80.8, 150.0),

p = 0.0040,

n = 76

30.3 (22.7, 40.5),

p = 0.044,

n = 77

113.0 (104.0, 120.0),

p < 0.0001,

n = 78

30 weeks 3.43 (2.12, 5.60),

p = 0.026,

n = 72

12.8 (10.6, 17.8),

p < 0.0001,

n = 74

0.28 (0.21, 0.37),

p < 0.0001,

n = 74

103.0 (72.0, 153.0),

p = 0.067,

n = 72

30.4 (22.8, 39.0),

p = 0.0078,

n = 74

111.8 (102.0, 120.0),

p < 0.0001,

n = 74

Open-label phase 66 weeks 2.11 (1.42, 3.48),

p < 0.0001,

n = 59

15.2 (11.6, 21.5),

p < 0.0001,

n = 60

0.31 (0.25, 0.45),

p < 0.0001,

n = 60

107.0 (80.0, 147.0),

p = 0.63,

n = 57

30.9 (19.3, 40.7),

p = 0.0054,

n = 60

109.0 (100.0, 119.0),

p < 0.0001,

n = 61

102 weeks 2.45 (1.48, 3.34),

p < 0.0001,

n = 43

16.7 (12.8, 21.5),

p < 0.0001,

n = 45

0.39 (0.32, 0.53),

p < 0.0001,

n = 45

99.0 (65.5, 152.0),

p = 0.35,

n = 44

27.7 (18.3, 35.0),

p = 0.0006,

n = 44

110.0 (100.0, 118.0),

p < 0.0001,

n = 45

138 weeks 1.94 (1.48, 2.89),

p < 0.0001,

n = 39

17.2 (12.7, 22.1),

p < 0.0001,

n = 40

0.39 (0.26, 0.51),

p < 0.0001,

n = 40

95.5 (66.0, 126.0),

p = 0.97,

n = 40

26.6 (18.7, 37.1),

p = 0.0040,

n = 40

108.0 (97.5, 117.5),

p = 0.0001,

n = 40

B: Changes in HOMA-IR, TT, cFT, E2, SHBG and WC in the men who were randomized to placebo for 30 weeks (RCT phase).

Median (IQR), p (sign-rank vs. baseline values), n

Placebo HOMA-IR

Serum TT,

nmol/L cFT, nmol/L Serum E2, pmol/L SHBG, nmol/L WC, cm

RCT

phase

Baseline 3.86 (2.72, 6.67),

n = 54

8.3 (6.5, 9.9),

n = 54

0.15 (0.11, 0.20),

n = 54

99.0 (80.0, 122.0),

n = 52

35.5 (25.4, 47.7),

n = 54

115.0 (107.0, 124.0),

n = 54

18 weeks 5.23 (2.71, 6.95),

p = 0.41,

n = 50

8.5 (6.5, 11.8),

p = 0.41,

n = 50

0.15 (0.11, 0.21),

p = 0.18,

n = 50

107.0 (78.0,

118.0),

p = 0.77,

n = 49

35.0 (25.5, 44.2),

p = 0.20,

n = 50

113.0 (106.0, 123.0),

p = 0.0003,

n = 50

30 weeks 4.65 (2.69, 7.10),

p = 0.23,

n = 48

7.7 (6.3, 11.2),

p = 0.74,

n = 48

0.14 (0.12, 0.21),

p = 0.42,

n = 48

101.0 (82.0,

114.0),

p = 0.23,

n = 45

35.3 (25.9, 43.0),

p = 0.073,

n = 48

113.0 (107.0, 124.5),

p = 0.072,

n = 48

C: Changes in HOMA-IR, TT, cFT, E2, SHBG and WC in the men switched to TU for 102 weeks (open-label phase – confirmatory cohort).

Median (IQR), p (sign-rank vs. baseline values), n

TU HOMA-IR

Serum TT,

nmol/L cFT, nmol/L Serum E2, pmol/L SHBG, nmol/L WC, cm

Open-label

phase

Baseline 4.65 (2.69, 7.10),

p = 0.23,

n = 48

7.7 (6.3, 11.2),

p = 0.74,

n = 48

0.14 (0.12, 0.21),

p = 0.42,

n = 48

101.0 (82.0, 114.0),

p = 0.23,

n = 45

35.3 (25.9, 43.0),

p = 0.073,

n = 48

113.0 (107.0, 124.5),

p = 0.072,

n = 48

30 weeks 2.84 (2.10, 4.26),

p = 0.0001,

n = 40

14.7 (12.2, 16.4),

p < 0.0001,

n = 41

0.32 (0.25, 0.40),

p < 0.0001,

n = 41

110.0 (83.0, 126.0),

p = 0.51,

n = 38

30.8 (22.8, 40.6),

p = 0.0078,

n = 40

113.0 (101.0, 119.0),

p = 0.0005,

n = 43

66 weeks 2.66 (1.90, 4.00),

p < 0.0001,

n = 34

17.4 (12.4, 23.6),

p < 0.0001,

n = 35

0.37 (0.26, 0.53),

p < 0.0001,

n = 35

106.0 (78.0, 132.0),

p = 0.73,

n = 31

33.8 (20.9, 40.10,

p = 0.086,

n = 34

110.0 (100.0, 120.0),

p = 0.0002,

n = 35

102 weeks 2.21 (1.59, 3.73),

p < 0.0001,

n = 32

18.0 (14.1, 22.5),

p < 0.0001,

n = 32

0.37 (0.28, 0.56),

p < 0.0001,

n = 32

100.5 (78.0, 138.0),

p = 0.43,

n = 29

30.5 (20.2, 38.7),

p = 0.013,

n = 32

108.0 (99.5, 120.0),

p = 0.0001,

n = 32

Abbreviations: cFT, calculated free testosterone; E2, oestradiol; HOMA-IR, homeostasis model assessment-insulin resistance; IQR, interquartile range; RCT, randomized controlled

trial; SHBG, sex hormone-binding globulin; TT, total testosterone; TU, testosterone undecanoate; WC, waist circumference; Δ, change in.
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compare our results with previously carried out studies with varying

findings.19–21

2.5 | Laboratory measurements

Blood was collected from the antecubital vein following an overnight

fast using BD Vacutainer gel tubes (BD, Franklin Lakes, NJ, USA) and

serum was obtained by centrifuging (2000 g, 15 min, 4�C). Glucose

was measured on a Hitachi 912 autoanalyser (Roche Diagnostics

GmbH) and TT, E2, insulin and SHBG were measured using a chemilu-

minescence immunoassay (Vitros 3600 system; Ortho-Clinical Diag-

nostics, Johnson & Johnson company, NJ, USA). HOMA-IR was

calculated using the equation HOMA-IR = fasting insulin � fasting

glucose/22.5.31

2.6 | Statistical analyses

As the study outcome was HOMA-IR, we included men not on anti-

glycaemic agents. Baseline HOMA-IR values in this cohort were not

normally distributed, hence nonparametric analyses were performed

to compare within (sign-rank) and between (rank-sum) group values.

In within-group analyses (sign-rank analyses) the men who dropped

out would be excluded. Baseline HOMA-IR did not vary (rank-sum

analyses) between the men included in the study and those who

dropped out at each visit (details in Figure 1; p = 0.17 [Visit 3],

p = 0.73 [Visit 4], p = 0.34 [Visit 7], p = 0.18 [Visit 10], p = 0.35

[Visit 13]). In accordance with the publication by Schmidt and Finan,32

linear/multiple regression analyses were used to identify predictors of

ΔHOMA-IR during follow-up.

3 | RESULTS

Of the 184 men with MetS in the 30-week RCT, 113 and 71 men

were commenced on TU and placebo, respectively. No significant

between-group (TU vs. placebo) differences (rank-sum) were seen in

age (p = 0.39), serum TT (p = 0.15), serum E2 (p = 0.68), serum

SHBG (p = 0.10) or WC (p = 0.45) at baseline. Further, no significant

between-group difference (p = 0.51, chi-squared) was observed in

the proportion of men with T2DM: TU: 33 (29.20%), placebo:

24 (33.80%). Similarly, antiglycaemic therapy did not significantly vary

(p = 0.51, chi-squared) between the groups: TU: 32 (28.32%), pla-

cebo: 17 (23.94%). We focused on the 135 men not on antiglycaemic

agents (TU: 81 men; placebo: 54 men). Figure 1 shows that age

(p = 0.050, rank-sum) and T2DM (p = 0.050, chi-squared) differed

between men on TU and those on placebo; other parameters were

not significantly different (Table 1).

Because there were between-group differences in baseline age

and T2DM, we focused on within-group changes. Table 1 shows

HOMA-IR, serum TT, serum E2, serum SHBG and WC values in the

study cohort on TU (0–30 weeks of the RCT and 30–138 weeks of

the open-label phase), the confirmatory cohort on TU (30–132 weeks,

previously on placebo during the RCT) and the placebo group (0–

30 weeks of the RCT).

3.1 | Changes in HOMA-IR and other variables
following TU and lifestyle measures in the RCT phase

Table 1A shows the changes seen in the men on TU (study cohort)

in the RCT. As expected, serum TT levels increased significantly fol-

lowing TU administration (18 and 30 weeks). HOMA-IR decreased

significantly (p < 0.0001, sign-rank) after 18 weeks of

TU. Interestingly, after 30 weeks of TU, HOMA-IR was significantly

lower (p = 0.026, sign-rank) than the baseline value but higher than

at 18 weeks (although this was not significant [p = 0.20, sign-

rank]). Table 1 also presents the changes in E2, SHBG concentra-

tions and WC measurements. E2 levels increased (vs. baseline) at

18 and 30 weeks, although statistical significance was only noted

at the 18-week time point. SHBG and WC decreased significantly

at 18 and 30 weeks.

Although we focused on men not on antiglycaemic agents, we

analysed the complementary group on TU and antiglycaemic agents.

The median (IQR) HOMA-IR at the various time points was as follows:

8.32 (4.91, 11.98) at baseline (n = 32), 5.65 (3.22, 14.20) at 18 weeks

(n = 31) and 4.80 (2.89, 10.51) at 30 weeks (n = 31). The HOMA-IR

values at 18 weeks (p = 0.18, sign-rank) and 30 weeks (p = 0.068,

sign-rank) were not significantly different from baseline, although

patient numbers were smaller than our study group not on antiglycae-

mic agents.

3.2 | Changes in HOMA-IR and other variables
following placebo and lifestyle measures in the
RCT phase

Table 1B shows that there were no significant changes in serum TT,

E2 or SHBG levels. WC measurements decreased at 18 and 30 weeks,

although statistical significance was only evident at 18 weeks. An

increase in HOMA-IR was observed at both 18 and 30 weeks,

although statistical significance was seen only at 18 weeks.

3.3 | Changes in HOMA-IR and other variables
following TU and lifestyle measures in the open-label
phase: study cohort

Table 1A shows HOMA-IR, serum TT, E2, SHBG and WC values after

66, 102 and 138 weeks of TU. Compared to baseline (0 weeks)

HOMA-IR, SHBG and WC were significantly lower at all the above
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time points. Serum TT was significantly higher in all men on TU, how-

ever, no change in E2 was evident during the open-label phase.

3.4 | Changes in HOMA-IR and other variables
following TU and lifestyle measures in the open-label
phase: confirmatory TU cohort

Table 1C shows that the baseline values in men switched from placebo

to TU (confirmatory cohort) were those measured at the final RCT visit

(30 weeks). Serum TT increased significantly at all time points, whilst

no significant change in serum E2 was observed. SHBG decreased,

although significance was reached only at 30 and 102 weeks. WC

decreased significantly at all time points. Table 1C shows that median

(IQR) HOMA-IR values decreased significantly from 4.65 (2.69, 7.10) at

baseline to 2.84 (2.10, 4.26) after 30 weeks of TU and continued to

decrease after 66 and 102 weeks of treatment.

3.5 | Variables associated with ΔHOMA-IR during
the initial 30 weeks of TU treatment

Table 2 shows predictors of ΔHOMA-IR over a 30-week period in

men randomized to TU in the RCT (study cohort) and those switched

to TU in the open-label phase (confirmatory cohort). Initially, univari-

ate linear regression analyses were carried out with age, baseline

HOMA-IR, and baseline and changes in serum TT, cFT, serum E2,

serum SHBG and WC as independent variables and ΔHOMA-IR as

the dependent variable. Baseline HOMA-IR was significantly associ-

ated with ΔHOMA-IR in both cohorts, whilst baseline WC (not ΔWC)

was significantly associated only in the study cohort. When baseline

HOMA-IR, baseline WC and ΔWC were entered in multivariate

models with ΔHOMA-IR as the dependent variable, only baseline

HOMA-IR achieved significance. The inclusion of age and T2DM in

the multivariate regression model did not alter the association

between baseline HOMA-IR and ΔHOMA-IR.

TABLE 2 Associations (univariate linear regression models followed by a multivariate model including factors that were significant in the
univariate models) between change in homeostasis model assessment-insulin resistance index (HOMA-IR; outcome) and baseline HOMA-IR, age,

baseline, and changes in total testosterone, calculated free testosterone, oestradiol, sex hormone-binding globulin and waist circumference over
the first 30 weeks of testosterone undecanoate treatment.

Outcome: ΔHOMA-IR (30 weeks—
baseline) TU (RCT phase) TU (open-label phase)—Confirmatory cohort

Independent variables Coefficient (95% CI) p r2 (n) Coefficient (95% CI) p r2 (n)

Δ: (value at 30 weeks of TU treatment) � (value at baseline)

0–30 weeks of TU (significant decrease (p < 0.0001, sign-rank) in HOMA-IR was evident in both groups—as seen in Table 2)

Univariate models

Age at baseline (years) 0.099 (�0.11, 0.31) 0.36 0.012 (n = 72) �0.12 (�0.32, 0.83) 0.24 0.037 (n = 40)

Baseline HOMA-IR �0.92 (�1.09, �0.76) <0.001 0.64 (n = 72) �0.78 (�0.92, �0.64) <0.001 0.77 (n = 39)

Baseline TT (nmol/L) �0.049 (�0.57, 0.47) 0.85 0.018 (n = 72) 0.36 (�0.094, 0.81) 0.12 0.089 (n = 40)

ΔTT (nmol/L) �0.19 (�0.54, 0.16) 0.28 0.026 (�0.29, 0.34) 0.87

Baseline cFT (nmol/L) �15.40 (�49.22, 18.43) 0.38 0.066 (n = 72) �16.80 (�44.70, 11.10) 0.23 0.0075

(n = 40)ΔcFT (nmol/L) �11.16 (�25.45, 3.13) 0.12 �2.21 (�16.59, 12.18) 0.76

Baseline E2 (pmol/L) �0.038 (�0.080, 0.0043) 0.078 0.051 (n = 70) 0.048 (�0.015, 0.11) 0.13 0.12 (n = 37)

ΔE2 (pmol/L) �0.024 (�0.063, 0.015) 0.22 �0.037 (�0.094, 0.019) 0.19

Baseline SHBG (nmol/L) 0.068 (�0.084, 0.22) 0.37 0.012 (n = 72) �0.057 (�0.23, 0.12) 0.51 0.013 (n = 40)

ΔSHBG (nmol/L) 0.081 (�0.10, 0.27) 0.39 �0.025 (�0.17, 0.11) 0.72

Baseline WC (cm) �0.19 (�0.35, �0.028) 0.022 0.062 (n = 72) �0.086 (�0.24, 0.068) 0.27 0.034 (n = 40)

ΔWC (cm) �0.017 (�0.29, 0.26) 0.90 �0.075 (0.43, 0.28) 0.68

Multivariate models

Baseline HOMA-IR �0.93 (�1.10, �0.75) <0.001 0.65 (n = 72) �0.80 (�0.94, �0.65) <0.001 0.78 (n = 40)

Baseline WC 0.015 (�0.091, 0.12) 0.77 0.038 (�0.040, 0.12) 0.33

ΔWC 0.085 (�0.087, 0.26) 0.33 0.12 (�0.078, 0.32) 0.69

Note: Bolded indicates signifance values (p valves).

Abbreviations: cFT, calculated free testosterone; E2, oestradiol; HOMA-IR, homeostasis model assessment-insulin resistance; IQR, interquartile range;

RCT, randomized controlled trial; SHBG, sex hormone-binding globulin; TT, total testosterone; TU, testosterone undecanoate; WC, waist circumference; Δ,
change in.
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3.6 | Variables associated with ΔHOMA-IR in men
on TU treatment for between 30 and 102 weeks

Table 3 shows the factors associated with ΔHOMA-IR between

30 and 102 weeks (post 30 weeks of TU [Table 2]) in the men ran-

domized to TU in the RCT phase (study cohort) and those switched to

TU in the open-label phase (confirmatory cohort). Initially, univariate

linear regression analyses were carried out with age, baseline HOMA-

IR and baseline and changes in serum TT, cFT, serum E2, serum SHBG

and WC as independent variables and ΔHOMA-IR as the dependent

variable. Only baseline (value after 30 weeks) HOMA-IR was signifi-

cantly associated with ΔHOMA-IR in both cohorts.

3.7 | Change in fasting glucose in the RCT phase

Fasting glucose at baseline was significantly different (p = 0.032,

rank-sum) between the study arms. Baseline median (IQR) glucose

values were as follows: TU: 5.5 (5.1, 6.0) mmol/L (n = 81); placebo:

6.0 (5.3, 6.4) mmol/L (n = 54). After 18 weeks, TU was associated

with a significant decrease in fasting glucose (median [IQR] fasting

glucose: 5.4 [5.0, 5.9] mmol/L; p = 0.026) whilst the change was not

significant in the men on placebo (median [IQR] fasting glucose: 5.8

[5.2, 6.4] mmol/L; p = 0.93). In contrast, after 30 weeks, the fasting

glucose values were not significantly different (sign-rank) from base-

line (median [IQR] fasting glucose: TU: 5.3 [4.9, 6.0] mmol/L,

p = 0.069; placebo: 6.0 [5.6, 6.3] mmol/L, p = 0.51). After 138 weeks

of TU (combined RCT and open-label phases) there was a modest

although statistically significant decrease (p = 0.0057, sign-rank) in

fasting glucose concentrations in the study cohort compared with

baseline (median [IQR] fasting glucose: 5.2 [4.9, 5.6] mmol/L).

3.8 | Change in fasting insulin concentrations in
the RCT phase

Fasting insulin values at baseline did not differ (p = 0.64, rank-sum)

between the TU and placebo groups. Baseline median (IQR) fasting

insulin values were: TU: 17.4 (9.5, 28.6) mIU/L (n = 79); placebo: 14.7

(10.6, 23.6) mIU/L (n = 54). After 18 weeks, TU was associated with a

significant decrease (sign-rank) in fasting (median [IQR] fasting insulin:

12.2 [8.4, 20.6] mIU/L; p < 0.0001), whilst the change was not signifi-

cant (sign-rank) in the men on placebo (median [IQR] fasting insulin:

18.85 [11.5, 26.4] mIU/L; p = 0.24). In contrast, after 30 weeks, the

fasting insulin values were not significantly different (sign-rank) from

baseline (median [IQR] fasting insulin: TU: 14.7 (9.5, 22.9) mIU/L,

p = 0.059; placebo: 16.5 [11.1, 26.7] mIU/L, p = 0.44). After

138 weeks of TU (combined RCT and open-label phases), there was a

statistically significant reduction (p < 0.001, sign-rank), with fasting

insulin concentrations in the study cohort more than halving com-

pared with baseline (median [IQR] fasting insulin: 8.35 [6.9,

12.6] mIU/L).

TABLE 3 Associations (univariate linear regression models) between change in homeostasis model assessment-insulin resistance index
(HOMA-IR; outcome) and baseline HOMA-IR, age, baseline, and changes in total testosterone, calculated free testosterone, oestradiol, sex
hormone-binding globulin and waist circumference between 30 and 102 weeks of testosterone undecanoate treatment.

Outcome: ΔHOMA-IR (102–
30 weeks) TU (open-label phase) TU (open-label phase)—Confirmatory cohort

Independent variables Coefficient (95% CI) p r2 (n) Coefficient (95% CI) p r2 (n)

Δ: (value at 102 weeks of TU treatment) � (value after 30 weeks of TU treatment)

30–102 weeks of TU (significant decrease (p < 0.0001, sign-rank) in HOMA-IR was evident in both groups)

Univariate models

Age at 30 weeks (years) 0.028 (�0.18, 0.24) 0.78 0.0019 (n = 41) 0.021 (�0.096, 0.14) 0.72 0.0043 (n = 32)

HOMA-IR—30 weeks �0.90 (�1.01, �0.78) <0.001 0.86 (n = 41) �0.71 (�0.85, �0.57) <0.001 0.78 (n = 32)

TT (nmol/L) at 30 weeks 0.37 (�0.027, 0.77) 0.067 0.14 (n = 41) 0.10 (�0.10, 0.30) 0.32 0.038 (n = 32)

ΔTT (nmol/L) �0.0081 (�0.32, 0.30) 0.96 0.069 (�0.10, 0.24) 0.42

Baseline cFT (nmol/L) 13.08 (�2.78, 28.93) 0.10 0.064 (n = 41) 0.78 (�6.13, 7.69) 0.82 0.066 (n = 32)

ΔcFT (nmol/L) 1.15 (�11.40, 13.69) 0.85 0.73 (�4.58, 6.03) 0.78

E2 (pmol/L) at 30 weeks 0.0030 (�0.034, 0.040) 0.87 0.029 (n = 40) 0.00018 (�0.031, 0.032) 0.99 0.086 (n = 32)

ΔE2 (pmol/L) �0.015 (�0.050, 0.021) 0.40 �0.020 (�0.046, 0.0053) 0.12

SHBG (nmol/L) at 30 weeks 0.0010 (�0.13, 0.13) 0.99 0.0097 (n = 41) �0.032 (�0.11, 0.045) 0.40 0.045 (n = 32)

ΔSHBG (nmol/L) �0.057 (�0.26, 0.15) 0.57 �0.11 (�0.26, 0.035) 0.13

WC (cm) at 30 weeks 0.030 (�0.14, 0.20) 0.72 0.0090 (n = 41) �0.0039 (�0.088, 0.080) 0.92 0.0004 (n = 32)

ΔWC (cm) 0.066 (�0.18, 0.31) 0.58 �0.011 (�0.24, 0.22) 0.93

Note: Bolded indicates signifance values (p valves).

Abbreviations: cFT, calculated free testosterone; E2, oestradiol; HOMA-IR, homeostasis model assessment-insulin resistance; IQR, interquartile range;

RCT, randomized controlled trial; SHBG, sex hormone-binding globulin; TT, total testosterone; TU, testosterone undecanoate; WC, waist circumference; Δ,
change in.
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4 | DISCUSSION

In our analysis of the Moscow RCT and open-label phases, we evalu-

ated the impact of TU on HOMA-IR in men with MetS/T2DM who

were not receiving antiglycaemic agents. As expected, compared to

baseline, serum testosterone increased at every time point in both the

study and confirmatory cohorts. Compared to baseline, HOMA-IR

was significantly reduced at almost every time point in men receiving

TU in the study cohort. We cannot explain the increase in HOMA-IR

between Weeks 18 and 30 in the RCT (insulin [p = 0.11] and fasting

glucose [p = 0.065] values were not significantly different between

these time points), with only three participants dropping out

between these visits, but importantly, HOMA-IR remained signifi-

cantly lower (p <0.0001) at every time point in the open-label phase

of the study cohort. Further, in the confirmatory cohort at 30 weeks,

reduction in HOMA-IR was significant (p = 0.0001) and this trend

continued at 66 and 102 weeks (p <0.0001). Our findings highlight a

consistent pattern of HOMA-IR decrease in the subgroup of men with

MetS and diabetes who were not prescribed antiglycaemic agents.

Compared to baseline, SHBG was also significantly lower at every

time point in men receiving TU in the study cohort. This was mirrored

in the confirmatory cohort, apart from at Week 66, although signifi-

cance (p = 0.013) was again demonstrated at 102 weeks. This obser-

vation has been previously reported, although the mechanism is not

clear.33,34 E2 significantly increased (p = 0.0040) at 18 weeks in men

in the RCT of the study cohort but was not replicated at subsequent

time points or in the confirmatory cohort. Tan et al.35 evaluated E2

levels post TTh in 34 016 men and found that 20.2% of these men

demonstrated elevated E2 levels ≥156 pmol/L (42.6 pg/mL), with the

increase being age-dependent.35

In accordance with other studies evaluating the effect of TTh on

anthropometric outcomes, we found that WC decreased significantly

with TU.36–38 Although WC can only be a considered a surrogate for

adiposity (especially visceral), we speculate that the decrease in WC

may reflect reduction in adiposity. Interestingly, at Week 18 in the

placebo arm, WC decreased significantly, which was perhaps due to

participants being motivated to actively engage in the lifestyle pro-

gramme offered, although this trend did not persist at 30 weeks.

Baseline HOMA-IR was the main predictor of ΔHOMA-IR, with

the r2 values (Tables 2 and 3) suggesting that this accounted for a high

degree of the outcome variability observed. In both tables, separate

regression analyses were carried out with ΔHOMA-IR as the outcome

variable and baseline age, baseline HOMA-IR, baseline and ΔTT, base-

line and ΔE2, baseline and ΔSHBG and baseline and ΔWC as depen-

dent variables. Interestingly, ΔHOMA-IR was strongly associated with

baseline HOMA-IR in the RCT and open- label phases (study and con-

firmatory cohort), suggesting higher baseline values of HOMA-IR were

associated with a greater reduction in HOMA-IR. Of note, the only

other independent variable to be associated with ΔHOMA-IR was

baseline WC in men receiving TU in the RCT, with a larger baseline

WC predicting greater reduction in HOMA-IR. This association was

not evident in the open-label phase of the study cohort. The large

dropout rate of participants by 102 weeks (n = 41) may have

contributed to loss of significance. When baseline HOMA-IR, baseline

WC and ΔWC were included as independent variables with ΔHOMA-

IR as the outcome, only baseline HOMA-IR remained significant in

both cohorts on TU (Table 2).

Our findings suggest baseline HOMA-IR and not baseline WC or

ΔWC is the principal predictor of ΔHOMA-IR following TU treatment

(Tables 2 and 3). Patients with the highest baseline HOMA-IR demon-

strated the greatest improvement following TU in accordance with

Wilder's principle.39 Hence, consideration of baseline characteristics is

essential when comparing studies with varying degrees of TTh-

associated ΔHOMA-IR.19–21 A greater decrease in HOMA-IR in the

study by Groti et al.20 was observed compared to the TIMES2

study,19 perhaps due to the baseline HOMA-IR values being higher in

the former. No significant change in HOMA-IR was seen in the study

by Gianatti et al.,21 in which the baseline HOMA-IR was lower.19,20

Importantly, the TTh preparations differed among these RCTs: trans-

dermal testosterone gel was used in the TIMES2 study and TU in the

studies by Groti et al.20 and Gianatti et al.21

An increase in testosterone values following TTh has been

shown to improve, energy, mood and walkability.40 These could also

be considered as possible mediators of the improvement in HOMA-

IR observed in both the study and confirmatory cohorts following

TU treatment. The only quality-of-life measure we had available was

the Ageing Male Symptoms Scale (AMSS),41 although we did not

have subscale (somatic, psychological and sexual) data. In the study

cohort and confirmatory cohort there was significant improvement

(p < 0.0001, sign-rank) in the AMSS values following TU treatment

(study cohort: median [IQR] AMSS score decreased from a baseline

of 42.0 [33.0, 52.0] to 23.0 [17.5, 27.5] after 138 weeks of TU; con-

firmatory cohort: median (IQR) AMSS score decreased from a base-

line of 38.5 [30.0, 49.5] to 27.5 [21.5, 31.0] after 102 weeks of TU).

Interestingly a small, but significant (p = 0.031) improvement in

AMSS score was also observed in the men on placebo, in whom

median (IQR) AMSS score decreased from a baseline of 43.5 (34.0,

50.0) to 38.5 (30.0, 49.5) after 138 weeks of TU. The decrease in

AMSS score was significantly greater (p < 0.0001, rank-sum) in men

on TU (study and confirmatory cohorts) compared to those on

placebo.

Our findings are mechanistically plausible at a molecular level as

testosterone appears to enhance insulin sensitivity in obese men with

testosterone deficiency by reducing fat mass, increasing lean mass,

lowering free fatty acids, and suppressing inflammation (decreased

C-reactive protein, interleukin-1b, tumour necrosis factor-α and lep-

tin).42,43 Further, TTh has been shown to upregulate insulin receptor β

subunit, insulin receptor substrate-1, protein kinase B and glucose

transporter type 4 in adipose tissue and adenosine

50-monophosphate-activated protein kinase expression/activity in

skeletal muscle.43,44

Our study has strengths and weaknesses. It comprised an RCT and

an open-label phase, with the latter designed at the outset with measure-

ments performed in one laboratory.22,29 Whilst we compared TU and

placebo in the RCT phase, all men in the open-label phase were on TU,

with patient numbers decreasing at each successive time point.

TISHOVA ET AL. 2155
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Regardless, the study design allowed us to use the men on placebo in

the RCT phase who were switched to TU in the open-label phase as a

confirmatory cohort. Variability in HOMA-IR estimation is accepted, with

high dependence on insulin assay performance.45 However, there was

consistency in ΔHOMA-IR in both cohorts, with the trend in ΔHOMA-IR

seen at virtually every time point. Unfortunately, as HbA1c was not mea-

sured we could not compare our results with those of the T4DM

Study,23 which showed reduction in T2DM progression without signifi-

cant HbA1c decrease. As TTh appears to be associated with a reduction

in SHBG levels,34 it would have been useful also to have measured free

testosterone as opposed to cFT using the method by Vermeulen et al.46

Furthermore, access to data on changes in body composition in the two

groups would have been interesting as ΔE2 could possibly be due to

associations with both testosterone levels and adiposity.47 We would

also have wished for data on changes in diet and exercise as these could

have been included as potential confounding variables. In view of the rel-

atively small cohort, the follow-up period was insufficient to study asso-

ciations with cardiovascular disease as an outcome.

In conclusion, this RCT/open-label study in men not on antiglycae-

mic therapy shows significant decreases in HOMA-IR after only

18 weeks of TU treatment. This pattern was observed in men initially

randomized to TU and those switched from placebo to TU after the

RCT. The decrease in HOMA-IR in the study group was maintained over

138 weeks of TU. New data from our study show that the principal pre-

dictor of ΔHOMA-IR was baseline HOMA-IR. Furthermore, decreases in

insulin levels appeared greater than in fasting glucose. Hence, in men

with T2DM/MetS not on antiglycaemic therapy, improvements in gly-

caemic control may be greater than suggested by change in serum glu-

cose. In our study, men with higher baseline HOMA-IR demonstrated

greater improvement after TU treatment, with much of the variability in

ΔHOMA-IR accounted for by this association. This novel finding will

help us to understand the varying results from previous studies with

ΔHOMA-IR as the outcome.19–21 In addition, our findings suggest that

screening for testosterone, especially in men suspected to have insulin

resistance (e.g., men with MetS, T2DM and central obesity), and subse-

quent TTh would yield significant healthcare benefit.
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