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ABBREVIATIONS

ALAT Alanintransaminase

BioT Bioavailable testosterone

BMI Body mass index

CPM Counts per minute

cv Coefficient of variation

CvD Cardiovascular disease

Dyn180 Maximal voluntary dynamic contraction

DXA Whole-body Dual-energy X-ray Absorptiometry
scan

FFA Free fatty acid

FreeT Free testosterone

GGT Gamma-glutamyltransferase

GOX Glucose oxidation rate

HbAlc Glycated hemoglobin

HGP Hepatic glucose production

HOMA-IR Homeostasis assessment model insulin re

sistance

LBM Total lean body mass

LOX Lipid oxidation rate

MRI Magnetic resonance imaging

MRS Magnetic resonance spectroscopy

MVC Maximal voluntary isometric contraction

NAFLD Non-alcoholic fatty liver disease

NOGD Non-oxidative glucose disposal

PSA Prostate specific antigen

RCT Randomized controlled trial

Rd Glucose disposal rate

RFD100 Rate of force development

RQ Respiratory quotient

SAT Subcutaneous abdominal adipose tissue

SD Standard deviation

SHBG Sex hormone binding globulin

T2D Type 2 diabetes

T-levels Testosterone levels

TAT Total abdominal tissue

TFA Thigh subcutaneous fat area

TFM Total fat mass

TMA Total muscle area thigh

TotalT Total testosterone

TRT Testosterone replacement therapy

TTA Total thigh area

VAT Visceral adipose tissue

wcC Waist circumference
INTRODUCTION

The prevalence of chronic diseases including obesity and type 2
diabetes mellitus (T2D) are increasing. In developed countries,
the majority of all deaths are caused by chronic disease (4). Stud-
ies indicate that 80% of early heart disease and T2D can be pre-
vented (5). Prevention of T2D and new treatment modalities are
therefore essential (6, 7).

Testosterone replacement therapy (TRT) has escalated in the
Western countries during the past decades especially in aging
men without clear organic indication for TRT (8). However, who to
treat has not been clarified (9, 10) and the safety of long-term
TRT regarding the risk of cardiovascular disease (CVD) is unknown
(11-13). Aging men with T2D often have lowered testosterone
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levels (T-levels) (14), ectopic fat depots (15), a deranged adi-
pokine profile with e.g. low adiponectin levels (16), hyper-
leptinaemia (17), and an increased risk of CVD (14, 18). The causal
relations are unclear, and lowered T-levels could simply be a
marker of illness, i.e. T2D and obesity (18).

TRT improves body composition with an increased total lean body
mass (LBM) and a reduction in total fat mass (TFM) (19, 20) which
may be of further benefit in aging men with T2D as this improved
body composition, in theory, may ameliorate the insulin re-
sistance in T2D, reduce ectopic fat, improve a deranged adipokine
secretion, and advance physical strength and function. This pro-
ject will contribute to the clarification of the beneficial and poten-
tial harmful effects of TRT in aging men with T2D and lowered T-
levels. No previous randomized, double-blinded, placebo-con-
trolled study in aging men with T2D has ever evaluated the effect
of TRT applying only gold-standard methods such as mass spec-
trometry, whole-body Dual-energy X-ray Absorptiometry (DXA),
euglycemic-hyperinsulinemic clamp, and Magnetic Resonance
Spectroscopy (MRS) in patients with T2D on one stable anti-dia-
betic treatment (Table 1).
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BACKGROUND

Hypogonadism in men

Classical hypogonadism is a clinical syndrome that results from
failure of the testis to produce physiological levels of testosterone
and a normal number of spermatozoa due to a disorder in the hy-
pothalamic-pituitary-testicular axis (28). Hypogonadism can be
classified as primary (testicular cause), secondary (hypotha-
lamic/pituitary cause), or mixed hypogonadism (dual defects in
the hypothalamic-pituitary axis and the testes) (29). Age-associ-
ated testosterone deficiency, also named Late Onset Hypogonad-
ism (LOH), is the alleged clinical syndrome seen with advancing
age characterized by symptoms and serum T-levels below the ref-
erence range of healthy young men (30). In aging men, several
factors can result in the often mixed hypogonadism such as im-
paired Leydig cell function, loss of circadian rhythm of
GnRH/LH/FSH-secretion in the hypothalamic-pituitary-axis, in-
creased sex hormone binding globulin (SHBG) levels, changes in
testosterone receptor sensitivity, and/or effects of altered cardio-
metabolic and inflammatory markers (29).

Symptoms and signs suggestive of hypogonadism are often less
specific and might increase with age due to other mecha-
nisms/diseases than lowered T-levels in itself, e.g. decreased
muscle mass and strength, increased body fat, visceral obesity, di-
minished physical capacity, decreased energy and initiative (29).
Even though a considerable portion of men with lowered T-levels

can be asymptomatic (10), they may still benefit from TRT. The
lack of coherence between measurements of biochemical hy-
pogonadism and symptoms consistent with hypogonadism (9, 10)
complicates the identification of the correct patients for TRT.

Biochemical hypogonadism

We applied a cut-off for lowered testosterone (bioavailable tes-
tosterone (BioT) <7.3 nmol/l) as a measurement for hypogonad-
ism regardless of the presence of symptoms, given the lack of
consistency between biochemical hypogonadism and symptoms
of hypogonadism (9, 10). The cut-off levels for testosterone were
determined in a previous population-based cohort of 783 men
aged 20-29 years (31, 32). The cut-off value of BioT <7.3 nmol/I
was defined in the n=615 non-obese, healthy men corresponding
to the 2.5 percentile of the 95% confidence interval (31). The nar-
row age range of the young men limits the potential bias of co-
hort effects and limits the exposure to potential environmental
confounders (32). The prevalence of lowered testosterone levels
depends on the patients in question and on what basis the cut-off
value for lowered testosterone is obtained in regard to health,
BMI, and age. There is a consensus of using a young cohort as a
reference group (14, 33, 34) because BioT/FreeT levels decline 1-
2% per year in some men already from the age of 30 years (35,
36). Furthermore, in order to obtain reliable measurements of T-
levels it is evident that each laboratory determines its own nor-
mal limits because of considerable variability of values obtained
in different laboratories using different techniques and kits (37).
Data suggest that total testosterone (TotalT) levels, which are
mostly bound to the transport proteins albumin and SHBG (Fig. 1)
(38), are not affected by age in lean healthy men (35). However,
SHBG levels increase with age causing lowered levels of BioT and
FreeT (35). Hepatic SHBG production can also differ between indi-
viduals due to genetic variations, metabolic, nutritional, and en-
docrine factors (39), e.g. obesity and hyperinsulinemia that are
each associated with decreasing levels of TotalT and SHBG (39).
Consequently, TotalT concentrations alone might sometimes be
misrepresentative whereas BioT and FreeT are considered more
appropriate representatives of tissue activity (19, 40). In the exist-
ing literature, the various cut-off limits for TotalT in men range
from 7.2-12.1 nmol/I using various analytical procedures (31, 40)
and reference groups. Although who to treat has not been clari-
fied in general (9, 10), guidelines by the Endocrine Society suggest
that clinicians should consider detection of hypogonadism in men
with T2D using BioT or FreeT levels when TotalT levels are close to
the lower limit of the normal range (28). Lowered BioT/FreeT lev-
els have been observed in up to 58% of aging men with T2D com-
pared with healthy young men (1, 14, 33).

Figure 1 Total testosterone — distribution in the blood.
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The current practice guidelines recommend that serum testos-
terone target concentrations for older men should be within the
mid-reference range of young adult men (28) which is achievable
within the first day of gel application, and a steady state of T-lev-
els is reached within a few days with once daily repeated applica-
tion (41, 42). However, according to recent statements by the
FDA the indication for treatment of LOH is currently not accepted
because there is no definitive evidence that TRT in these men is
beneficial or even safe (8). Thus, the indication to replace testos-
terone in older men who lack a distinct, well-recognized cause of
hypogonadism remains debatable.

Muscle and fat mass

Testosterone regulates body composition by promoting the com-
mitment of mesenchymal pluripotent cells into myogenic lineage
and inhibiting their differentiation into the adipogenic lineage
(43). Muscle mass is a function of the mean volume of the muscle
fibres and the number of fibres present in a given skeletal muscle
(44). The age-related decrease in T-levels is associated with loss of
muscle mass however such a clinical feature can also occur in el-
derly men with sufficient endogenous T-levels (20, 45). Thus, the
etiology of age-related diminished muscle mass is probably multi-
factorial and is due to an imbalance of protein synthesis and pro-
tein degradation (46). In general, the atrophy of the skeletal mus-
cles is first noticeable after 40 years of age and for almost all by
the age of 50 years (44). Any earlier loss in muscle mass is at-
tributable to a loss in the volume of the muscle fibres due to a
sedentary lifestyle, because no difference in the number of fibres
is observed between 20-50 years of age (44).

Non-obese, hypogonadal men may have more subcutaneous fat
compared with eugonadal men whereas no difference is found re-
garding visceral adipose tissue (VAT) (47). Irrespective of T-levels,
ectopic fat storage occur when continuous nutritional overload
leads to adipocyte expansion failure in the normal physiological
subcutaneous fat compartments, resulting in so-called “acquired
lipodystrophy” (48). This fat storage at ectopic sites is further pro-
moted by aging in itself (49). TRT may reduce the burden of ec-
topic fat through the generally increased lipolysis and the inhibi-
tion of the adipogenic lineage (43, 50).

Insulin resistance in aging men with T2D

Insulin resistance can be defined as an impaired biological re-
sponse to either endogenous or exogenous insulin which can be
demonstrated by an impaired insulin action on whole-body glu-
cose metabolism (51). The euglycemic-hyperinsulinemic clamp
method is generally accepted as the “gold-standard” for assessing
whole-body insulin sensitivity, whereas other less precise
measures such as the homeostasis model of glucose tolerance
(HOMA-IR) are cheaper and less time-consuming (51). Patients
with T2D are in general more insulin-resistant than age- and
weight-matched controls (51). Thus, the potential for detection of
improvement in insulin sensitivity during TRT may be higher in
men with T2D compared to men without T2D. No previous study
has evaluated insulin sensitivity by the euglycemic-hyperinsuline-
mic clamp during TRT in aging men with T2D and lowered T-lev-
els.

Skeletal muscle, adipose tissue, and the liver are the main target
tissues of insulin action (51). Insulin resistance may be reduced
during TRT because of the increase in LBM (20) with increased
glucose uptake and storage (i.e. non-oxidative glucose disposal
(NOGD)) as skeletal muscle is known to be the major site of glu-
cose disposal (up to 80%) in the insulin-stimulated state (51). A

reduced fat mass may also ameliorate the insulin resistance dur-
ing TRT (20). Three paradigms have been used to explain the link
between obesity and insulin resistance/T2D. Firstly, the por-
tal/visceral hypothesis, secondly, the ectopic fat storage syn-
drome, and thirdly, the endocrine paradigm (52). The portal
vein/visceral hypothesis proposes that increased VAT leads to in-
creased FFA flux in the portal vein plasma and inhibition of insu-
lin-action via Randle's effect in insulin-sensitive tissues (53).
Hence, a decreased VAT during TRT may reduce insulin resistance.
However, TRT might exacerbate insulin resistance by stimulating
lipolysis (50) and inhibiting lipoprotein lipase activity in abdominal
adipose tissue thus leading to increased triglyceride levels in the
blood (54). Ultimately, elevated FFAs might cause an increased
amount of ectopic fat in the muscles (51). Increased ectopic fat is
postulated to cause defects in insulin signaling in muscle and
liver, reduce insulin-stimulated muscle glucose transport activity
and glycogen synthesis in muscle, and impair suppression of he-
patic gluconeogenesis (52). Hyperinsulinemia in T2D might exac-
erbate the impaired suppression of gluconeogenesis with the con-
tinuation of lipogenesis (51) and could be responsible for the
development of non-alcoholic fatty liver disease (NAFLD). NAFLD
is considered an excellent surrogate indicator for hepatic insulin
sensitivity (55). The endocrine hypothesis is based on the growing
number of factors that are released from adipocytes with potent
effects on metabolism and insulin sensitivity (52). The TRT re-
duced TFM may decrease the pro-inflammatory cytokines (56) as-
sociated with insulin resistance and the volume of ectopic fat.
Furthermore, testosterone could have a more direct beneficial
role on intracellular molecular mechanisms involved in insulin sig-
naling, and hence the regulation of insulin sensitivity independent
of changes in body composition (57-59).

Metabolic inflexibility in T2D

The euglycemic-hyperinsulinemic clamp combined with indirect
calorimetry enables assessment of NOGD (reflecting glycogen
synthesis) and substrate oxidation in the basal and insulin-stimu-
lated state. Impaired insulin-stimulated NOGD is a major defect in
T2D (60). Muscle glucose oxidation and lipid oxidation are abnor-
mal in T2D and obesity during both basal and insulin-stimulated
conditions (51). During fasting conditions, muscle glucose oxida-
tion is increased and reliance on lipid oxidation is decreased in
T2D (61). Moreover, patients with T2D often have an impaired
ability to switch from lipid oxidation to predominantly carbohy-
drate oxidation during insulin-stimulated conditions, described as
“metabolic inflexibility” (61). This impaired ability might play a
major role in skeletal muscle insulin resistance (51). In aging men
without T2D, recent studies indicate that TRT may promote a shift
in substrate partitioning towards increased lipid oxidation in the
basal, fasting state both in men with lowered BioT levels (19) and
in men with secondary hypogonadism (62).

The adipokine burden in T2D

Adipokines and pro-inflammatory cytokines produced by white
adipose tissue might be pivotal in the pathogenesis of insulin re-
sistance (63) and NAFLD (64, 65). So far, levels of adiponectin and
leptin have been assessed in this project.

Adiponectin is thought to improve insulin sensitivity by reducing
gluconeogenesis in the liver (66) and by increasing glucose up-
take, glycogen synthesis, and influx and combustion of FFAs in
skeletal muscle (67). Adiponectin may also have anti-atherogenic
and anti-inflammatory effects (67). Adiponectin levels are signifi-
cantly lower in patients with insulin resistance and/or T2D (16).
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Testosterone might be a negative regulator of adiponectin pro-
duction in humans (68). However, considering the beneficial ef-
fect of TRT on body composition, TRT may increase adiponectin
levels as several studies have reported a negative association be-
tween levels of adiponectin and TFM (69-71), insulin resistance
(72), and BMI (69-71).

Leptin is a peptide hormone (73) produced predominantly in adi-
pocytes (74). The long form of the leptin receptor, Ob-Rb, is ex-
pressed widely within the hypothalamus and also in appetite-
modulating pathways in the brain stem (73). However, the mech-
anisms underlying the effects of energy stores and energy balance
on leptin responsiveness is unclear (75). The role of leptin can be
described as a double-edged sword. Healthy lean individuals are
in a low leptin state where leptin regulates food intake and has in-
sulin-sensitizing effects (76, 77) whereas in hyperleptinaemia as in
obesity and/or T2D, leptin is considered a pro-inflammatory adi-
pokine (78) associated with an increased risk of CVD (79). Hyper-
leptinaemia without a concomitant increase in leptin activity is a
state called leptin resistance (49) and decreasing leptin levels may
represent a healthier cardio-metabolic/inflammatory profile (49).
Leptin levels are inversely correlated with T-levels (80). Theoreti-
cally, increasing T-levels may decrease leptin levels through a re-
duction in fat mass, a stimulation of the splanchnic B-adrenocep-
tors (81), or by a direct suppressive effect on ob gene expression
(82). The index of leptin levels corrected by adiponectin concen-
trations (leptin:adiponectin ratio) could be a better cardio-meta-
bolic marker than levels of adiponectin and leptin alone (83, 84).

Muscle strength and physical function

Lowered T-levels, insulin resistance, and physical inactivity are
each associated with loss of strength and skeletal muscle mass
(20, 45). Strength and muscle mass are in general highly corre-
lated. TRT in aging men with lowered T-levels can produce muscle
hypertrophy (45) and reduce fat mass (20). Thus, TRT could be an
attractive alternative or supplement to resistance training in the
effort to prevent or treat age-related declines in muscle mechani-
cal function especially in aging men who are not able to partici-
pate in high intensity training regimes (85). An excessive loss of
strength and muscle mass define the sarcopenia syndrome (86),
which is associated with a higher risk of adverse health outcomes
such as physical disability, poor quality of life, and death (86, 87).
Aging men with T2D might have an increased risk of developing
sarcopenia due to the decreased T-levels and insulin resistance
(87). Furthermore, the increased ectopic fat in skeletal muscles in
T2D might lead to impaired protein synthesis (88), irreversible
changes in skeletal muscle structure and function, and an increas-
ing sedentary lifestyle, contributing to increased frailty (44) and
risk of CVD with aging.

Cardiovascular disease in aging men with T2D and lowered tes-
tosterone levels

Lowered T-levels and T2D are each associated with CVD (18, 89,
90) however it is unclear whether lowered T-levels are causally
related to CVD or merely a marker of illness e.g. T2D and/or obe-
sity (18). In endothelial cells, the compensatory hyperinsulinemia
in T2D may enhance pro-hypertensive and atherogenic actions of
insulin (51). The increased risk for CVD in aging men with T2D
with lowered T-levels might be attributed to a decreased muscle
mass, an increased total and ectopic fat mass, insulin resistance,
increased inflammation including a deranged adipokine profile
(52) with reduced adiponectin levels (16, 91) and high leptin lev-
els (17) (Fig. 2).

Figure 2 Associations between prevalent characteristics in aging
men with T2D
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Regarding CVD, thigh subcutaneous fat area (TFA) is more protec-
tive compared to subcutaneous abdominal adipose tissue (SAT)
(92, 93) possibly due to a long-term entrapment of excess FFA
(94, 95) and a more favorable adipokine secreting profile (96). In
contrast, ectopic fat such as VAT and NAFLD are associated with
an increased CVD risk (95).

The safety of long-term TRT has not been clarified regarding CVD
(11-13, 89, 97, 98) and the committee established by the FDA re-
cently concluded that the totality of the evidence regarding CVD
suggests a weak signal of cardiovascular risk and recommended
updating drug labels to reflect this information (8). The FDA also
stressed that to date, no randomized, controlled trials (RCTs) have
been appropriately designed to evaluate cardiovascular outcomes
with testosterone use (8).

AlM OF THE STUDY

The aim of the study was to contribute to the clarification of the
beneficial and potential harmful effects of TRT in aging men with
T2D and lowered T-levels.

In manuscript |, we evaluate the effect of TRT on lean body mass,
fat mass, insulin sensitivity, and oxidative metabolism in aging
men with T2D and lowered T-levels. In manuscript I, we examine
whether TRT reduces the volume of ectopic fat and improves the
adipokine profile in aging men with T2D. In manuscript lll, we
evaluate whether TRT improves muscle mechanical and physical
function in addition to increased lean body mass in aging men
with T2D and lowered T-levels.

MATERIAL AND METHODS

All text in this section refers to the three manuscripts.

This 24-week, randomized, double-blinded, placebo-controlled
trial was conducted at Odense University Hospital (Denmark)
from April 2012 to November 2013. The study was approved by
the local Ethics Committee and the Danish Health and Medicines
Authority. The trial was declared in ClinicalTrials.gov (identifier:
NCT01560546) and all patients gave written informed consent at
the screening visit.

Study population

Caucasian men, aged 50-70 years, BioT levels <7.3 nmol/l, and a
diagnosis of T2D within three months to 10 years were eligible for
inclusion. A total of 59 patients were screened, 43 patients were
included, and 39 men completed the study. To find eligible pa-
tients, we used advertisement in newspapers, in magazines, at
general practitioners, and through written invitations to patients
with newly diagnosed T2D, who were referred to our department
at Odense University Hospital.

The patients were all treated for T2D and metformin was the only
allowed anti-diabetic drug. This treatment had to be stable for at
least 3 months prior to inclusion and no change in anti-diabetic
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medication dose was allowed during the study. The exclusion cri-
teria were BMI 240 kg/m2, glycated hemoglobin (HbAlc) 29.0%
(75 mmol/mol), hematocrit >50%, prostate specific antigen (PSA)
>3 ng/dl, abnormal routine blood samples, nocturia >3 times, clin-
ically significant disease of the heart, lung or kidneys, known ma-
lignant disease, severe hypertension, abuse of alcohol, medicine,
or drugs within a year, significant electrocardiogram changes, pri-
mary or secondary hypogonadism, ongoing severe mental illness,
wish of fatherhood within the trial period, severe claustrophobia,
and treatment with vitamin K antagonist, morphine, 5a reductase
inhibitors, oral glucocorticoid or antipsychotics. Diagnosis of he-
mochromatosis was excluded at the 24-week visit by measuring
iron and transferrin in plasma.

The patients were allowed to continue on habitual physical activi-
ties throughout the study and were informed not to change their
diet. Patients were instructed to avoid strenuous physical activity
48h before the clamp.

Symptoms and signs suggestive of hypogonadism

At the screening visit, patients were asked about symptoms and
signs suggestive of hypogonadism in accordance to a clinical prac-
tice guideline (28).

Metformin and concomitant medication

The use of metformin was equally distributed in regard to low
dosage and maximum dosage between the two groups. A total of
69.2% (27/39), 84.6% (33/39), 33.3% (13/39), 7.7% (3/39), and
7.7% (3/39) patients were on antihypertensive drugs, cholesterol-
lowering drugs, anti-thrombotic drugs, inhalation steroids, and
anti-depressants, respectively. The concomitant medication was
equally distributed between the two groups. No cholesterol-low-
ering drugs were introduced during the study. All patients took
their usual medication in the morning they attended the clinic.
Any antithrombotic agents were stopped 3—7 days before the
clamp.

Randomization and blinding

Eligible patients were randomized and numbers were assigned ac-
cording to enrolment into the study. Randomization was per-
formed by Hospital Pharmacy Fyn, Odense University Hospital, us-
ing the computer program www.randomization.com with four
patients in each block. Trial investigators and patients were
blinded to the intervention allocation.

Intervention, outcomes, and sample size

Patients were assigned to 5 g gel daily dispensed in visually identi-
cal tubes, containing placebo (n=21) or 50 mg testosterone, Tes-
tim® (TRT, n=22). T-levels were evaluated after three weeks of
treatment and the dose was increased to 10 g gel daily if BioT
level was <7.3 nmol/l. Compliance was monitored at weeks 3, 12,
and 24 concerning gel application, timing, cutaneous area, and
adverse skin reactions.

We examined the patients on two consecutive days before
and after 24 weeks of TRT. On the first day, patients underwent
physical testing, physical examination, scans (DXA, MRI, MRS,
high-resolution peripheral quantitative computed tomography
(HR-pQCT)), and they answered questionnaires. On the second
day, fasting blood samples and euglycemic-hyperinsulinemic
clamp were performed. T-levels were measured at the screening
visit, week 3, and week 24 at time 0 of the clamp. Patients were
told to stop gel therapy 24h before blood sampling to ensure
measurement of a stable level of testosterone during TRT (41,

99). Our primary outcome was change in LBM between groups af-
ter TRT (20) with an assumption of a type 1 error (a)=0.05, type 2
error (B) =0.1, SD=1.3 kg, resulting in 15 patients in each group.
We included 20 subjects in each group to allow for drop-outs.
Secondary outcomes included changes TFM, whole-body insulin-
sensitivity, oxidative metabolism, SAT, TFA, VAT, hepatic fat,
HbA1c, fasting lipids, levels of adiponectin, leptin, leptin:adi-
ponectin ratio, muscle mechanical function (power and strength),
physical function (gait speed), lean leg mass, and leg fat mass be-
tween groups. Physical activity was assessed by accelerometry
and considered as an explanatory outcome measure.

Dose titration and safety monitoring

The target level of BioT was >7.3 nmol/l (31). The patients were
instructed to stop gel therapy 24h before the measurements of T-
levels. After three weeks of treatment, all patients in the placebo
group were increased to 10 g gel daily, while 16/21 patients were
increased in the testosterone group. One patient in the testos-
terone group was decreased to 5 g gel once every other day after
12 weeks TRT due to elevated hematocrit level. This patient was
excluded from the analyses. Seven patients in the testosterone
group had paused TRT for 48h prior to the clamp day of the final
visit. Digital rectal examination of the prostate along with meas-
urements of PSA, hematocrit, and hemoglobin were evaluated af-
ter 3, 12, and 24 weeks of treatment. Dose titration and safety
monitoring were externally handled to ensure continued blinding.

Dual-energy X-ray Absorptiometry

LBM, lean leg mass, TFM, and regional fat mass were measured
by DXA scans using a Hologic Discovery device (Waltham, MA,
US). The intra-assay percent root mean square CV (RMS-CV) was
1.4% for LBM and 1.8% for TFM.

Magnetic resonance imaging (MRI)

MRI was performed with a 3.0 Tesla High field MR Unit (Phillips
Achieva, Phillips Healthcare, Best, Holland). Three abdominal
slices (10 mm thick, 20 mm apart, lower slice at the dorsal, inter-
vertebral space of L4/L5) were recorded using an axial, T1-
weighted gradient-echo sequence. Computer software (100) was
used to trace the different compartments of fat on the abdomen
and for assessment of the areas of SAT and VAT. The TFA and
thigh muscle area (TMA) were determined on three femoral slices
(100). Computer software (100) was used to trace fat and muscle
compartments on the thigh to assess TFA.

Magnetic resonance spectroscopy (MRS)

Single-voxel liver 1H MRS was performed to measure the hepatic
fat fraction. MRS measurements were performed using a Philips
Achieva 3.0-T MR scanner (Philips Healthcare, Best, Holland).
Liver MR images in all three planes were used to localize voxels
for MRS. The MR spectroscopic data were acquired using a SENSE
XL torso coil with 16 channels, following shimming, with volumes
of interest (30x30x30mm3) manually placed within the right lobe
of the liver (segment six or seven), avoiding major blood vessels,
intrahepatic bile ducts, and the lateral margins of the liver in all
dimensions. The point-resolved spectroscopy (PRESS) technique
was performed without water suppression (repetition time
ms/echo time ms, 2000/35). We collected spectra during a single
breath-hold (17.5 s). The water peak and the major fat peak of
methylene, located at 4.7 and 1.3 ppm respectively, were auto-
matically fitted by using a spectroscopic analysis package included
in the Philips workstation. Area ratios (lipids/unsuppressed water)
were calculated for each patient. Automated spectral results
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were reviewed by an experienced MR spectroscopist who was
blinded to the treatment allocation.

Euglycemic-hyperinsulinemic clamp

After a 10h overnight fast, a 2h basal tracer equilibration period
was followed by a 4h period with insulin infusion (Actrapid; Novo
Nordisk, Bagsvaerd, Denmark) at a rate of 40 mU/m2/min result-
ing in physiological hyperinsulinemia at approximately 500-600
pmol/l in the insulin-stimulated period. A primed-constant [3-3H]-
glucose infusion was used throughout the 6h study, and [3-3H]-
glucose was added to the glucose infusates to maintain plasma
specific activity constant at baseline levels during the 4h clamp
period as described in detail previously (101). Plasma glucose was
kept constant at approximately 5.5 mmol/I by varying the infusion
of 20% glucose based on bedside plasma glucose measurements
every 10-20 minutes. Plasma glucose and lactate were measured
using an ABL800 FLEX analyzer (Radiometer, Copenhagen, Den-
mark). Serum insulin and C-Peptide were measured using COBAS
immunoassay platforms (Roche Diagnostics, IN, USA). HOMA-IR
was calculated as described (102). Plasma FFA levels were meas-
ured using a colorimetric assay kit (Wako Chemicals, Richmond,
VA, USA) and a COBAS FARA 2 auto-analyzer (Roche Diagnostic,
Rotkreuz, Switzerland).

The basal and insulin-stimulated steady-state periods were de-
fined as the last 20 minutes of each period. Tritiated glucose-spe-
cific activity was determined on samples deproteinized with bar-
ium and zinc as described elsewhere (101). Steele’s non-steady-
state formulas were used to calculate rates of total glucose ap-
pearance and glucose disposal rate (Rd), assuming a glucose dis-
tribution volume of 200 ml/kg body weight and a pool fraction of
0.65 (101). Hepatic glucose production (HGP) was calculated as
the difference between rate of total glucose appearance and the
glucose infusion rate. Insulin-stimulated Rd was taken as an esti-
mate of whole-body insulin sensitivity.

Indirect calorimetry

Indirect calorimetry was performed during the last 40 minutes of
the basal and insulin-stimulated periods using a ventilated hood
system (Parvo Medics TrueOne ® 2400 Metabolic Measurement
System). The average gas exchanges recorded during the last 30
minutes of steady state in the basal and insulin-stimulated peri-
ods were used to calculate glucose oxidation rate (GOX), lipid oxi-
dation rate (LOX), and the respiratory quotient (RQ) (103). NOGD
was calculated as the difference between Rd and GOX.

Assays
The assays are described in the manuscripts.

Isokinetic Dynamometry (muscle mechanical function)
Knee-extensor muscle mechanical function was assessed by expe-
rienced sports physiologists using an isokinetic dynamometer
(KinCom 500H, Chattecx, USA) (104). Following several warm-up
trials, patients performed five maximal voluntary dynamic con-
tractions at 180°/s (Dyn180) in a range of 90° to 20° (0°=full ex-
tension) and three maximal voluntary isometric contractions
(MVC) at a 70° knee joint angle (104). Patients were instructed to
contract the knee-extensors as fast and forcefully as possible and
maintain maximal force exertion for 2-3 s during the MVCs. Rapid
muscle force capacity was calculated as the contractile rate of
force development (Aforce/Atime) in the time interval between
0-100 ms relative to the onset of contraction (RFD100). Patients
were given 1 min rest period between knee extension trials. The
settings were recorded at baseline and used in subsequent tests.

Onset of contraction was defined as the point where force pro-
duction exceeded the baseline level force by 3% of the maximal
force value. All trials with a visible initial countermovement were
discarded from the analysis, and all approved trials were gravity
corrected and normalized to moment arm. The trial with the high-
est force for each leg was selected from the dynamic and isomet-
ric knee-extensor muscle strength (from which RFD100 was calcu-
lated). MVC and RFD100 values from the right and left leg were
averaged and presented as absolute values (Nm and Nm/s, re-
spectively).

Nottingham Leg Rig (muscle mechanical function)

As an assessment of knee-extensor muscle mechanical function,
unilateral leg extensor power was obtained for both legs sepa-
rately using the Nottingham Leg Rig (Nottingham, UK) (105). Pa-
tients were seated in the power-rig chair in a 20° knee joint angle
at full extension and pushed away the footplate connected to a
flywheel as hard and fast as possible. A minimum of 5 trials were
performed for each leg with visual feedback on a PC screen after
each trial. The trial with the highest power was selected, aver-
aged for the right and left leg, and presented as absolute values
(W).

Gait speed (physical function)

Normal and maximal walking speed were assessed over a 10 me-
ter course using a stop watch. The better of two trials was se-
lected for normal walking speed and for maximal walking speed,
respectively, and presented in absolute values (m/s).

Accelerometry (physical activity)

The accelerometer (ActiGraph GT3X+) was worn for seven consec-
utive days before treatment and during the last week of interven-
tion. The patients were instructed to wear the device over the hip
for all waking hours except when showering or swimming. The ac-
celerometer was initialized before each measurement according
to the manufacturer’s specifications. Data were analyzed using
the software program Propero (University of Southern Denmark).
The epoch length was set to 30 s, and strings of 60 min or more of
consecutive zero counts, were interpreted to represent non-wear
time and were excluded from the analyses. Only data from pa-
tients accumulating at least 10 hours of activity per day for at
least 4 days were analyzed. The average duration of physical ac-
tivity and time spent at different physical activity intensities levels
were assessed in minutes per day (min/d). The range (counts per
minute, CPM) for activity intensities were 0-99 (sedentary), 100-
2019 (light activities), 2020-5999 (moderate activities), and above
6000 (vigorous activities) (106).

STATISTICS
Statistical methods are described in each manuscript.

RESULTS
This section is based on the three manuscripts.

Manuscripts I-111

The testosterone and the placebo groups were comparable re-
garding all baseline measurements except for a lower basal GOX,
higher basal NOGD, and higher FFA-levels in the testosterone
group compared to placebo. Changes during TRT compared with
placebo are summarized in Table 2.
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Table 2 Changes during TRT compared with placeba

Body composition = Weight = BMI b
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Glycemic cutcomes = Rd clamp = HOMA-IR = Hbalc
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Lipid profile =» Tchaolestaral
3 L0L & HOL > TG
Adiponectin and leptin "Fﬂ:lipnne:tin *Leptin
L7 Leptin:adiponectin ratio
Physical performance A Muscle strength
= Physical function = Physical
activity
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Lean body mass and clinical characteristics

Total LBM and lean leg mass increased significantly during testos-
terone compared with placebo. The increase in LBM and lean leg
mass were not associated with baseline T-levels (Fig. 3).

Figure 3 A modified Bland-Altman plot (difference plot) with BioT
at baseline vs. changes in total lean body mass
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Within the testosterone group, the increase in lean leg mass ac-
counted for approximately 15% of the increase in LBM. Within the
placebo group, lean leg mass decreased after 24 weeks and the
decline in lean leg mass accounted for approximately 99% of the
reduction in LBM.

Body weight, BMI, and WC were unchanged during TRT.

Manuscripts | and Il

Total and regional body fat distribution

TFM, fat trunk mass, leg fat mass, and arm fat mass decreased
significantly during testosterone compared with placebo. The de-
crease in TFM was not associated with BioT-levels at baseline (Fig.
4). SAT and TFA decreased significantly during TRT compared with
placebo. There was no change in hepatic fat volume and VAT.

Figure 4 A modified Bland—Altman plot (difference plot) with BioT
at baseline vs. changes in total fat mass
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Insulin-sensitivity, glycemic control, and oxidative metabolism
HOMA-IR and HbA1c were unchanged after TRT. In the basal
state, Rd, HGP, GOX, LOX, NOGD, RQ, serum-insulin, serum-C-
peptide-levels, P-glucose, and FFA-levels were unaltered during
TRT compared with placebo.

Insulin-stimulated Rd, HGP, GOX, LOX, NOGD, RQ, serum-C-pep-
tide, P-glucose, FFAs, and insulin-clearance were unchanged dur-
ing TRT compared with placebo. Clamp serum-insulin-levels in-
creased significantly during placebo compared with testosterone.
This caused an increase in Rd corrected for clamp insulin-levels
during TRT compared with placebo.

Insulin-stimulated Rd was not associated with baseline BioT-lev-
els, baseline HOMA-IR, or baseline HbAlc in either group.

Manuscripts I-111

Paraclinical characteristics

The paraclinical characteristics of the 39 patients are listed ac-
cording to treatment group in all tables. Hemoglobin and hemato-
crit increased during testosterone compared with placebo.

SHBG, adiponectin, leptin, leptin:adiponectin ratio, HDL-choles-
terol, and gamma-glutamyltransferase (GGT) levels decreased.
Levels of total-cholesterol, LDL-cholesterol, triglycerides, alanin-
transaminase (ALAT), and PSA were unchanged.

Manuscript 11

Correlations

At baseline in all patients

Adiponectin was positively associated with age and HDL-choles-
terol, while adiponectin was negatively associated with TG,
HOMA-IR, and leptin:adiponectin ratio.

Leptin was positively associated with BMI, WC, TFM, VAT, hepatic
fat volume, HOMA-IR, and leptin:adiponectin ratio, whereas lep-
tin was negatively associated with T-levels (TT, BT, FT, DHT),
SHBG, and insulin-stimulated Rd.

Leptin:adiponectin ratio was positively correlated to BMI, WC,
TFM, VAT, hepatic fat volume, TG, leptin, and HOMA-IR, whereas
leptin:adiponectin ratio was negatively correlated to HDL, adi-
ponectin, TT, DHT, SHBG, and insulin-stimulated Rd.

Hepatic fat volume was positively associated with BMI, WC, TFM,
ALAT, leptin, leptin:adiponec-tin ratio, and HOMA-IR, whereas he-
patic fat volume was negatively associated with insulin-stimulated
Rd.

At 24 weeks of treatment in the testosterone group

A adiponectin levels were positively associated with A HDL-cho-
lesterol and A leptin, whereas A adiponectin levels were nega-
tively associated with A SHBG. A leptin levels showed a trend to-
wards negative correlation with A insulin-stimulated Rd. A
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leptin:adiponectin ratio was positively associated with A leptin
and negatively associated with A estradiol.

No other significant correlations were observed between A adi-
ponectin levels, A leptin levels, A leptin:adiponectin ratio and
changes in clinical/biochemical parameters during TRT.

A hepatic fat volume was not associated with any change in the
above-mentioned clinical/biochemical parameters.

Manuscript Il

Muscle mechanical function, physical function and physical ac-
tivity

Knee extension MVC, RFD100, and Dyn180 increased significantly
during TRT compared with placebo. Within the testosterone
group, MVC, RFD100 and Dyn180 remained unaffected after
treatment. Within the placebo group, RFD100 and Dyn180 de-
creased significantly after 24 weeks treatment. No changes were
observed within or between the two groups after treatment in leg
muscle quality evaluated by MVC normalized to lean leg mass, leg
power, normal walking speed, maximum walking speed, physical
activity, or time spent at different physical activity intensity levels.
Leg muscle quality evaluated as MVC normalized to lean leg mass
was unchanged during TRT compared with placebo.

GENERAL DISCUSSION

Manuscripts | and Il

Muscle mass during TRT

TRT had substantial beneficial effects on total LBM and lean leg
mass measured by DXA scan as reported in former studies in pa-
tients with (27) and without T2D (19, 20). The lack of association
between baseline T-levels and the increase in LBM is in accord-
ance with no testosterone threshold for this biological response
(27). The anabolic effects of TRT on muscle mass are achieved
through an action on several cellular targets such as an increasing
number of satellite cells and through effects on protein metabo-
lism (107). This is the first study to report a counteractive effect
of TRT on lean leg mass compared with placebo in aging men with
T2D and lowered BioT levels. Comparable increases in lower (108,
109) and upper (110) extremity lean mass were previously
demonstrated in RCTs including aging men without T2D (108-
110). While the increase in lean leg mass accounted for approxi-
mately 15% of the increase in total LBM in the testosterone
group, the decline in lean leg mass accounted for approximately
99% of the decrease in total LBM in the placebo group. Hence,
without interventions such as TRT, the lower extremities appear
especially susceptible toward muscle atrophy in aging men with
T2D and lowered BioT levels. Strikingly, the observed decrease in
lean leg mass in the placebo group occurred after a relatively
short period of time (24 weeks). Yet the finding is consistent with
a longitudinal study (3 years) showing an accelerated loss of mus-
cle mass in aging patients with T2D compared to aging persons
without T2D (111). If men with T2D have an accelerated loss of
muscle mass compared with control persons, the patients might
have a higher risk of developing sarcopenia (112, 113).

Manuscripts | and Il

Fat mass during TRT

TRT markedly improved TFM evaluated by DXA scan which was in
line with previous RCTs in aging men with T2D (27) and without
T2D (19, 114-117). In aging men with T2D, the majority of previ-
ous RCTs have evaluated the effect of TRT on body fat by less ac-
curate markers thus providing conflicting results, e.g. body fat
was unchanged measured by bioelectrical impedance (22, 25),

whereas BMI was unchanged in all (22, 23, 25, 26) except one for-
mer study (24) (Table 1).

We evaluated regional abdominal adipose tissue by MRI and
found a considerable reduction in SAT, whereas VAT was unal-
tered during TRT. Reports on the effect of TRT on regional ab-
dominal fat mass in aging men without T2D have been incon-
sistent with different ways of assessment of regional abdominal
adipose tissue (CT, MRI, or ultrasound), differing patient cohorts
included, and numerous ways of TRT doses and administration
(oral, patch, gel, or injections) (92). Studies using a sufficient tes-
tosterone dose in aging men without T2D (92) have similarly re-
ported a significant decrease in SAT and no change in VAT during
TRT (117, 118), whereas an old study by Marin et al (119) in 31
middle-aged obese men with higher baseline T-levels reported
unchanged SAT and a decrease in VAT assessed by CT despite no
change in TFM and LBM (119). Therefore, the decrease in VAT
during TRT in the study by Marin et al (119) might be attributed to
other changes during the experiment. In aging men with T2D,
only one previous study has correspondingly evaluated abdominal
fat mass during TRT by MRI with an agreeing report of reduced
SAT and unchanged VAT (27). The other RCTs have used WC as an
imprecise surrogate marker for VAT and these studies reported
WOC as decreased (22, 24, 26) or unchanged (23, 25) during TRT.
To the best of our knowledge, we are the first to report TFA eval-
uated by MRI during TRT in aging men with T2D and we found a
substantial reduction in TFA. In aging men without T2D, two for-
mer studies correspondingly reported a reduction in TFA during
TRT (92, 116).

The mechanisms behind a tissue specific TRT-induced reduction in
fat mass could be caused by an inverse correlation between the
number of CAG repeats (CAGn) within the CAG repeat polymor-
phism of the androgen receptor and the activity of the receptor
(92, 120, 121). Thus, men with lower number of CAG repeats of
the androgen receptor are more sensitive to androgens (121-
123). In healthy young men, TFM increased whereas LBM de-
creased with increasing CAGn, suggesting a direct effect of longer
CAG repeats on the testosterone-induced increase in LBM and de-
crease in TFM (124). Nielsen et al. (124) also reported a significant
positive association between increasing CAG repeats and subcuta-
neous fat on the abdomen and thigh; however, no significant as-
sociation with VAT was seen (124). Theoretically, TRT might not
have an effect on VAT due to a low concentration of androgen re-
ceptors in contrast to a high concentration of androgen receptors
in the physiological subcutaneous fat depots (TFA and SAT).

To date, we are the first to assess the effect of TRT on amount of
hepatic fat with the “gold-standard” imaging method MRS (125)
in a homogenous cohort of aging men with T2D. We hypothesized
that hepatic fat volume would decrease during TRT as lipolysis is
usually increased during TRT (27), however, we observed no
change in hepatic fat volume measured by MRS which might also
be explained by a low concentration of androgen receptors in the
ectopic hepatic fat. The included patients were markedly insulin
resistant as evaluated by their insulin-stimulated Rd as well as
HOMA-IR (126) which could reflect the presence of NAFLD at
baseline (95). Our results were not compromised by different
treatment regimens regarding anti-diabetic or cholesterol-lower-
ing drugs as the use of only metformin and statins were equally
distributed between the two groups with no change in the treat-
ment regimens or doses allowed throughout the entire study. The
impact of the decreased GGT levels during TRT is probably limited
as there was no other beneficial changes in metabolism (insulin-
stimulated Rd, hepatic fat by MRS, lipids) and the liver function
parameters were actually within the normal range in all patients
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except one. The unchanged hepatic fat volume during TRT could
be explained by the portal/visceral hypothesis stating that in-
crease in VAT is associated with rise in portal vein plasma FFAs
and thus NAFLD (52). Accordingly, overnight fasting FFA levels
were unchanged during TRT. Four previous studies have evalu-
ated hepatic fat volume during TRT in men without T2D showing
inconsistent results with both unchanged (115, 127) and im-
proved hepatic fat volume (128, 129). However, these studies
used different assessment methods for hepatic fat volume (115,
127-129) and only Sattler et al (115) used the “gold-standard”
method MRS (115). Although Sattler et al (115) also reported un-
changed hepatic fat volume during TRT, the study has some limi-
tations as it was a single-arm open-labelled small (n=20) study
conducted in men without T2D, and changes of concomitant
medication during the trial were not reported (115). Huang et al
(127) also reported unchanged hepatic fat volume during TRT
evaluated by the less accurate MRI in a subgroup of 73 out of
originally 209 men (127). Of these 73 men, 17 men actually had a
diagnosis of T2D however there was no description of the antidia-
betic treatment regimen (127). Hence, the results of TRT on he-
patic fat volume might have been affected by different anti-dia-
betic treatment regimens and by baseline differences regarding
presence of hyperlipidemia and the use of statins between the
groups (127). In the RCT by Hoyos et al (129), hepatic fat volume
was improved during TRT assessed by the less precise CT however
the included patients were considerably different compared to
our patients as they were not diagnosed with T2D, were younger,
more obese, received a weight loss program in addition to the
TRT, and the permission of change in concomitant medication
was not reported (129). In addition, we could speculate that the
reduction of hepatic fat volume during TRT was confounded by
baseline differences between the two groups as the testosterone
group had lower WC compared with the placebo group (129). In
the open-label, non-controlled study by Haider et al (128), hepatic
fat volume was improved; however, the volume was assessed by
liver function parameters (128) which are of limited use in pa-
tients with NAFLD as they often have normal transaminases (55)
and there was no report of permission to change concomitant
medication either (128).

Insulin resistance

We are the first to evaluate insulin sensitivity by the gold-stand-
ard euglycemic-hyperinsulinemic clamp during TRT in a RCT in ag-
ing men with T2D. Despite a low insulin-stimulated Rd at baseline
and the beneficial effect of TRT on body composition, i.e. LBM
and TFM, insulin-stimulated Rd and HOMA-IR were unchanged
during TRT in our study. Moreover, high baseline HOMA-IR was
not associated with change in insulin-stimulated Rd after treat-
ment in our study. We could speculate that despite increased
muscle mass the muscle cells were still insulin resistant with im-
paired influx of glucose and glycogen synthesis to such a degree
that the amount of increased LBM could not improve insulin re-
sistance. Any other direct beneficial role of TRT on intracellular
molecular mechanisms involved in insulin-signaling, and hence
the regulations of insulin sensitivity independent of changes in
body composition have not been assessed in this thesis except for
levels of adiponectin and leptin.

We could not demonstrate any changes in VAT or FFAs during
TRT. Thus, the portal/visceral hypothesis might partly explain the
link between adiposity and insulin resistance (52). In a previous
study from our group, we observed a small but significant de-
crease in the ability of insulin to suppress FFA levels during the

clamp after three months TRT, but not after six months TRT, sug-
gesting at least a transient negative effect on the inhibitory action
of insulin on lipolysis in aging men without T2D (19). The un-
changed insulin sensitivity during TRT is also in line with the ec-
topic fat storage syndrome linking adiposity with insulin re-
sistance because we observed no change in VAT or hepatic fat
during TRT. Based on the endocrine hypothesis, the reduction of
SAT and TFA during TRT might partly explain the inability of TRT to
improve insulin sensitivity because of the reduced levels of adi-
ponectin during TRT. However, the decreasing leptin levels during
TRT may have had a positive effect on insulin resistance as the
changes in leptin levels during TRT showed a trend towards nega-
tive correlation with changes in insulin-stimulated Rd. A dysregu-
lated secretion of leptin in T2D and/or obesity might contribute to
the insulin resistance because leptin suppresses insulin secretion
in a negative feedback loop where insulin stimulates the release
of leptin (130). However, this feedback loop might be comprised
by the insulin and leptin resistance often seen in T2D.

In previous RCTs in patients without T2D, insulin sensitivity as-
sessed by euglycemic-hyperinsulinemic clamp was unchanged
(19) or improved (115, 131, 132) during TRT. In two of the studies,
the improved insulin sensitivity was limited to men with reduc-
tions in trunk and extremity fat greater than median declines for
the entire group (62-78 years-old) (115) or during combined TRT
and dutasteride treatment (24-51 years-old) (131). In previous
RCTs in aging men with T2D, the effect of TRT on insulin sensitiv-
ity assessed by HOMA-IR has been conflicting, showing un-
changed HOMA-IR (23, 26, 27) as in our study or decreased
HOMA-IR (22, 24, 25). The extern validity of the three studies re-
porting decreased HOMA-IR might have been weakened by differ-
ent anti-diabetic treatment regimens applied at baseline (22, 24,
25), improvement in insulin sensitivity only seen in the intention-
to-treat population (25, 133), the use of statistically insignificant
explanatory variables for the calculation of HOMA-IR (24, 25), and
a cross-over design undermining the blinding if withdrawal of TRT
caused symptoms of hypogonadism (22).

The insulin levels during clamp increased in the placebo group
causing a significant difference between groups during TRT. This
increase in insulin levels cannot be explained by differences in in-
sulin-infusion rates or glucose levels during the euglycemic-hyper-
insulinemic clamp. Consistently, serum-C-peptide levels, which
are a measure of endogenous insulin-secretion, were similar
among groups during the clamp. The only possible explanation for
increased insulin levels during TRT was a tendency for reduced in-
sulin clearance in the placebo group after treatment. We could
speculate that insulin clearance is reduced as a result of time (24
weeks) and hence the natural course of the T2D in men with low-
ered T-levels. This may suggest that treatment with testosterone
protects against this decline in insulin clearance. However, we
have no solid data to provide evidence for this potential mecha-
nism. In the above-mentioned randomized trials, only measure-
ments of fasting serum-insulin were made, and the results were
in line with our results of unchanged basal insulin levels (22, 24,
25, 27).

Manuscript |

Glycemic control

The average duration of T2D was relatively short (3--—4 years).
Moreover, the included patients with T2D were relatively well-
controlled on the antidiabetic treatment with metformin alone,
and they had fasting insulin levels demonstrating absence of
marked beta-cell failure. This design was chosen to exclude T2D
patients with increasing pancreatic beta-cell failure, and hence
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poorer and more variable HbA1lc levels which would increase the
need for antidiabetic medications during the trial that primarily
enhance or substitute endogenous insulin secretion rather than
improve insulin resistance. To our knowledge, there is no reason
to believe that TRT improves beta-cell function, and therefore no
reason to include T2D patients with marked beta-cell failure,
poorer glycemic control, and thus a need for further antidiabetic
drugs. Insulin sensitivity was the main focus of the trial in regards
to the effect of TRT on T2D rather than the glycemic control. Alt-
hough our patients had considerable insulin resistance with
HOMA-IR >2.5, which is assumed necessary to detect a change in
insulin sensitivity during TRT (126), there was no association be-
tween degree of insulin resistance and change in insulin sensitiv-
ity during TRT. Contrary to the study by Jones et al (25) we did not
allow any change in anti-diabetic treatment regimen. Hence, se-
verely dysregulated patients were excluded at baseline as they
could not maintain a stable anti-diabetic therapy throughout the
study and any change would undermine the results in the glyce-
mic outcomes.

Metabolic inflexibility

Studies have reported an enhancement of basal LOX after TRT in
patients without T2D (19, 62). Based on these findings, we also
expected basal LOX to increase and RQ to decrease after TRT in
patients with T2D. Nevertheless, we could not demonstrate any
changes in oxidative metabolism or RQ during TRT in the present
study. In patients with T2D, insulin-stimulation of glucose-oxida-
tion and suppression of lipid-oxidation are impaired compared
with matched controls (51, 61). Conversely, muscle glucose-oxida-
tion is increased and reliance on lipid-oxidation is decreased in
T2D during fasting conditions compared with healthy controls (51,
61). We cannot exclude the possibility that a similar “metabolic
inflexibility” in response to TRT is responsible for the lack of
changes in substrate partitioning in our study. Another explana-
tion of unchanged substrate-oxidation after TRT could be a larger
heterogeneity within study populations with T2D and possibly
only a proportion of men with lowered T-levels show this re-
sponse to TRT in regards to substrate-oxidation. Thus, it may be
difficult to detect an effect of TRT on whole-body substrate me-
tabolism in T2D.

Testosterone and SHBG levels

The patients were told to stop gel therapy 24h before blood sam-
pling at weeks 3 and 24 in order to measure a stable level of tes-
tosterone. The 2h post gel-application serum T-levels in older
men (265 years) is a poor indicator of average serum T-levels due
to large inter- and intra-individual variability (99). Unfortunately,
seven patients in the testosterone group had paused TRT for 48h
prior to the blood sampling at week 24 and they had BioT levels
<7.3 nmol/l. All these 7 patients who had stopped gel therapy for
48h were in a similar hormonal milieu with a considerable effect
on body composition and there was no difference in response of
delta insulin-stimulated Rd compared to the others in the testos-
terone group. Testosterone gel-application can efficiently elevate
T-levels in hypogonadal men into the mid- to upper normal range
within the first day of application, achieve steady state within a
few days, and maintain serum T-levels with once daily repeated
applications according to Swerdloff et al (41) and Wang et al (42).
It is difficult to assess T-levels during TRT because of the negative
feed-back mechanism where TRT inhibits the pituitary secretion
of LH causing decreasing levels of endogenous testosterone while
serum T-levels rise from exogenous administration (41). After

withdrawal of gel application, serum T-levels decrease about 40—
50% by 48h and to baseline hypogonadal levels by 96h (42).
Overall adiposity and abdominal fat accumulation have been as-
sociated with decreased SHBG concentrations (134). Surprisingly,
SHBG levels decreased significantly in the testosterone group
compared to placebo despite the improved body composition in
our study. A similar decrease in SHBG was seen in two other RCTs
in aging men with T2D (27, 135). Obese subject are often in a hy-
perinsulinemic state (51) and fasting insulin levels are shown in-
versely correlated with SHBG levels possibly due to inhibition of
the hepatic production of SHBG (136). However, insulin levels
during clamp and in the fasting state were unchanged in the tes-
tosterone group during TRT, whereas the insulin levels increased
in the placebo group causing a significant change in insulin levels
after TRT. Thus, other (unknown) mechanisms could be responsi-
ble for the reduced SHBG levels.
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Adiponectin and leptin levels during TRT

There was a potentially harmful reduction in adiponectin levels
during TRT even though the placebo and TRT groups had similar
baseline adiponectin levels comparable to adiponectin levels of
the lowest quartile in a study in 741 men with T2D (137). In con-
trast to our baseline correlations, a population based study in
healthy young men reported that adiponectin levels were in-
versely associated with SAT rather than VAT whereas adiponectin
levels were positively associated with TFA (96). In the present
study, we found that the changes in adiponectin levels during TRT
were not associated with changes in total or regional fat compart-
ments. These data could suggest that TRT reduced adiponectin
levels through either a direct inhibition of the production or se-
cretion and/or an increased breakdown of adiponectin (80). In ag-
ing men with T2D, previous studies have reported that adiponec-
tin levels were decreased (21), unchanged (27), or increased (138)
during TRT. In an un-blinded study including a diet and exercise
program, both groups actually had an increase in adiponectin lev-
els during TRT (138). However, the higher increase in adiponectin
levels in the testosterone group might have been attributed to a
more dedicated TRT group regarding the diet and exercise pro-
gram (138). In the RCT by Gianatti et al (27), adiponectin levels
were unchanged during TRT however the patients had higher
baseline levels of adiponectin and were more obese compared to
the patients in our study (27). Hence, a hypothetically non-linear
relation between SAT/TFA and adiponectin secretion may explain
the unchanged levels of adiponectin during TRT as Gianatti et al
(27) reported effects of TRT on SAT and VAT in accordance with
our results, whereas TFA was not reported (27).

We confirmed that overall obesity (TFM, BMI) was associated
with higher leptin levels at baseline (73) and our data suggest that
leptin secretion is more attributed to VAT rather than the subcu-
taneous fat compartments (SAT, TFA) at baseline. Previous stud-
ies report that leptin levels are more strongly associated with SAT
than VAT (93, 139). However, in the study by Neeland et al (93)
leptin levels were actually associated with VAT in obese men but
not in women (93). In further support, biopsies collected from
SAT and VAT in 28 men with and without T2D undergoing ab-
dominal aortic surgery, showed a significant higher secretion of
leptin from the mesenteric VAT compared to SAT (140).

In accordance with our findings, other RCTs have reported de-
creased leptin levels during TRT in men with T2D (21, 24). The sig-
nificantly reduced leptin levels during TRT were not associated
with changes in any of the regional fat compartments (TFA, SAT,
VAT, hepatic fat). Hence, the reduced leptin levels during TRT
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could be due to a direct suppressive effect on the production, se-
cretion, or breakdown (21) as with adiponectin levels. No other
study has evaluated leptin levels in relation to regional fat com-
partments assessed by MRI, CT, and/or MRS in aging men with
T2D.

Manuscript Il

Muscle mechanical function

TRT was shown to preserve knee-extensor muscle mechanical
function (isometric and dynamic strength (MVC and Dyn180), and
explosive force (RFD100)). These measures have previously been
shown to be functionally important, e.g. by discriminating older
fallers from non-fallers (141, 142). The placebo group experi-
enced potentially harmful decreases in muscle mechanical func-
tion following the 24-week intervention period, except for un-
changed leg power. The evaluation method applied for leg power,
Nottingham Leg Rig, is not as sensitive as the KinCom method
which may explain why we were not able to detect potential
small changes in leg power during TRT. Although difficult to deter-
mine, it appears that there is an age-threshold for the initiation of
a rapid decline in muscle mechanical function occurring around
60-70 years of age (143, 144). It is plausible that such a decline
starts earlier in men with T2D and lowered T-levels (111) and are
linked to other mechanisms such as peripheral neuropathy (145,
146) and possibly increased skeletal intramuscular fat (147). Alt-
hough physical activity is necessary to preserve good physical
function (148), the observed changes in muscle mechanical func-
tion in the testosterone group were not due to changes in physi-
cal activity levels (assessed by accelerometry) as these remained
unaffected in both groups after treatment. In support of un-
changed physical activity during TRT, a previous study in aging
men without T2D reported unaltered daily physical activity during
12-months TRT (110). The observed preservation of muscle me-
chanical function in our study was probably caused by the in-
crease in muscle mass during TRT. In accordance, a large cross-
sectional cohort study reported that lower strength with older
age was predominantly due to a lower muscle mass (149). How-
ever, the same study showed that factors such as prevention of
fat mass gain and intramuscular fat infiltration are also important
features in maintaining muscle mechanical function and muscle
quality in aging persons (147, 149). Although leg fat mass de-
creased, leg muscle quality remained unchanged in our study. In
contrast to our finding of preserved muscle mechanical function,
there was no change in lower leg muscle mechanical function dur-
ing TRT in two previous RCTs in healthy, slightly older men (108,
110). It is possible that the observed preservation of muscle me-
chanical function during TRT in our study were simply due to the
patients being younger than those in the two other studies (108,
110). Nevertheless, T2D appears to have a detrimental effect on
muscle mechanical function, adding to the age-related changes.
Taken together, TRT may be more efficacious in men with T2D re-
garding leg muscle mechanical function compared to men with-
out T2D.

Physical function

The remarkable preservation observed in muscle mechanical
function after TRT in our study did not translate into improve-
ments in physical function evaluated by gait speed. However, the
patients included in our study were not yet limited in their mobil-
ity as reflected by their high gait speed at baseline. There is a non-
linear relationship between leg strength and gait speed which ex-
plains how small changes in physiological capacity may have sub-
stantial effects on performance in frail older persons, whereas

large changes in capacity have small or no effect in healthy older
persons (150). Thus, a potential improvement in physical function
during TRT could have been undetectable by the measurement
methods applied in our study because of a well preserved physio-
logical capacity in the patients in the placebo group. Our results
are in line with previous studies in aging men without T2D report-
ing that physical function was unchanged after TRT (109, 110).

Manuscripts | and Il

Cardiovascular disease

There were no cardiovascular adverse events in our study. The
study by Basaria et al (151) has especially questioned whether
TRT is safe in aging men regarding CVD as the trial was stopped
before completion of enroliment because of an incidence of ad-
verse cardiovascular events that was higher in the testosterone
group compared to the placebo group (151). Our study differs in
some aspects from the study by Basaria et al (151) as our patients
were younger (mean age 60 vs. 74 years), more robust (generally
without limitations in mobility), the initial dose of testosterone
gel was smaller (50 mg vs. 100 mg testosterone), and our patients
could maximally receive 100 mg testosterone vs. 150 mg (151).
Our dose administration was consistent with the current practice
guidelines which recommends serum testosterone target concen-
trations for older men within the mid-reference range of young
adult men (28) in the absence of definitive evidence of cardiovas-
cular safety (8).

Regarding the risk of CVD during TRT, it is necessary to evaluate
known cardiovascular risk factors. An adverse lipid profile is a
known modifiable risk factor for CVD (152). The significant reduc-
tion in HDL-cholesterol during TRT might increase the risk for CVD
because an average decrease in HDL-cholesterol of 0.11 mmol/I
corresponds to a considerable portion of the patients having HDL-
cholesterol <1.03 mmol/I which is a known risk factor for develop-
ing CVD (153). The reduced HDL-cholesterol levels during TRT are
consistent with previous studies in men with T2D (25, 27) and
without T2D (19). Moreover, the effect of TRT on levels of HDL--
cholesterol was significant despite no observed changes in TG or
LDL-cholesterol and despite 85% of our patients was actually on
cholesterol-lowering drugs.

Loss of gluteofemoral fat is associated with an increased CVD risk
as observed in Cushing’s syndrome and lipodystrophy (94). This
protection by gluteofemoral fat could be mediated through
higher adiponectin levels as TFA was positively associated with se-
rum adiponectin in a population-based study in young (20-29
years) healthy men (96). Our data support the association be-
tween high adiponectin levels and a healthier cardio-metabolic
profile (154) as adiponectin levels were positively related to levels
of HDL-cholesterol and negatively related to levels of TG and
HOMA-IR at baseline. In patients with T2D, Swellam et al (91)
showed that adiponectin levels were lower in patients with com-
plications compared to patients without complications, and
Swellam et al (91) suggested that reduced adiponectin levels
might not only play an important role in the pathophysiology of
T2D but also in complications to T2D (91). Theoretically, adi-
ponectin may reduce hepatic glucose production, increase FFA
oxidation, and augment glucose uptake in skeletal muscles which
may improve insulin sensitivity, inflammation, and atherosclerosis
(155). In accordance with the decreased levels of adiponectin, we
have showed that FFA levels and insulin sensitivity were un-
changed during TRT. Surprisingly, there was no correlation be-
tween adiponectin levels and insulin sensitivity at baseline how-
ever this lack of association might be due to the low levels of
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adiponectin within a narrow range. Thus, the decreased adi-
ponectin levels during TRT in our study might suggest a worsened
cardio-metabolic profile although the actual effect is unknown
considering that the levels of adiponectin were low at baseline.
On the other hand, the reduced leptin levels and leptin:adiponec-
tin ratio during TRT could reflect an amelioration in the hyper-
leptinaemia which may be beneficial regarding the CVD risk (156).
At baseline, leptin:adiponectin ratio was related to a more ad-
verse cardio-metabolic profile regarding increased ectopic fat, a
poorer lipid profile, and higher insulin resistance in our study.
Moreover, leptin:adiponectin ratio has been shown to correlate
positively with arterial stiffness in patients with T2D (84). How-
ever, our study was not powered to differentiate whether the re-
duced leptin:adiponectin ratio reflects a genuine reduced risk of
CVD where the decreased leptins levels outweigh the potential
harmful decline in adiponectin levels.

Men with lower number of CAG repeats of the androgen receptor
are more sensitive to androgens (121-123). The contention that
androgens protect against CVD might be challenged by the finding
of a lower number of CAG repeats in otherwise healthy aging men
with a less favorable cardio-metabolic profile (123). Additionally,
the association between acquired hypogonadism and risk of CVD
is still unresolved in men with prostate cancer treated with andro-
gen deprivation (157).

Manuscripts I-111
The suggested beneficial and harmful effects detected during TRT
are summarized in Table 3.

Table 3 Effects of TRT

Beneficial Harmful None Unclear
Body composition | #4 LEM ¥ TFA 2 weight ¥ 5aT
T >
>WC
2> VAT
= hepatic fat
Insulin resistance = Rd clamp = HbAlc
= HOMA-IR
Lipid profile ¥ HDL 3 total-cholesterol
< LOL
3 triglycerides
Adipokines V¥ leptin ¥ adiponectin
¥ leptin:adiponectin ratio
Physical A muscle strength 2 physical function
CETTELE 3 physical activity

METHODOLOGICAL CONSIDERATIONS

| consider the inclusion of patients based on biochemical hy-
pogonadism as an advantage due to the lack of coherence be-
tween measurements of biochemical hypogonadism and symp-
toms consistent with hypogonadism (9, 10). We used the gold-
standard method for testosterone evaluation, liquid chromatog-
raphy tandem mass spectrometry. Other strengths of the study
were the performance of per-protocol-analyses, a low drop-out
rate, and no drop-outs were due to lack or adverse effects of the
gel.

Body composition was assessed by two different and accurate im-
aging techniques (whole-body DXA and MRI scans) instead of the
imprecise methods, i.e. BMI, bioelectrical impedance, or WC as a
surrogate marker for VAT.

Hepatic MRS is the most accurate imaging method available in
evaluating hepatic fat (125). The primary outcome of our study
was not change in hepatic fat, and thus the study might have
been under-powered to detect such a change (127). We were not

able to establish a quantitative measure for amount of hepatic
fat, only a change. Thus, we cannot determine whether hepatic
fat was actually increased at baseline in our T2D patients. Our
study was limited by the dimensions of the MR scanner, failure
due to technical difficulties, and claustrophobia resulting in the
exclusion of several patients from MRI and/or MRS.

Insulin sensitivity was assessed by the gold-standard method,
euglycemic-hyperinsulinemic clamp in a population of men with
recognized T2D and a considerable insulin resistance (HOMA-
IR>2.5) (126). The primary outcome of the study was a change in
total LBM and our sample size was based on this known effect of
TRT on LBM. No previous study has evaluated insulin sensitivity
by the clamp method in aging men with T2D and lowered testos-
terone levels. Therefore, we were not able to calculate a sample
size based on the influence of TRT on insulin sensitivity evaluated
by clamp. We hypothesized that TRT could improve insulin sensi-
tivity due to the beneficial effects on body composition. | do not
believe that an increased number of patients in our study would
have changed the results regarding insulin sensitivity. The modi-
fied Bland-Altman plot (manuscript 1) illustrates that there was no
sign of improvement in whole-body insulin sensitivity during TRT.
However, | do acknowledge that our sample size of 39 patients
might limit the interpretation of our null result regarding insulin
sensitivity during TRT, and the likelihood of a type 2 error (a fail-
ure to detect an effect that is present) would have been reduced
by a better sample size.

In contrast to the prior RCTs in men with T2D (Table 1), we only
allowed metformin as the anti-diabetic treatment and no change
in metformin was permitted throughout the study as any change
would undermine the results in the glycemic outcomes. The pa-
tients were well-regulated in regard to glycemic control, because
severely dysregulated patients at baseline could not maintain a
stable anti-diabetic therapy throughout the study.

Due to misunderstandings, the treatment with gel was not opti-
mal on the last day of the trial in seven patients of the testos-
terone group, because they had stopped testosterone gel for 48h
prior to the blood sampling at weeks 24. These seven patients
had BioT-levels <7.3 nmol/I. In theory, the clamp data might have
been impacted by a shift in T-levels over the preceding 24h. How-
ever, the serum-T-levels are relatively stable until the levels grad-
ually decline over 48-96h since last gel application (42).

GENERAL CONCLUSION

The aim of the study was to contribute to the clarification of the
beneficial and potential harmful effects of testosterone therapy in
aging men with T2D.

Our study is especially necessary and justified in aging men with
T2D in order to establish whether the diagnosis of T2D in this
group of men in itself is an indication for testosterone therapy.
Our results did not support evidence of beneficial effects of tes-
tosterone therapy on insulin resistance or on glycemic control in
aging men with T2D and we cannot recommend TRT as a novel or
additional treatment for T2D.

Testosterone therapy has considerable advantageous effects on
muscle mass and strength in the applied physiological doses.
Without TRT, leg lean mass and knee extensor muscle mechanical
function deteriorated significantly within 24 weeks and the ob-
served deteriorations were counteracted by TRT in aging men
with T2D and lowered BioT levels. Although physical function was
unchanged, TRT may potentially diminish the risk of developing
sarcopenia resulting in a longer independent life and shorten the
length of rehabilitation periods.
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Regarding CVD, the substantially reduced subcutaneous fat (TFA
and SAT) and HDL-cholesterol levels along with unchanged ec-
topic fat (VAT and hepatic) during TRT might suggest an increased
CVD risk. However, TRT has an ambiguous impact on the adi-
pokine profile with a potential harmful decrease in levels of adi-
ponectin, whereas the decrease in leptin levels and leptin:adi-
ponectin ratio may reflect an amelioration of the CVD risk linked
to hyperleptinaemia in aging men with T2D.

It is still unclear whether the positive effects of TRT on muscle
mass and muscle mechanical function outweigh potential nega-
tive effects especially regarding the risk for CVD.

In conclusion, testosterone replacement therapy is indicated in
men with clinically symptomatic hypogonadism regardless of sta-
tus for T2D.

PERSPECTIVES

Several more aspects can be evaluated in this particular study in
order to help establish whether TRT is beneficial or not. The ex-
amination of ectopic fat in the muscles by MRI could help clarify if
the unchanged insulin resistance could be due to unaltered fat ac-
cumulation in the muscles during TRT. Intra-myocellular total vol-
ume fraction of lipid assessed by transmission electron micro-
scope was unchanged during TRT in aging without T2D (personal
communication). In order to determine whether TRT even has an
effect on ectopic fat, it could be useful to assess androgen recep-
tor concentration in the ectopic muscle fat from our muscle biop-
sies if possible. Moreover, we are planning to measure other
markers for risk of CVD e.g. klotho and calprotectin.

From a broader perspective, it is necessary to clarify whether TRT
is safe regarding CVD particularly in men with T2D who have an
increased risk for CVD to begin with regardless of T-levels. As
stated by the FDA, only a controlled clinical trial will be able to de-
finitively determine the effects of testosterone therapy on cardio-
vascular outcomes (8). Several concerns can be raised regarding
the funding of such a study. Xu et al (11) showed in a meta-analy-
sis that the effects of testosterone on cardiovascular-related
events varied with source of funding; however, overall, TRT in-
creased the risk of cardiovascular-related events (11). Based on
the same studies and results, another recent paper by Tanna et al
(12) concluded that testosterone therapy can be safely consid-
ered in men with appropriately diagnosed clinical androgen defi-
ciency and increased cardiovascular risk after a thorough discus-
sion of potential risks with the patient (12). However, it is difficult
to imagine how a well-designed, large-scaled RCT addressing the
safety of TRT in regard of CVD could ever take place unless sev-
eral centers work together. Such a multi-center study should have
reliable measurements of T-levels obtained in ideally the same la-
boratory or at least in laboratories using similar techniques and
kits. Such a study design would be very time-consuming and ex-
pensive. Thus, it would be difficult to fund without any support
from the pharmaceutical industry or a government subsidy.

SUMMARY

The prevalence of chronic diseases including obesity and type 2
diabetes mellitus (T2D) are increasing. The usage of testosterone
replacement therapy (TRT) has escalated in the Western coun-
tries during the past decades especially in aging men without
clear organic indication for TRT although the safety of long-term
TRT has not been clarified regarding the risk of cardiovascular dis-
ease (CVD). Aging men with T2D have an increased risk of CVD
and these patients are often characterized by lowered T-levels,
ectopic fat depots, a deranged adipokine profile with e.g. low adi-

ponectin levels and hyperleptinaemia. However, the causal rela-
tions are unclear, and lowered T-levels could simply be a marker
of illness, i.e. T2D and obesity.

The aim of this randomized, double-blind, placebo-controlled
study was to contribute to the clarification of the beneficial and
potential harmful effects of testosterone therapy in aging men
with T2D.

Our results did not support evidence to beneficial effects of tes-
tosterone therapy on insulin resistance, glycemic control, or on
substrate-oxidation in aging men with T2D and we cannot recom-
mend TRT as a novel treatment for T2D.

Regarding risk of CVD, the substantially reduction in subcutane-
ous fat (thigh and abdomen) and HDL-cholesterol levels along
with unchanged ectopic fat (visceral and hepatic) during TRT
might suggest an increased CVD risk. However, TRT has an ambig-
uous impact on the adipokine profile with a potential harmful de-
crease in levels of adiponectin, whereas the decrease in leptin
levels and leptin:adiponectin ratio could reflect an amelioration
of the CVD risk linked to hyperleptinaemia in aging men with T2D.
We found that TRT for 24 weeks in aging men with T2D and low-
ered bio-available T-levels improved body composition with an in-
crease in LBM and a reduction in regional and TFM. In addition to
increased lean leg mass, TRT preserved knee-extensor muscle me-
chanical function. Although physical function was unchanged, TRT
may potentially diminish the risk of developing sarcopenia result-
ing in a longer independent life and shorten the length of rehabili-
tation periods. It is still unclear whether the positive effects of
TRT on muscle mass and muscle mechanical function outweigh
potential negative effects especially regarding the risk for CVD.

In conclusion, testosterone replacement therapy is indicated in
men with clinically symptomatic hypogonadism regardless of sta-
tus for T2D.
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