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Abstract

Aims: To investigate whether testosterone therapy (TTh) in men with hypogonadism
and type 2 diabetes mellitus (T2DM) improves glycaemic control and insulin sensitiv-
ity, and results in remission of T2DM.

Material and Methods: A total of 356 men who had total testosterone levels
<12.1 nmol/L (350 ng/dL) and symptoms of hypogonadism were included in the
study and followed up for 11 years. All patients received standard diabetes treatment
and 178 patients additionally received parenteral testosterone undecanoate
1000 mg every 12 weeks following an initial 6-week interval. A control group com-
prised 178 hypogonadal patients who opted not to receive TTh.

Results: Patients with hypogonadism and T2DM treated with testosterone had sig-
nificant progressive and sustained reductions in fasting glucose, glycated
haemoglobin (HbA1c) and fasting insulin over the treatment period. In the control
group, fasting glucose, HbAlc and fasting insulin increased. Among the patients
treated with testosterone 34.3% achieved remission of their diabetes and 46.6% of
patients achieved normal glucose regulation. Of the testosterone-treated group,
83.1% reached the HbA1c target of 47.5 mmol/mol (6.5%) and 90% achieved the
HbA1c target of 53.0 mmol/mol (7%). In contrast, no remission of diabetes or
reductions in glucose or HbA1c levels were noted in the control group. There were
fewer deaths, myocardial infarctions, strokes and diabetic complications in the tes-
tosterone-treated group.

Conclusions: Long-term TTh in men with T2DM and hypogonadism improves
glycaemic control and insulin resistance. Remission of diabetes occurred in one-third
of the patients. TTh is potentially a novel additional therapy for men with T2DM and

hypogonadism.
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1 | INTRODUCTION

Reduced testosterone concentrations are commonly encountered in
men with type 2 diabetes mellitus (T2DM). Dhindsa et al.! first
described the syndrome of hypogonadotropic hypogonadism (HH) in
men with T2DM. This syndrome occurs in approximately one-third of
patients with diabetes and is associated with obesity, but not with
severity or duration of diabetes, or age.2 Obesity, without diabetes,
was associated with HH in approximately 25% of patients.® Patients
with HH also exhibited an inflammatory state, beyond that experi-
enced by eugonadal patients with T2DM and had significantly greater
insulin resistance than eugonadal patients with T2DM.*> Testoster-
one therapy (TTh) reduced insulin resistance in such patients,
according to homeostatic model assessment of insulin resistance
(HOMA-IR).%” Men with T2DM and hypogonadism have more fat
mass and a 36% lower glucose infusion rate during hyperinsulinaemic-
euglycaemic clamps than eugonadal men, as well as reduced insulin
signalling at the cellular level in adipose tissue.>®~11

Testosterone deficiency (TD), also termed “hypogonadism”, con-
tributes to reduced glucose disposal, increased insulin resistance and
onset of T2DM.271* Androgen deprivation therapy for prostate can-
cer is associated with significantly increased risk of incident diabe-
tes.?>1® TTh in men with TD and T2DM increases insulin sensitivity
and induces greater expression of insulin receptor-@, insulin receptor
substrate-1, AKT-2 and GLUT-4 in adipose tissue, thus providing a
mechanistic explanation for the increased insulin sensitivity.>'” We
have previously shown that long-term TTh halted the progression of
prediabetes to overt diabetes.!®

The primary objectives of this registry study were, firstly, to
examine the effect of TTh on the course of glucose intolerance, with
glycated haemoglobin (HbAlc) and insulin secretion as target vari-
ables, and, secondly, to assess the impact of TTh on weight control
and major cardiovascular risk factors (lipids, blood pressure, inflamma-
tion). In the present paper, we report the results of long-term TTh
(11 years) in men with hypogonadism and T2DM and compare the
outcomes with data derived from a parallel group of patients who

remained untreated (control) during the entire follow-up period.

2 | METHODS

2.1 | Patients

In a prospective registry study, patients were examined in a single
urological practice clinic for the past 11 years. The ethical guidelines
as formulated by the German "Arztekammer" (the German Medical

Association) for observational studies in patients receiving standard

endocrine therapy, insulin resistance, observational study, type 2 diabetes, weight control

treatment were followed. After receiving a detailed and informative
explanation regarding the nature and the purpose of the study, all par-
ticipants provided written consent. A total of 356 patients with
T2DM who had total testosterone levels <12.1 nmol/L (350 ng/dL)
and symptoms of hypogonadism according to the Guidelines of the
European Association of Urology were included in the study.'® All
patients with diabetes were managed by the same local diabetes cen-
tre and received standard diabetes treatment, which includes manda-
tory educational courses and materials. In addition, 178 patients were
treated with parenteral testosterone undecanoate 1000 mg every
12 weeks following an initial 6-week interval (testosterone group);
178 hypogonadal patients opted against TTh and served as a control
group. Patients opting against TTh did so for a variety of reasons, the
most common being advice against TTh by their general practitioners,
acceptance of hypogonadal symptoms as part of ageing, or financial
reasons due to cost of medication. All patients were followed-up for a
duration exceeding 11 years. There were five patients with primary
hypogonadism (including one patient with Klinefelter's syndrome) in
the testosterone group and six in the control group. Most of the
patients had HH, consistent with their T2DM.

2.2 | Patient educational support

Patients received standard diabetes treatment in a diabetes centre and
were enrolled onto a mandatory disease management educational pro-
gramme for diabetes, which encompasses a certified educational course
on diabetes including information regarding lifestyle changes in order to
prevent further progression of the disease. To further encourage life-
style improvements, patients received a pamphlet from our urological
office with options for physical exercise. The pamphlet also included
some options for dietary changes, with advice on how to reduce fatty
foods and consume more vegetables and an encouragement to initiate
the changes now without further delay. All patients were encouraged
to continue to visit the diabetologist regularly. Patients who did not
achieve the target HbAlc after approximately 2 to 3years were
encouraged to participate in the educational courses again. Whenever a
change in medication was necessary, educational materials and support
were also provided to those patients who were undergoing medication
changes. Patients who encountered a secondary disease or comorbidity
as a result of their diabetes were provided with educational materials
and support regarding these comorbidities.

2.3 | Assessment and follow-up

We measured the following variables: height; weight; waist circumfer-
ence; blood pressure; haemoglobin; haematocrit; fasting glucose and

HbA1c; insulin; systolic and diastolic blood pressure; heart rate; lipids


https://publons.com/publon/10.1111/dom.14122
https://publons.com/publon/10.1111/dom.14122

HAIDER ET AL. Wl LEY 2057

TABLE 1 Baseline characteristics in the testosterone-treated group and untreated hypogonadal controls

Testosterone group (n = 178) Control (n = 178) P value between groups
Baseline age, years 615+54 63.7+49 <0.0001
Mean follow-up, years 7.7 £ 3.0 87+26
Median follow-up, years 8 10
Anthropometric variables
Weight, kg 114.1 £ 13.9 102.8 £ 14.2 <0.0001
Waist circumference, cm 116.8 + 14.3 116.9 + 13.6 NS
BMI, kg/m? 36.5+45 334+53 <0.0001
Waist:height ratio 0.66 +0.08 0.66 +0.08 NS
Glycaemic control
HbA1c, mmol/mol ( %) 79 £16(9.4+1.4) 62+8(7.8+0.7) <0.0001
Fasting glucose, mmol/L 7.8+12 6.3+0.7 <0.0001
Fasting insulin, pU/mL? 28.6+4.0 249 +29 <0.0001
Insulin dose, U/d® 37.8+134 31.3+6.2 <0.0005
HOMA-IR? 9.8+20 71+£13 <0.0001
HOMA-p? 71.8+15.0 75.3+10.8 NS
Duration of diabetes, years 25+23 20+12 <0.01
Lipids
Total cholesterol, mmol/L 8311 71+12 <0.0001
HDL cholesterol, mmol/L 1.0+ 04 1.1+05 NS
LDL cholesterol, mmol/L 4.7+09 41+14 <0.0001
Triglycerides, mmol/L 3.5+0.6 3.1+06 <0.0001
Non-HDL cholesterol, mmol/L 7.3+ 1.2 6014 <0.0001
Remnant cholesterol, mmol/L 26+10 20+1.0 <0.0001
Blood pressure and heart rate
Systolic blood pressure, mmHg 163.0 £ 13.3 145.6 + 14.6 <0.0001
Diastolic blood pressure, mmHg 97.6 £10.8 84.8 +10.3 <0.0001
Heart rate, bpm 79.1+40 771+4.6 <0.0001
Pulse pressure, mmHg 651+79 608+74 <0.0001
Renal function
Creatinine, mg/dL 0.95 £0.16 1.00 + 0.14 <0.005
Glomerular filtration rate 823+128 770+12.1 <0.0001
Inflammatory markers
hsCRP, mg/dL 44+52 15+14 <0.0001
Concomitant medication at baseline
Antidiabetics, % 100 99.4 NS
Statins, % 73.6 69.7 NS
Anti-hypertensives, % 84.3 48.3 <0.0001
Quality of life
AMS 547+93 400+ 5.7 <0.0001
IIEF-EF 16.1+6.1 19.1+3.8 <0.0001
Testosterone
Total testosterone, nmol/L 93%17 98+1.1 <0.005
Comorbidities
Prior cardiovascular disease, % 38.8 39.3 NS
Erectile dysfunction, % 94.9 98.9 <0.005

Abbreviations: AMS, Aging Males' Symptoms scale; BMI, body mass index; hsCRP, high-sensitive C-reactive protein; HOMA-B, homeostatic model assess-
ment of B-cell function; HOMA-IR, homeostatic model assessment of insulin resistance; IIEF-EF, International Index of Erectile Function - Erectile Function
domain; NS, non-significant.

Note: Data are mean + SD, unless otherwise indicated.

2In patients who never received insulin (n = 91 in testosterone group and n = 89 in control group).

bIn patients receiving insulin (n = 87 in testosterone group and n = 69 in control group).
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(total cholesterol, LDL cholesterol, HDL cholesterol,triglycerides);
high-sensitive C-reactive protein; and total testosterone. We also
assessed quality of life using the Aging Males' Symptoms scale (AMS)
and erectile function using the International Index of Erectile Function
- Erectile Function Domain (IIEF-EF). Assessment of clinical variables
was performed at least twice a year, and 11-year data were analysed.

24 | Statistical methods

Statistical methods were described in detail previously.? Briefly, in
the treated group, patients returned quarterly for testosterone
undecanoate injections, whereas in the control group, patients ret-
urned two to four times for a visit. Data in both treated and
untreated groups have been averaged across each year of patients
participating in the study. Thus, obtained yearly data were used to
assess differences between the two groups while adjusting for pos-
sible confounders. Mean changes over time between groups were
compared by a mixed-effects model for repeated measures with a
random effect for intercept and fixed effects for time, group and
their interaction. Changes were adjusted for age, weight, waist cir-
cumference, fasting glucose, blood pressure, lipids and AMS score
to account for baseline differences between the treated and
untreated groups.

3 | RESULTS

Table 1 describes the baseline characteristics, comorbidities and con-
comitant medications of all patients (treated or untreated) and, for
some variables, in patients who never received insulin and in patients
who did receive insulin. The mean age of the testosterone group was
61.5 £ 5.4 years, and for the control group it was 63.7 + 4.9 years.
The mean follow-up was 7.7 £ 3.0 years in the testosterone group
and 8.7 £+ 2.6 years in the control group. In the testosterone group,
baseline testosterone prior to treatment was 9.3 + 1.7 nmol/L, and in
the control group it was 9.8 £ 1.1 nmol/L. Fasting glucose was
7.8+ 1.2mmol/L in the

6.3 £ 0.7 mmol/L in the control group. HbAlc concentration was 79 +

treated group at baseline and
16 mmol/mol (9.4 + 1.4%) in the testosterone group versus 62 + 8
mmol/mol (7.8 + 0.7%) in the control group. Body weight and body
mass index (BMI) were also higher in the testosterone group, as com-
pared with the control group.

3.1 | Effects of TTh on fasting blood glucose levels
in men with TD and T2DM

Figure 1A shows the changes over time in fasting blood glucose
(mmol/L) in the testosterone group (n = 178) and the control group
(n = 178). Patients with TD and T2DM in the testosterone group had
significant gradual reductions in fasting blood glucose (estimated

adjusted difference between groups at 11 years: —3.6 mmol/L). The

reductions in blood glucose were progressive for the first 2 years and
were sustained throughout the follow-up observation period. In the
control group, fasting blood glucose levels were fairly stable during

the first 6 years, but a rise was noted thereafter.

3.2 | Effects of TTh on HbA1lc concentrations

As shown in Figure 1B, hypogonadal patients with T2DM receiving
TTh had significant sustained and gradual reductions in HbA1lc over
the course of the treatment period (estimated adjusted difference
between groups at 11 years: —73 mmol/mol (—6.7%) (95% confidence
interval [Cl] —78; —68; P < 0.0001). Statistically significant progressive
decreases were observed with long-term TTh over the entire observa-
tion time. In contrast, a gradual increase in HbAlc was observed in
the control group. The unadjusted mean HbA1lc declined from
79 £ 16 mmol/mol (9.4 + 1.4%) to 39 + 3 mmol/mol (5.8 + 0.3%) in
the testosterone group and increased from 62 + 8 mmol/mol
(7.8 +0.7%) to 91+ 15 mmol/mol (10.5 + 1.4%) in the untreated
group. The decrease in HbAlc in the testosterone group was statisti-
cally significant compared to baseline from year 1 onward
(P < 0.0001) and statistically significant compared to the previous year
for the first 7 years. Figure S1A shows adjusted absolute HbAlc

values.
3.3 | Effects of TTh on fasting insulin
concentrations

Figure 1C illustrates the changes in fasting insulin (uU/mL) in patients
with TD and T2DM who were never treated with exogenous insulin
(n = 91) in the testosterone group and for those who did not receive
exogenous insulin in the control group (n = 89). In the testosterone
group, a gradual and statistically significant decrease in insulin concen-
trations was recorded. In the control group, insulin concentrations
increased over the entire follow-up period. The estimated adjusted
difference between groups at 11lyears was -28.9 pU/mL
(P < 0.0001).

3.4 | Effects of TTh on HOMA-IR

Figure 1D depicts the changes in HOMA-IR in patients with TD and
T2DM who had never been treated with exogenous insulin in the tes-
tosterone group (n = 91) and in patients who did not receive exoge-
nous insulin in the control group (n = 89). A marked and sustained
reduction in HOMA-IR was observed beginning in year 1 of TTh and
the decrease was progressive throughout the entire follow-up period.
In the control group, there was a rise in HOMA-IR, which was demon-
strable after the first few years. The estimated adjusted difference
between groups at 11 years was —11.0 (P < 0.0001). We also calcu-
lated the updated HOMA-IR (HOMAZ2-IR), which showed similar
results (Figure S1B).



HAIDER ET AL.

WILEY_| 2%

3.5 | Effects of TTh on achieving diabetes
remission, or HbA1c targets of 47.5 or 53.0 mmol/mol

Figure 2 summarizes the proportion of patients in each group who
achieved remission of T2DM or normal glucose regulation, that is,
HbA1c <39 mmol/mol (5.7%), and those achieving HbA1lc targets
of 47.5 or 53.0 mmol/mol (6.5% or 7.0%). Remission was defined
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as HbAlc <47.5 mmol/mol (6.5%) and discontinuation of all anti-
diabetic agents, including metformin. Among patients in the testos-
terone group, 34.3% achieved remission of their diabetes. Of these
patients, 22 had been on insulin at baseline. The mean time to dis-
continuation of diabetes medications was 8.6 + 2.9 years. The mean
time following remission was 2.5+ 2.3 years. There were no

relapses.
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FIGURE 1 Changes in fasting glucose, glycated haemoglobin (HbA1c), fasting insulin and homeostatic model assessment of insulin resistance
(HOMA-IR) in men with hypogonadism and type 2 diabetes. Numbers below the graphs are numbers of patients per group in each year. A,
Changes in fasting glucose (mmol/L) in patients with (n = 178) or without (n = 178) long-term testosterone therapy (TTh). B, Changes in HbA1c
(%) in patients with (n = 178) or without (n = 178) long-term TTh. C, Changes in fasting insulin (uU/mL) in patients who never received insulin
treatment, with (n = 91) or without (n = 89) long-term TTh. D, Changes in HOMA-IR in patients who never received insulin treatment, with

(n = 91) or without (n = 89) long-term TTh. Data are shown as least squares means after adjustment for age, waist circumference, weight, fasting
glucose, systolic and diastolic blood pressure, total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides and Aging Males' Symptoms scale

quality-of-life score. *P <0.0001 between groups
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FIGURE 1 (Continued)

In the testosterone group, 46.6% of patients achieved normal glu-
cose regulation and 83.1% achieved HbA1lc values of 47.5 mmol/mol
and 91% achieved HbA1c values of 53.0 mmol/mol. In contrast, no
remission of diabetes or reduction in glucose or HbAlc levels were

noted in the untreated group.

3.6 | Effects of TTh on lipid profiles,
anthropometric variables, glomerular filtration rate
and insulin dose requirement

Testosterone therapy resulted in significant improvements in lipid
profile (Table 2). Total cholesterol (Figure 3A), LDL cholesterol (Figure
3C) and triglyceride levels (Figure 3D) decreased in the testosterone

63 56 36 43 28 26 23

group and increased in the control group. HDL cholesterol (Figure 3B)
increased in the testosterone group and decreased in the control
group. Non-HDL cholesterol (Figure 3E) decreased in the testosterone
group by 3.3 £ 0.1 mmol/L (P <0.0001) and increased in the untreated
group by 1.4 +0.1 mmol/L (P <0.0001). Remnant cholesterol (Fig-
ure 3F) decreased in the testosterone group by 1.4 + 0.1 mmol/L
(P <0.0001) and increased in the control group by 0.5 + 0.1 mmol/L
(P <0.0001).

Testosterone therapy produced a progressive and sustained
decrease in body weight (in kg and % change). Over 11 years, there
was a 22.1 kg (19.3%) reduction in body weight in the testosterone
group, while the control group gained weight (Figures S2A and S2B).
TTh also resulted in a progressive and sustained decrease in waist cir-

cumference, with an increase of waist circumference in the control
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group (Figure S2C). The estimated adjusted difference between
groups at 11 years was —20.4 cm (95% Cl —21.7; —19.1; P <0.0001
[Table 2]). In parallel, we noted significant reductions in BMI and
waist-to-height ratio in the testosterone group, with increases of
these variables in the control group (Figure S2D,E).

We also observed marked improvements in the estimated glo-
merular filtration rate (eGFR), calculated by the Modification of
Diet in Renal Disease formula, in the testosterone group as com-
pared to the control group (Table 2 and Figure S3). Since diabetic
nephropathy is a major concern with regard to progression of kid-
ney disease, these observations suggest that there was a profound
improvement in kidney function in patients with T2DM who
received TTh.

Patients in the testosterone group who had been on insulin at
baseline had a reduction in insulin dose requirement compared with
the control group, suggesting improvements in R-cell function (Figure
S4). Twenty patients in the control group were started on insulin ther-
apy during the observation time.

Total testosterone levels in the testosterone group increased sig-
nificantly into the physiological range, while they remained low and

decreased over time in the control group (Figure S5).

3.7 |
function

Effects of TTh on quality of life and erectile

As shown in Table 2, quality of life, assessed by the AMS question-
naire, and erectile function, as assessed by the IIEF-EF, improved sig-

nificantly in the testosterone group and declined in the control group.

3.8 | Adverse events

Adverse events are reported in Table S1. There were 13 deaths (7.3%)
in the testosterone group and 52 (29.2%) in the control group. All-
cause mortality data from the testosterone group and the untreated
control group were used to obtain Kaplan-Meier plots (Figure 4). We
also recorded more strokes, myocardial infarctions, and diabetic com-
plications in the control group as compared with the testosterone
group (Table S1).

4 | DISCUSSION

Our findings show that, in patients with TD and T2DM, TTh signifi-
cantly reduced fasting blood glucose by more than 1.5 mmol/L, even
after adjustments for baseline variables, including age, waist circum-
ference, weight, systolic and diastolic blood pressure, total cholesterol
and triglycerides. The reductions in blood glucose in response to TTh
were sustained throughout the treatment period. In contrast, no sig-
nificant reductions in blood glucose were noted in the untreated
patients. In fact, we observed an increase in blood glucose with

extended follow-up periods in the untreated patients. It is not clear if

this rise in glucose implies worsening insulin resistance or insulin
secretion.

We observed a significant reduction in HbAlc, exceeding
9 mmol/mol (3%), in patients with hypogonadism and T2DM treated
with testosterone, even after adjustments for baseline variables.
These reductions in HbAlc were sustained throughout the treatment
period. In contrast, we observed an increase in HbA1lc in the control
group. We also observed a steeper rise in HbAlc similar to that
recorded with glucose after ~6 years of follow-up, suggesting loss of
B-cell function and advanced pathophysiological state of diabetes
over extended periods of time contributing to increased HbA1lc as a
marker of dysfunction of glucose metabolism. It is unclear why such a
rise in glucose and HbAlc concentrations occurred during long-term
observation, but it could be related to a decline in B-cell function or
apoptosis.

There were profound changes in fasting insulin levels in patients
with T2DM and TD who had never received exogenous insulin treat-
ment but had undergone TTh. Remarkably, insulin concentration
decreased gradually with TTh and was sustained throughout the treat-
ment course, even after adjustments for baseline variables. In con-
trast, in the control group, we observed a progressive increase in
insulin concentration over the entire duration of follow-up.

There was a significant, progressive and sustained decrease in
HOMA-IR in patients treated with testosterone but an increase in the
untreated group. These findings strongly suggest that TTh in patients
with diabetes and hypogonadism improved blood glucose, HbAlc and
insulin resistance. Such findings have important clinical implications in
the management of men with T2DM and TD. HOMA-IR correlates
significantly with clamp insulin resistance, not only before, but also
after treatment in patients with T2DM.2° Recently, the original
HOMA-IR equation has been superseded by a new computer model,
HOMAZ2-IR.2! Although this computer model gives a value for insulin
resistance, clinical judgement is required because of variables in glu-
cose levels or assay methods. In our registry study, we analysed the
data using both HOMA-IR and HOMA2-IR, with similar results.

We had calculated homeostatic model assessment of -cell func-
tion (HOMA-B) and found that it decreased in the testosterone group,

100

‘ O Testosterone group O Control group 91.0

R
83.1
80
60
46.6

40 34.3
20 | |

0 ‘ 0 ‘ 0o 0

Remission NGR 47.5 mmol/mol 53.0 mmol/mol
FIGURE 2 Proportion of patients achieving remission, normal

glucose regulation (NGR), or HbA1c targets of 47.5 and 53.0 mmol/
mol (6.5 and 7.0%), respectively
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TABLE 2 Changes at 11 years from baseline in testosterone-treated group and untreated hypogonadal control group and estimated
difference between groups at 11 years, adjusted for baseline age, weight, waist circumference, fasting glucose, lipids, systolic and diastolic blood
pressure, and Aging Males' Symptoms scale score

Anthropometric parameters

Weight, kg

Weight change, %

Waist circumference, cm
BMI, kg/m?

Waist:height ratio
Glycaemic control
HbA1c, mmol/mol (%)
Fasting glucose, mmol/L
Fasting insulin, uU/mL
Insulin dose,” U/d
HOMA-IR?

HOMA-B?

Lipids

Total cholesterol, mmol/L
HDL cholesterol, mmol/L
LDL cholesterol, mmol/L

Triglycerides, mmol/L

Non-HDL cholesterol, mmol/L
Remnant cholesterol, mmol/L

Blood pressure and heart rate

SBP, mmHg

DBP, mmHg

Heart rate, bpm

Pulse pressure, mmHg
Renal function
Creatinine, mg/dL
GFR

Inflammatory markers
hsCRP

Quality of life

AMS

IIEF-EF
Erythropoiesis
Haemoglobin, g/dL
Haematocrit, %

Testosterone

Total testosterone, nmol/L

Testosterone
group

-221+0.5
-19.3+04
-13.3+04
-7.3+0.2
—-0.08 + 0.00

-37+1(-34+01)
-1.8+0.1
-21.3+£0.7
-259+11
-7.0+0.3
-552+31

-29+01
0.5+£00

-19=+01
-1.1+£00
-33zx01
-14+01

-323+12
-19.2+0.9
-3.0+£0.5

-13.1+£0.8

-0.16 £ 0.03
98+14

-39+0.3

-30.8+0.7
102+ 04

0.39 £ 0.06
3.5+04

8.2+0.2

P value for
change
from baseline

Control

<0.0001 6.8 +0.5
<0.0001 74+04
<0.0001 71+£04
<0.0001 22+02
<0.0001 0.04 £ 0.0
<0.0001 36+1(3.3+0.1)
<0.0001 1.7+0.1
<0.0001 12.9 £ 0.6
<0.0001 19.3+1.1
<0.0001 54+03
<0.0001 23.8+32
<0.0001 1.1+01
<0.0001 -0.3+0.0
<0.0001 09+01
<0.0001 0.5+0.0
<0.0001 1.4+0.1
<0.0001 0.5+0.1
<0.0001 145+1.1
<0.0001 9.5+08
<0.0001 1.1+0.5
<0.0001 5007
<0.0001 0.32 £ 0.03
<0.0001 -223+13
<0.0001 1.5+0.3
<0.0001 219+0.6
<0.0001 -13.0+03
<0.0001 —-0.21 £ 0.05
<0.0001 0.8+0.3
<0.0001 -22+0.2

P value for
change
from baseline

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.01
<0.0001
<0.05

<0.05

<0.0001
<0.0001

<0.0001

<0.0001
<0.0001

<0.0001
<0.05

NS

Estimated adjusted
difference between
groups [95% Cl]

—28.9 [-30.5;-27.3]
—26.7 [-28.0; —25.4]
—20.4 [-21.7;-19.1]
-9.5[-10.1;-8.9]
—0.12 [-0.12;-0.11]

—73[-78;-68] (-6.7 [-7.1;-6.3])

-3.6[-3.9;-3.2]

—34.2 [-36.4;-32.0]
—55.2 [-48.8;-41.5]
—12.4[-13.4;-11.3]
—79.0 [-88.9;-69.1]

-4.0 [-4.3;-3.7]
0.8 [0.7;0.9]

-2.8[-3.0;-2.6]
-1.7 [-1.8;-1.5]
—4.7 [-5.0;-4.5]
-1.9[-2.2;-1.7]

—46.8 [-50.5;-43.1]
—28.7 [-31.5;-25.9]
—4.1[-5.6;-2.6]

—18.0 [-20.4;-15.7]

—0.48 [-0.59;-0.37]
32.2 [27.7;-36.6]

—5.4[-6.3;-4.4]

—52.7 [-55.0;-50.5]
23.2[22.0;24.3]

0.59 [0.41;0.77]
2.8[1.7;3.8]

10.4 [9.8;11.0]

P value for
estimated adjusted
difference between
groups

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001

<0.0001
<0.0001

<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001

Abbreviations: AMS, Aging Males' Symptoms scale; BMI, body mass index; DBP, diastolic blood pressure; hsCRP, high-sensitive C-reactive protein; IIEF-EF,
International Index of Erectile Function - Erectile Function domain; NS, non-significant; SBP, systolic blood pressure.
Note: Data are mean + SD, unless otherwise indicated.
?In patients who never received insulin (n = 91 in testosterone group and n = 89 in control group).
bIn patients receiving insulin (n = 87 in testosterone group and n = 69 in control group).
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suggesting reduced B-cell insulin secretion compared to the untreated
control group. However, we believe that this is attributable in part to
the improved glycaemia and increased insulin sensitivity in the testos-
terone group. Because insulin secretion is largely reduced in the tes-
tosterone group as a result of profoundly increased insulin sensitivity,
less insulin was needed. This is reflected in the steady decline in

- Difference

g BB E e E T

fasting insulin. Future studies should comprehensively evaluate B-cell
secretion with stimulatory tests to better define the effect of testos-
terone on B-cell function.

The significant changes in fasting glucose, insulin and HbA1lc
reflect the importance of TTh in regulating hyperglycaemia and man-
agement of patients with hypogonadism and T2DM. The marked and
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FIGURE 3 Changes in lipids in patients with hypogonadism and type 2 diabetes with (n = 178) or without (n = 178) long-term testosterone
therapy (TTh). Numbers below the graphs are numbers of patients per group in each year. A, Changes in total cholesterol (mmol/L) in patients
with (n = 178) or without (n = 178) long-term TTh. B, Changes in HDL cholesterol (mmol/L) in patients with (n = 178) or without (n = 178) long-
term TTh. C, Changes in LDL cholesterol (mmol/L) in patients with (n = 178) or without (n = 178) long-term TTh. D, Changes in triglycerides
(mmol/L) in patients with (n = 178) or without (n = 178) long-term TTh. E, Changes in non-HDL cholesterol (mmol/L) in patients with (n = 178) or
without (n = 178) long-term TTh. F, Changes in remnant cholesterol (mmol/L) in patients with (n = 178) or without (n = 178) long-term TTh. Data
are shown as least squares means after adjustment for age, waist circumference, weight, fasting glucose, systolic and diastolic blood pressure,
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FIGURE 3 (Continued)

significant changes from baseline in response to TTh in the various
anthropometric, lipid profile and vascular variables (Table 2) reflect
the potential reduction in the risk of cardiovascular disease in patients
with T2DM, who are treated with TTh.

Non-HDL cholesterol is calculated by subtracting HDL cholesterol
from total cholesterol, and includes cholesterol in all atherogenic par-
ticles causing cardiovascular disease. Non-HDL cholesterol is more
strongly associated with reduced risk of atherosclerotic coronary
heart disease than changes in LDL cholesterol.22 Remnant cholesterol
is calculated as total cholesterol minus HDL cholesterol minus LDL
cholesterol, and has been shown to be a causal risk factor for low-
grade inflammation, cardiovascular disease and all-cause mortality,

even in patients with optimal LDL cholesterol levels.?®?* The

Years

158 150 141 124 114 101 66
144 120 111 100 79 70 59

improvements in these emerging lipid-related risk factors for cardio-
vascular disease, in addition to the improvements in the standard lipid
panel, may have contributed largely to the observed reductions in
major adverse cardiovascular events in the testosterone group.

Marked improvements in eGFR were observed in patients treated
with testosterone but not in the control group. These changes reflect
improvement in renal function and reduction in cardiovascular dis-
ease risk.

In addition, the changes in the AMS quality-of-life score and the
IIEF-EF score with TTh reflect improvement in overall and sexual qual-
ity of life.

In the present study, we did not observe any serious adverse
effects of long-term TTh. In fact there were fewer deaths (Figure 4),
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myocardial infarctions and strokes as compared with the control
group (Table S1). Our observations are consistent with other studies
showing reduced mortality in men with hypogonadism and T2DM
receiving TTh.252%

For many decades, initiating prostate cancer or activating occult
prostate cancer has been a concern when treating older men with tes-
tosterone. In the present study, the incidence of prostate cancer was
significantly lower in the testosterone group compared to the control
group (Table S1). This is consistent with the most recent literature.2”28

Several pathophysiological mechanisms may account for the link
between TD and onset of T2DM or worsening its pathophysiology
and the potential reversal of these pathophysiological pathways with
TTh. Among these postulated mechanisms, are: 1) the role of andro-

gens in regulating expression, synthesis and translocation of glucose

transporters, which play an important role in glucose utilization and
disposal; 2) the role of androgens in regulating glucagon-like peptide-
1 receptor (GLP-1R), which modulates glucose metabolism; 3) the role
of androgens in maintaining pancreatic B-cell function; and 4) role of
inflammation in mediating insulin resistance. The translocation of the
glucose transporter GLUT4 from an intracellular membrane compart-
ment to the plasma membrane after insulin stimulation activates the
phosphatidylinositol-3 kinase (PI3K) and other protein kinases, such
as serine/threonine kinase AKT and PKC-f/k.2? In 3T3-L1 adipocytes,
TTh increased GLUT4-dependent glucose uptake through the LKB1/
AMPK signalling pathway.2® Thus, TD may contribute to reduced
expression of glucose transporters and, in turn, impede glucose utiliza-
tion and contribute to increased insulin secretion and insulin resis-

tance. TTh may reverse this pathophysiological mechanism by
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FIGURE 4 Kaplan-Meier curve showing
estimates of survival among the two study groups.
The numbers at the bottom of the graph are
numbers of patients at risk in each year
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facilitating the expression and translation of glucose transporters and
their activities. In patients with hypogonadism and T2DM, a signifi-
cant increase in insulin resistance was associated with reduced
expression of IRB, IRS-1, AKT kinase and GLUT-4, and testosterone
treatment led to the reversal of the extra insulin resistance and the
restoration of the expression of IRB, IRS-1, AKT-1 and GLUT4.? In
addition, the expression of AMP kinase and phosphorylated AMP
kinase was diminished in the adipose tissue and skeletal muscle of
patients with TD and T2DM. Phosphorylated AMP kinase expression
increased after TTh.3%32 These observations are important since met-
formin and physical exercise also mediate the increase in glucose
through AMP kinase and AKT kinase and GLUT4.

In addition, GLP-1R is thought to be a key target for the pharma-
cological treatment of T2DM since it maintains glucose homeostasis
and promotes B-cell proliferation. GLP-1R mRNA expression levels
were positively correlated with testosterone concentrations. In vitro
and in vivo studies demonstrated that expression and translation of
GLP-1R are under androgen regulation.3® Thus, it is likely that in TD,
the expression and activities of GLP-1R are attenuated and this con-
tributes to higher glucose levels and increased insulin resistance. TTh
would contribute to activation of GLP-1R gene expression and trans-
lation into proteins and promote glucose uptake and utilization, thus
reducing insulin secretion and insulin resistance.

There is emerging evidence that androgens are critical for
maintaining pancreatic B-cell function.!*3* Testosterone action via
the androgen receptor in B-cells enhances glucose-stimulated insulin
secretion by potentiating the insulinotropic action of glucagon-like
peptide-1. Androgen receptor-deficient islets exhibit altered expres-
sion of genes involved in inflammation and insulin secretion, demon-
strating the importance of androgen action in B-cell health in men,
with implications for T2DM development in men.3® Interleukin (IL)-1B8

is a proinflammatory cytokine which may impair B-cell function in

T2DM. Testosterone administration suppress IL-1B in patients with
TD.> T2DM is a pro-inflammatory state and there is an increased syn-
thesis and secretion of cytokines and mediators which interfere with
insulin signal transduction while also being toxic to the B cell.
Increased TNF-a concentrations block insulin signalling at IRS-1 level.
IL-1B interferes with insulin signalling while also being toxic to the
B-cell. Both of these cytokines have been shown to be increased in
people with diabetes and TD and they decrease after testosterone
treatment.> Testosterone was also shown to protect against
glucotoxicity-induced B-cell apoptosis by reducing the action of the
angiotensin |l receptor type 1(AGTR1) signalling pathway both in vitro
and ex vivo.%®

One small observational pilot study has suggested a marked
improvement in homeostatis model assessment-2 of beta-cell function
(HOMA%B) as a result of TTh for a duration of up to 29 months.3”

Of note is the improvement in the eGFR and the marked
improvements in lipid profiles and anthropometric variables, all con-
tributing to improved overall health and reduced cardiovascular risk.

It is also noteworthy that inhibition of testosterone conversion to
5a-DHT, one of the two metabolites of testosterone, contributes to
the pathogenesis of non-alcoholic fatty liver disease and increases
susceptibility to glucose intolerance and hyperinsulinaemia.®®%? This
also promotes fat accumulation in liver with impairment of enzymes
involved in fatty acid B-oxidation and gluconeogenesis, with increased
enzymatic activities involved in triglyceride esterification and choles-
terol synthesis and excretion.® In the liver, 5a-DHT reduces lipid
accumulation and cholesterol synthesis via increasing expression of
carnitine palmitotyltransferase1l and phosphorylation of 3-hydroxy-3-
methyl-glutaryl-CoA reductase.*® In men, inhibition of 5a-reductase
resulted in hepatic insulin resistance, hepatic lipid accumulation, and
decreased adipose lipid mobilization.***2 A recent study has demon-

strated the close association between weight loss, hepatic lipoprotein
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export and remission of T2DM in humans, further supporting findings
that successful weight management can result in remission of
T2DM.*3*5 The present results showed profound and sustained
weight loss with long-term TTh in patients with TD and T2DM, con-
sistent with previously published data from our registry study in
patients with TD and with or without T2DM.*¢

It is important to note that this registry study has some limita-
tions. It was not a randomized clinical trial and therefore we would
expect the testosterone-treated group and the untreated group not
to be balanced at baseline, for example, with regard to age, sever-
ity of disease, glycaemic variables, markers of inflammation, lipid
profile and markers of insulin resistance. However, for these rea-
sons our data were adjusted for the differences between the two
groups including age, waist circumference, weight, fasting glucose,
systolic and diastolic blood pressure, total cholesterol, HDL choles-
terol, LDL cholesterol, triglycerides, and AMS quality-of-life score.
Also, given that this study was carried over a median follow-up of
8 to 10 years, a 2-year difference in age over this period of time
may have little or no effect. While patients in the testosterone
group may have been seen by us slightly more often, there was
very limited change in weight with respect to number of visits or
motivations.*” We should also note that treatment of diabetes was
carried out by the patients' diabetes physicians, which was not
under our control.

Our findings show that long-term TTh led to sustained remission
of diabetes in one-third of patients with T2DM and hypogonadism.
Although studies on lifestyle interventions as well as bariatric surgery
have shown that T2DM can go into remission, to our knowledge, this
is the first study demonstrating that TTh achieves such a successful
rate of diabetes remission. The clinical significance of these results is
further enhanced by the fact that one-third of men with T2DM have
hypogonadism. Hence, physicians encounter men with hypogonadism
and diabetes very frequently. It is remarkable that, while T2DM leads
to hypogonadism, treatment of hypogonadism results in remission of
diabetes itself. In the absence of randomized clinical trials, the data
from this large, long-term registry study are important since one-third
of all patients reversed their diabetes. Real-world data such as these
have unique significance and are important. The reversal of hyper-
glycaemia and diabetes after testosterone treatment has not previ-
ously been shown.

Randomized controlled trials are now needed to confirm these
data. One such trial is currently being conducted and the results are

expected to be published soon.*
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