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visceral obesity, medication use and unhealthy lifestyle 
behaviours [4] [5]. Pathological disorders of the HPT axis 
such as Klinefelter syndrome which may not be recognised 
until later in life, affect at the most around 2–3% of men 
over the age of 40 years [4] [6].

2  Obesity and obesity related chronic 
disorders and the HPT axis

In a metanalysis of 68 studies and almost 20,000 men with 
obesity, 42.8% had a serum total testosterone < 10.4 nmol/L 
(< 300ng/dl) [7]. Based on a mendelian randomisation anal-
ysis an increase of BMI from 25 to 30kgm2 is causally asso-
ciated with a decrease in serum testosterone concentration 
of 13–15%. The reverse was not the case, and the effect was 
only partially dependent on an obesity related decrease in 
SHBG [8].

Dysfunction of the HPT axis that occurs in people with 
obesity and associated disorders, lifestyle behaviours. or 
medication use, is reversible with management directed to 

1  Ageing and the hypothalamo-pituitary 
testicular (HPT) axis

Decreases in serum testosterone concentration are not an 
inevitable consequence of the ageing process in men [1] 
[2] [3]. The apparent effect of ageing on serum testosterone 
in Western populations is predominantly due to increasing 
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Abstract
In the absence of obesity, adverse lifestyle behaviours, and use of medication such as opioids serum testosterone con-
centrations decrease by only a minimal amount at least until very advanced age in most men. Obesity is heterogeneous 
in its phenotype, and it is the accumulation of excess adipose tissue viscerally associated with insulin resistance, dyslipi-
daemia, inflammation, hypothalamic leptin resistance and gliosis that underpins the functional hypogonadism of obesity. 
Both central (hypothalamic) and peripheral mechanisms are involved resulting in a low serum total testosterone con-
centration, while LH and FSH are typically in the normal range. Peripherally a decrease in serum sex hormone binding 
globulin (SHBG) concentration only partially explains the decrease in testosterone and there is increasing evidence for 
direct effects in the testis. Men with obesity associated functional hypogonadism and serum testosterone concentrations 
below 16 nmol/L are at increased risk of incident type 2 diabetes (T2D); high testosterone concentrations are protective. 
The magnitude of weight loss is linearly associated with an increase in serum testosterone concentration and with the 
likelihood of preventing T2D or reverting newly diagnosed disease; treatment with testosterone for 2 years increases 
the probability of a positive outcome from a lifestyle intervention alone by approximately 40%. Whether the additional 
favourable benefits of testosterone treatment on muscle mass and strength and bone density and quality in the long-term 
remains to be determined.
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in men with an atypical depressive subtype than those with 
a more melancholic symptom profile [20].

2.3  Health-related behaviours

Independent of weight, increased cardiovascular fitness [21, 
22] and high levels of physical activity [23] are positively 
associated with higher serum testosterone concentrations. 
These observations are consistent with the well-established 
benefits of physical activity to ameliorate insulin resistance, 
obesity associated metabolic abnormalities, and inflamma-
tion independent of a change in overall weight. Cessation of 
smoking is associated with a decrease in serum testosterone 
concentration [4]. Heavy alcohol consumption may be asso-
ciated with obesity and has testosterone-suppressive effects 
independent of body weight [24].

2.4  Medications

Patients with obesity may be taking medications some 
of which, for example opioids [25] and to a minor extent 
statins [26] lower serum testosterone concentrations.

2.5  Macronutrient intake

Macronutrient intake has also been shown to affect total 
testosterone concentrations in men independent of obesity 
status. At least acutely, meals of different macronutrient 
composition have been shown to have variable effects on 
serum testosterone concentration: decreased after poly- or 
mono-unsaturated fatty acids, increased after egg albumin, 
and unchanged after carbohydrate [27]. The postprandial 
decrease in serum testosterone has been shown to be greater 
in younger men and those who are not obese [28]. Based on 
cross sectional analyses of 208,677 community men aged 
40–60 from the UK Biobank higher poultry and fish intake 
were associated with higher testosterone concentrations 
[23].

2.6  Mechanisms of obesity related HPT axis 
dysregulation

2.6.1  Central mechanisms

In men with obesity related functional hypogonadism 
luteinising hormone (LH) is usually in the lower part of the 
normal range and inappropriate for the testosterone concen-
tration. This indicates a central mechanism in the patho-
physiology of obesity associated HPT axis dysregulation.
2.6.1.1  Leptin  Leptin is a cytokine hormone secreted 
by adipocytes in proportion the amount of fat stored and 
accordingly is a hormonal marker of energy sufficiency. 

the causative factor(s). There is no inherent pathology of 
the HPT axis, and accordingly they are best thought of as 
“functional disorders” and accordingly referred to by the 
term functional hypogonadism.

2.1  Obesity

Energy intake in excess to metabolic requirements is stored 
as lipid predominantly in adipose tissue. In obesity, excess 
adipose tissue is associated with actual or potential risks 
to health. Although body mass index (BMI) is commonly 
used as a measure of obesity, it does not provide information 
as to the distribution of body fat and the measure is con-
founded by variability in skeletal muscle mass. On average, 
beyond the age of 60 years, decreases in skeletal muscle 
mass occur, and unless accumulation of lipid filled adipose 
tissue is marked, the BMI curve flattens and then decreases. 
By contrast there is an incremental accumulation of visceral 
adipose tissue, most easily assessed by the measure of waist 
circumference (WC) which has a tighter association with 
the cardiometabolic associations of obesity than does BMI 
[9].

If excess adipose tissue is located only in subcutaneous 
depots, then adverse metabolic consequences or reduction 
in serum testosterone concentration generally do not occur. 
Excess fat around the abdominal viscera, infiltrating skeletal 
muscle and stored in the liver is associated insulin resis-
tance, inflammation, and dyslipidaemia. It is in these cir-
cumstances, and typically in the presence of a large waist 
circumference that low serum testosterone concentrations 
occur [10, 11]. The association of visceral obesity associ-
ated HPT axis dysregulation is dependent on insulin resis-
tance, increased serum leptin and triglycerides, reduced 
high density lipoprotein (HDL), the presence of hyperten-
sion, and non-alcoholic fatty liver disease (NAFLD) [12]. 
Among components of the metabolic syndrome, increased 
triglyceride levels and elevated blood pressure were inde-
pendently associated with testosterone concentrations [12].

2.2  Obesity related chronic disorders

In people with diabetes, glycaemic control does not appear 
to affect serum testosterone concentrations independent 
of obesity [13]. Obstructive sleep apnoea (OSA) which is 
bidirectionally associated with obesity is not independently 
associated with a low serum testosterone [14], and there is 
no independent effect of CPAP to increase serum testoster-
one in men with OSA [15, 16]. Obesity has been causally 
linked to depression [17, 18]. Some subtypes of depression 
may decrease testosterone [19]. In one study where depres-
sion was subtyped using latent class analysis serum testos-
terone concentrations were found to be significantly lower 
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induces neuronal inflammation resulting in insulin and 
leptin resistance in ARC neurons and subsequently fibrous 
proliferation of glial cells (gliosis) [36]. An inverse associa-
tion between gliosis within the medio basal hypothalamus 
(but not putamen and amygdala control areas), and serum 
testosterone concentration has been reported in in men [37].
2.6.1.4  Oestradiol  Circulating sex steroids inhibit LH 
and GnRH secretion by the pituitary and hypothalamus 
respectively.

Testosterone inhibits LH by aromatisation to estradiol 
but has a direct effect on Gonadotropin Releasing. Hormone 
(GnRH). The negative feedback effect of estradiol is pre-
dominantly via GnRH [50]. Historical studies in markedly 
obese but otherwise healthy men have reported increased 
serum concentrations of circulating oestradiol [38]. Such 
studies led to the prevailing view that, via negative central 
feedback, increased circulating estradiol concentrations 
play a pathogenetic role in obesity associated HPT axis 
suppression. However, this notion is no longer correct, at 
least for men without WHO class III and IV obesity. More 
recent studies using accurate mass spectrometry measure-
ments have reported reduced circulating concentrations of 
circulating estradiol in obese men, paralleling reductions of 
its substrate testosterone [39, 40]. In line with this, among 
obese men, lower levels of adipose tissue aromatase expres-
sion have been reported in those with a low circulating 
testosterone (defined in this study as a circulating free tes-
tosterone of < 174 pmol/L (< 5ng/dl) compared to controls 
with normal circulating testosterone [41]. Moreover, exper-
imental studies have reported that oestradiol, rather than 
testosterone, is primarily important in preventing adiposity 
and insulin resistance in healthy men [42]. Of note, stud-
ies reporting that inhibiting oestradiol production or action 
via administration of aromatase inhibitors [43] or selective 
estrogen receptor modulators (SERMs) [44] increase LH 
and serum testosterone cannot be used to invoke a patho-
genetic role for oestradiol in obesity associated HPT axis 
suppression, as similar effects have been reported in lean 
men [45]. Instead the testosterone response to aromatase 
inhibitors or selective estrogen receptor modulators merely 
reinforces that the obesity associated central hypothalamic-
pituitary suppression is functional, as serum testosterone 
concentrations in men with organic congenital or acquired 
hypothalamic-pituitary pathology (such as congenital hypo-
gonadotropic hypogonadism (e.g., Kalmann syndrome) or 
destructive mass lesions (e.g., pituitary macroadenoma)) do 
not increase in response to aromatase inhibitor or SERM 
treatment.

2.6.2  Peripheral mechanisms

Effects on the testes.

Serum leptin concentration increases with obesity, but obe-
sity is associated with resistance to the effects of leptin. 
Leptin is required for normal pulsatile secretory function 
of Gonadotrophin releasing hormone (GnRH) neurons in 
the arcuate nucleus of the hypothalamus (ARC). The per-
missive effects of leptin on GnRH pulsatility are mediated 
via kisspeptin expressing neurons in the ARC [29]. In mice 
with diet induced obesity, serum testosterone and LH con-
centrations decrease, and the serum concentration of leptin 
increases, while the expression of leptin receptor, kisspeptin 
and the kisspeptin receptor GPR54, in hypothalamic neu-
rons decreases [30].
2.6.1.2  Pro-inflammatory cytokines  A state of low-grade 
inflammation has been causally linked to obesity associated 
HPT axis dysregulation. A transient inflammatory response 
induced by low dose endotoxin results in a decline in serum 
testosterone concentration, without changes in LH or FSH 
in lean men [31]. Treatment with an inhibitor of the inflam-
matory cytokine Interleukin-1 for 4 weeks increased serum 
testosterone concentrations by overall 0.96nmol/L (27.7ng/
dL) compared to placebo. The greatest mean increases, 
2.14nmol/L (61.7 ng/dL) and 2.64nmol/L (76ng/dL) 
occurred in those with C-reactive protein > 2 mg/L and those 
with BMI > 40 kg/m2, respectively [32]. The relatively mod-
est treatment effect observed with an Interleukin-1 inhibitor 
in that study implies that other pro-inflammatory cytokines 
may have a pathogenetic role in obesity associated HPT 
axis suppression. Indeed, in the aforementioned study [31], 
the endotoxin induced decline in serum testosterone was 
associated with a significant increase in plasma interleu-
kin-6 and tumour necrosis factor-alpha (TNF-a) concentra-
tions. Moreover, in an experimental study of healthy men, 
infusion of the pro-inflammatory interleukin-2, even at 
relatively low doses, reduced the LH feedforward drive on 
testosterone secretion and inhibit GnRH and/or LH secre-
tion [33]. Whether a more comprehensive suppression of 
the obesity associated proinflammatory state would lead to 
a more substantial increase in serum testosterone compared 
to a more cytokine specific treatment, e.g., with an Interleu-
kin-1 inhibitor [32] has not been studied. While such studies 
would be of interest from a mechanistic perspective, given 
that mechanisms other than pro-inflammatory cytokines are 
operative in obesity associated HPT axis suppression, even 
a more comprehensive pharmacological suppression of cir-
culating pro-inflammatory cytokines is unlikely to reverse 
obesity associated HPT axis suppression. Moreover, such 
studies would unlikely be of clinical relevance, given that 
in obese men, weight loss in itself has been associated with 
decreases in circulating concentrations of pro-inflammatory 
cytokines [34, 35].
2.6.1.3  Hypothalamic gliosis  In rodents, high fat diet 
overfeeding rapidly, and prior to obesity being measurable, 
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Subcutaneous adipose tissue from men with obesity and 
insulin resistant murine 3T3-L1 adipocytes have increased 
T concentration with reduced lipolytic T release after adren-
ergic stimulation and are partially “resistant” to testosterone 
-mediated lipolysis and inhibition of adipogenesis, suggest-
ing a bidirectional relationship between obesity and obesity 
associated decreases in serum testosterone concentrations 
[56].

Sex hormone binding globulin variability.
For testosterone to be transported via the circulation with-

out degradation by enzymes, it must be carried by a binding 
protein. Testosterone binds predominantly to sex hormone 
binding globulin (SHBG) and to a lesser extent albumin, 
with high and low affinity respectively. SHBG is synthe-
sised in hepatocytes of the liver A variable serum SHBG 
concentration is a source of the marked heterogeneity of 
serum testosterone concentrations among men with obesity 
[7]. Studies of SHBG gene regulation show that it is tightly 
linked to the regulation of hepatic lipid metabolism. Hor-
mones (e.g., thyroid, growth hormone and oestradiol) and 
transcription factors (e.g., HNF1α) that promote fatty acid 
oxidation and inhibit lipid anabolism increase SHBG gene 
expression [57]. When hepatic de novo lipogenesis (DNL) 
increases, the expression and secretion of SHBG decreases, 
which explains the inverse relationship between high 
monosaccharide intake and SHBG [58]. Proinflammatory 
cytokines (TNFα and IL1b) decrease SHBG, effects medi-
ated via by down-regulating HNF1α. The effect of insulin 
on SHBG expression is mediated indirectly via effects on 
hepatic lipid metabolism rather than directly on the mecha-
nisms regulating the SHBG gene promoter. In the presence 
of hepatic insulin resistance oxidative metabolism of fatty 
acids decrease and de novo lipogenesis increases [57]. In 
accordance with these data we have shown, in a longitu-
dinally followed cohort of men (n = 1736), that increasing 
serum thyroxine concentrations were positively associated 
with serum SHBG concentration and higher abdominal fat 
mass and serum triglycerides were inversely associated with 
serum SHBG concentrations [59].

3  Clinical implications

3.1  Serum testosterone and type 2 diabetes risk

The low serum testosterone associated with obesity is an 
independent risk factor for incident T2D [60]. The risk 
increases with severity of obesity and number of compo-
nents of the metabolic syndrome [61]. The degree to which 
this is dependent on obesity remains inconclusive; in one 
longitudinal cohort study of 195 older (mean age 76 years) 
men, non-obese by BMI, followed for 8 years a low serum 

In rodent studies, high fat diet induced obesity has been 
shown to inhibit the synthesis of testosterone in testicular 
Leydig cells and recent studies have begun to elucidate the 
mechanisms by which this may occur. Accumulation of 
oxidized low-density lipoprotein (oxLDL) in Leydig cells 
of rodents disrupts mitochondrial function and inhibits the 
function of proteins and enzymes required for testoster-
one synthesis [46]. This may explain the why, at least in 
rats, Orlistat which inhibits gut lipase and consequently 
the absorption of fat, upregulates the expression of mRNA 
and protein of steroidogenic hormones and attenuates the 
decline that would otherwise been seen with obesity induced 
by high fat diet feeding [47]. In men, an increase in serum 
concentrations of oxLDL is independently associated with 
reduced serum testosterone [48].

Adenosine, a product of purine nucleotide and homo-
cysteine catabolism has been implicated in the regulation 
of tissue damage in response to stressors, such as inflam-
mation and hypoxia. In both diet-induced and genetically 
obese mice, adenosine accumulates in the testes, and has 
been causally linked to abnormalities of steroidogenesis in 
Leydig cells resulting in decreased production of testoster-
one [49].

Another mechanism recently implicated in obesity 
induced Leydig cell dysfunction in rodents with diet 
induced obesity is increased iron retention, possibly from 
dysregulation of a cellular hepcidin-ferroportin axis, occurs 
resulting in mitochondrial endoplasmic reticulum stress 
[50]. Iron accumulation in the testis inhibits the degradation 
of advanced glycosylation end products (AGEs) which have 
been implicated in obesity associated Leydig cell dysfunc-
tion [51].

Studies in rodents have reported that high fat diet induced 
obesity, compared to normal diet controls, is associated with 
a reduction in the testicular expression of genes involved in 
testosterone biosynthesis [52]. Moreover, in in vitro rodent 
studies, leptin has been reported to decrease both basal as 
well as human chorionic gonadotrophin (hCG)-stimulated 
testosterone secretion from rodent Leydig cells and from 
adult rat testes via a testicular leptin receptor mediated 
pathway [53, 54]. Moreover, in a cross-sectional study of 
men with BMIs from normal to severe obesity, circulating 
leptin was inversely correlated with testicular response to 
hCG stimulation [55]. These findings suggest that at least in 
part, the obesity associated decrease in serum testosterone 
concentration is due to decreased testicular production of 
testosterone [52]. Of note with respect to leptin these find-
ings also imply that in obesity, there is differential tissue 
sensitivity to leptin, with both central leptin resistance (see 
Sect. 2.1.1.1above) and testicular sensitivity to leptin con-
tributing to HPT axis suppression.

Adipose tissue.

1 3



Reviews in Endocrine and Metabolic Disorders

response to high protein low carbohydrate diets [75]. How-
ever, there is marked heterogeneity among high protein diets 
with variation in the types of protein, carbohydrate, and fat, 
as well as the presence of fibre. In men who are overweight 
or obese, weight loss achieved with high protein, low carbo-
hydrate diets and higher carbohydrate standard protein diets 
that have equivalent fibre and nutritional quality, improved 
testosterone, and SHBG to a similar extent [76]. Overall, the 
increase in serum testosterone achievable with diet alone is 
relatively modest, but not insubstantial; in a meta-analysis, 
low-calorie diet leading to a 9.8% reduction in body weight 
was associated with a 2.87 mmol/L (82.7 ng/dL) increase in 
serum testosterone [77]. However given that in most older 
men with obesity and/or T2D associated hypogonadism, 
serum testosterone concentrations are typically modestly 
reduced and fluctuate around the lower limit of the reference 
range [78, 79], even modest weight loss, although this may 
be difficult to sustain, can be associated with reactivation of 
the HPT axis [5] and in some men, biochemical normalisa-
tion of their androgen status.

Bariatric surgery.
Bariatric surgery produces substantial and durable 

weight loss with commensurate increases in serum tes-
tosterone SHBG, LH and FSH concentrations [80], and 
potentially sustained remission of T2D [81]. The effects of 
bariatric surgery on serum testosterone are substantial. In 
aforementioned metanalysis [77] bariatric surgery leading 
to a 32% reduction in body weight was associated with a 
8.73 nmol/L (251.6 ng/dl) increase in serum testosterone. Of 
note however whether increases in serum testosterone asso-
ciated with weight loss are causal mediators of the improve-
ment in androgen deficiency-like features observed in some 
obese men following weight loss remains unproven; in one 
study that longitudinally followed obese men after bariatric 
surgery, the degree of weight loss, but the not the increase 
in serum testosterone was associated with improvements in 
sexual function [82].

Pharmacotherapy.
In men with T2D weight loss induced by the Glucagon-

1-receptor agonists (GLP-1 RA) Exenatide was associated 
with an increase in serum testosterone only in men with 
lower serum testosterone concentrations at the outset [83]. 
In a 16-week clinical trial, treatment with the long acting 
GLP-1 RA Liraglutide, decreased weight, improved mark-
ers of the metabolic syndrome and increased serum testos-
terone concentrations whereas treatment with testosterone 
was without benefit [84]. Interestingly, an exploratory 
analysis of ‘The Researching Cardiovascular Events with 
a Weekly Incretin in Diabetes’ (REWIND) trial, a double-
blind, placebo-controlled randomised trial of the effect of 
dulaglutide on cardiovascular outcomes, reported that, com-
pared to placebo, dulaglutide may reduce the incidence of 

testosterone concentration at baseline was not a predictor 
of incident T2D [62]. Conversely in an earlier study, low 
baseline serum testosterone was predictive of developing 
incident metabolic syndrome over time, particularly in non-
overweight, middle-aged men, with a BMI of < 25  kg/m2 
[63]. Moreover, the predictive role of SHBG varies among 
observational studies with some [63, 64] but not all [60] 
studies reporting that low SHBG is predictive of the devel-
opment of the metabolic syndrome and/ or incident T2D.

There is now accumulating evidence that explains the 
relationship between obesity, metabolic syndrome, testos-
terone, and risk of T2D in terms of high serum testosterone 
concentrations being protective. For example, in a meta-
nalysis of 7 prospective studies (1966 to June 2005), the 
relationship between the serum testosterone concentration 
and T2D risk was linear up to a testosterone concentration 
of approximately 15.6 nmol/L (449.6ng/dL). Testoster-
one concentrations above this, up to 21 nmol/L (605.2 ng/
dL), reduced the risk of T2D 42% [65]. Subsequently pub-
lished prospective cohort data have shown that risk of T2D 
increased below a total testosterone of 16 nmol/L (461.4 ng/
dL) and decreased at concentrations above that [66]. A more 
recent metanalysis of 10 prospective case control or nested 
cohort studies published between 1996 and 2016 showed a 
38% reduction in T2D risk in men with higher serum tes-
tosterone [67]. Direct evidence is provided by the recently 
published T4DM (testosterone for the prevention of type 2 
diabetes) study (discussed in detail below) which shows that 
the effect of treatment with testosterone to prevent T2D is 
independent of the baseline serum testosterone concentra-
tion [68].

3.2  Effect of weight loss on obesity associated 
functional hypogonadism

In men with low serum testosterone attributable to obesity 
there is a linearly inverse association between decrease in 
weight and increase in serum testosterone (and SHBG) con-
centration [69].

Diet induced weight loss.
Modest diet induced weight loss (< 10%) prevents pro-

gression of prediabetes to T2D [70] and increases serum tes-
tosterone concentrations[71]. Greater magnitudes of weight 
loss induced by marked caloric restriction, for example 
using very low energy diets, may induce a remission of 
type 2 diabetes [72]. In contrast to an earlier study [73], a 
recently published meta-analysis has shown that the effects 
of weight loss induced by a hypocaloric diet, on testosterone 
and SHBG are not augmented by increased physical activity 
[74]. The nutrient composition of the diet may affect serum 
testosterone. A recently published metanalysis showed a 
significant decrease in serum testosterone concentration in 
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In testosterone as compared to placebo treated men there 
was a 40% reduction in the prevalence of T2D at two years, 
and a significant decrease in the 2 h glucose on the OGTT, 
improvement in glucose tolerance, and lower fasting glu-
cose concentration. Consistent with other studies of testos-
terone treatment [88, 89], there was no effect on HbA1c. 
While the reasons for this finding are not fully understood, 
the utility of HbA1c as a marker of the glycaemic effects of 
testosterone treatment may be confounded by the erythro-
poietic actions of testosterone. While the effects of testos-
terone on red cell survival are not known, testosterone does 
increase red blood cell counts, and an increase in red cell 
survival could possibly explain the discrepancy between 
the OGTT and HbA1c findings in T4DM, although further 
studies are needed. In T4DM, the outcome was not depen-
dent on either the screening or baseline testosterone con-
centrations. There were no differences in compliance with 
a lifestyle program between treatment groups and 70% of 
the men in each group achieved sufficient physical activity, 
which argues against an improvement in motivation with 
testosterone treatment. There was no significant difference 
in quality-of-life outcomes between the groups.

A notable outcome was that glucose tolerance at two years 
normalised in 43% of the men in the placebo group high-
lighting the efficacy of even a modest lifestyle intervention.

Testosterone treatment was also associated with ben-
eficial changes in body composition, (decreased total and 
visceral fat mass, and increased skeletal muscle mass), 
muscle strength, and sexual function. In the placebo group 
fat mass, lean body mass and muscle strength all decreased 
[68]. Testosterone also improved bone density as assessed 
by DEXA. In a sub-group of participants (n = 177) assessed 
by high resolution-peripheral quantitative computed tomog-
raphy (HR-pQCT) the predominant effect was an increase 
in cortical area and thickness with only minimal effects on 
trabecular bone accompanied by a reduction in bone remod-
elling markers [90].

There were no overall differences in serious adverse 
events between the groups. Cardiac and cerebrovascular 
safety were particularly reassuring. A similar number of 
placebo and testosterone treated men were diagnosed with 
prostate cancer over the 2 years of the study; there were 
fewer high-grade cancers in the testosterone treated men. 
There were 106 (21%) testosterone treated men who devel-
oped a haematocrit greater than 0.54%. However, only 25 
of these men had treatment withdrawn prior to the final tes-
tosterone dose [68]. It should be noted that obstructive sleep 
apnoea (OSA) did not preclude enrolment in T4DM [87]. 
Approximately 25% of men over the age of 40 years have 
moderate to severe OSA and the proportion is higher with 
increasing age and obesity [91]. Although speculative, it 
seems likely that the relatively high frequency of increased 

moderate or severe erectile dysfunction in men with T2D 
[85]. It is unclear whether these sexual benefits were a direct 
effect of the GLP-1 RA. Serum testosterone concentrations 
were not reported in this study. Weight loss has been shown 
to improved erectile function [86]. Of note, in contrast to 
testosterone treatment (see Sect. 3.3below), GLP-1RA have 
proven cardiorenal benefits in men with T2D.

3.3  Is there a role for treatment with testosterone?

The T4DM study, a randomised double-blind placebo-con-
trolled study, aimed to determine whether 2 years treatment 
with testosterone prevented T2D in men with obesity-asso-
ciated functional hypogonadism. The study enrolled 1007 
men aged between 50 and 74 years, with waist circumfer-
ence over 94 cm, either impaired glucose tolerance or newly 
diagnosed T2D (20% of the total enrolled) established by an 
oral glucose tolerance test (OGTT) and a morning fasting 
serum testosterone of less than or equal to 14 nmol/L (403.5 
ng/dL) as established by a platform chemiluminescent 
assay. All participants with serum testosterone < 8 nmol/L 
(230.5ng/dL) were assessed by an endocrinologist to 
exclude the presence of pathological hypogonadism, which 
if present was treated and excluded them from participation. 
Enrolled participants were randomised to 3 monthly intra-
muscular injections of 1000 mg of testosterone undecano-
ate or placebo on a one-to-one basis. All participants were 
enrolled in a WW (formerly Weight Watchers) program. At 
baseline and prior to each subsequent testosterone injection 
blood was drawn for the subsequent analysis of serum tes-
tosterone by LCMS. The primary endpoint was the propor-
tion of participants with T2D at two years, assessed by oral 
glucose tolerance test (OGTT), representing either those 
who progressed from impaired glucose tolerance to T2D 
or those with newly diagnosed T2D who failed to regress 
[87]. OGTT-based measures (2-h glucose ≥ 11.1 mmol/L 
(199.8 mg/dL) and the mean change in the 2-h glucose on 
OGTT at 2 years compared with baseline) were chosen as 
the two co-primary outcomes as OGTT has better sensitivity 
and specificity for diagnosing T2D compared with fasting 
glucose and HbA1c, and represented a gold standard test as 
used in the Diabetes Prevention Program (DPP) [70]. It was 
also anticipated that testosterone would have an indepen-
dent effect on HbA1c (see below).

Although there was an overall correlation between tes-
tosterone measurements obtained on baseline samples by 
LCMS and the screening chemiluminescent assay (CLIA), 
there was considerable variation among individuals. The 
spread of values on LCMS was 4 to 30nmol/L (115–864 
ng/dL), and approximately 43% of participants had a base-
line testosterone over 14nmol/L (493ng/dL) as measured by 
LCMS (unpublished data).
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predominantly (but not entirely) mediated by decreased fat 
mass [68]. Ongoing analyses from this study may provide 
further clarification as to the mechanisms by which testos-
terone produces beneficial effects on glucose metabolism.

3.5  Implications for practice

	● Low serum testosterone concentrations with increas-
ing age are predominantly the consequence of obesity 
associated chronic disease, opioid use, and modifiable 
health-related behaviours.

	● The aim of clinical assessment must be to exclude the 
presence of pathological hypogonadism, identify and 
effectively manage co-morbid physical and psycho-
logical chronic conditions and provide education and 
support to optimise health-related behaviours. Such 
measures have been shown to treat or prevent chronic 
disease, increase serum testosterone concentration, and 
improve sexual function.

	● Treatment with testosterone in combination with a life-
style program in centrally obese men with impaired glu-
cose tolerance or newly diagnosed T2D can decrease fat 
mass, improve glucose tolerance, and prevent or reverse 
recently diagnosed type 2 diabetes.

	● The durability of benefit and longer-term safety of tes-
tosterone used as a pharmacological approach for T2D 
prevention in men with obesity-associated functional 
hypogonadism, and whether there are subgroups of men 
who will benefit, remain to be determined.

	● It is not known whether the testosterone induced increase 
in bone and skeletal muscle mass and grip strength will 
reduce the risks of subsequent fracture or frailty.
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haematocrit in this population of testosterone treated men is 
attributable to underlying untreated OSA.

In contrast to the benefits of testosterone treatment 
observed in the T4DM study, a recent 12-week trial showed 
that over weeks, exercise but not testosterone had a ben-
efit on vascular function and health [92]. As discussed else-
where in this issue, the long-term effects of testosterone 
treatment on cardiovascular health remain uncertain, due to 
the current lack of availability of dedicated cardiovascular 
outcome trials powered for clinical cardiovascular events.

3.4  Mechanism of effect of testosterone on glucose 
metabolism

Glucose tolerance depends on the interplay between cellular 
mechanisms of glucose uptake and utilisation and insulin 
production by pancreatic beta cells.

There is some evidence to show that testosterone 
increases glucose stimulated insulin secretion from human 
cadaveric islets [93], a process dependent on the presence of 
5 alpha reductase and possibly aromatase in pancreatic beta 
cells [94]. However, there are no data to show that acute 
or short-term administration of testosterone to hypogonadal 
men increases glucose dependent insulin production.

The potential effects of testosterone on insulin signalling 
and glucose utilisation have recently been reviewed [95]. 
In adipose tissue testosterone increases insulin receptor β 
subunit, insulin receptor substrate-1, protein kinase B and 
glucose transporter type 4 expression. In skeletal muscle 
testosterone increases adenosine 50-monophosphate-acti-
vated protein kinase expression and activity. Testosterone 
treatment also decreases markers of inflammation linked 
and free fatty acids linked to inhibition of insulin signalling 
[95].

In men with functional hypogonadism and type 2 diabe-
tes, topical testosterone treatment for 24 weeks, but not 3 
weeks, improved insulin sensitivity an effect associated with 
a decrease in adipose tissue mass. Free fatty acids decreased 
from 15 weeks, but any effect on insulin sensitivity could 
not be disentangled from the change in body composition 
[96]. Treatment of men with prediabetes [97] or type 2 dia-
betes [98] and functional hypogonadism with 3 monthly 
intramuscular testosterone undecanoate injections shows a 
cumulative time dependent effect to decrease waist circum-
ference and other anthropometric obesity indices paralleled 
by progressive improvements in glucose tolerance.

Taken together these data suggest that the mechanism by 
which testosterone treatment improves glucose metabolism 
in men is dependent on favourable changes in body com-
position. In accordance with this, a preliminary mediation 
analysis of data from the T4DM study suggests that the ben-
eficial effects of testosterone on glucose metabolism in was 

1 3



Reviews in Endocrine and Metabolic Disorders

14.	 Clarke BM, Vincent AD, Martin S, Adams R, Appleton S, Vakulin 
A, et al. Obstructive sleep apnea is not an independent determi-
nant of testosterone in men. Eur J Endocrinol. 2020;183(1):31–9.

15.	 Knapp A, Myhill PC, Davis WA, Peters KE, Hillman D, Hamilton 
EJ, et al. Effect of continuous positive airway pressure therapy 
on sexual function and serum testosterone in males with type 2 
diabetes and obstructive sleep apnoea. Clin Endocrinol (Oxf). 
2014;81(2):254–8.

16.	 Liu PY. A Clinical Perspective of Sleep and Andrological Health: 
Assessment, Treatment Considerations, and Future Research. J 
Clin Endocrinol Metab. 2019;104(10):4398–417.

17.	 Tyrrell J, Mulugeta A, Wood AR, Zhou A, Beaumont RN, Tuke 
MA, et al. Using genetics to understand the causal influence of 
higher BMI on depression. Int J Epidemiol. 2019;48(3):834–48.

18.	 Speed MS, Jefsen OH, Børglum AD, Speed D, Østergaard SD. 
Investigating the association between body fat and depres-
sion via Mendelian randomization. Translational Psychiatry. 
2019;9(1):184.

19.	 Westley CJ, Amdur RL, Irwig MS. High Rates of Depression and 
Depressive Symptoms among Men Referred for Borderline Tes-
tosterone Levels. J Sex Med. 2015;12(8):1753–60.

20.	 Rodgers S, Grosse Holtforth M, Hengartner MP, Muller M, Alek-
sandrowicz AA, Rossler W, et al. Serum testosterone levels and 
symptom-based depression subtypes in men. Front Psychiatry. 
2015;6:61.

21.	 Hosick PA, Matthews EL, Leigh S. Cardiorespiratory fitness and 
the relationship between body fat and resting testosterone in men. 
Arch Physiol Biochem. 2020;126(1):61–6.

22.	 Abbasihormozi SH, Babapour V, Kouhkan A, Niasari Naslji A, 
Afraz K, Zolfaghary Z, et al. Stress Hormone and Oxidative 
Stress Biomarkers Link Obesity and Diabetes with Reduced Fer-
tility Potential. Cell J. 2019;21(3):307–13.

23.	 Yeap BB, Marriott RJ, Antonio L, Bhasin S, Dobs AS, Dwivedi 
G, et al. Sociodemographic, lifestyle and medical influences on 
serum testosterone and sex hormone-binding globulin in men 
from UK Biobank. Clin Endocrinol (Oxf). 2021;94(2):290–302.

24.	 Duca Y, Aversa A, Condorelli RA, Calogero AE, La Vignera 
S. Substance Abuse and Male Hypogonadism. J Clin Med. 
2019;8(5).

25.	 Wehbeh L, Dobs AS. Opioids and the Hypothalamic-Pituitary-
Gonadal (HPG) Axis. J Clin Endocrinol Metab. 2020;105(9).

26.	 Schooling CM, Au Yeung SL, Freeman G, Cowling BJ. The effect 
of statins on testosterone in men and women, a systematic review 
and meta-analysis of randomized controlled trials. BMC Med. 
2013;11:57.

27.	 Pearce KL, Tremellen K. The Effect of Macronutrients on Repro-
ductive Hormones in Overweight and Obese Men: A Pilot Study. 
Nutrients. 2019;11(12).

28.	 Van de Velde F, Reyns T, Toye K, Fiers T, Kaufman JM, T’Sjoen 
G, et al. The effects of age and obesity on postprandial dynam-
ics of serum testosterone levels in men. Clin Endocrinol (Oxf). 
2020;92(3):214–21.

29.	 Navarro VM. Metabolic regulation of kisspeptin - the link 
between energy balance and reproduction. Nat Rev Endocrinol. 
2020;16(8):407–20.

30.	 Zhai L, Zhao J, Zhu Y, Liu Q, Niu W, Liu C, et al. Downregula-
tion of leptin receptor and kisspeptin/GPR54 in the murine hypo-
thalamus contributes to male hypogonadism caused by high-fat 
diet-induced obesity. Endocrine. 2018;62(1):195–206.

31.	 Tremellen K, McPhee N, Pearce K, Benson S, Schedlowski M, 
Engler H. Endotoxin-initiated inflammation reduces testosterone 
production in men of reproductive age. Am J Physiol Endocrinol 
Metab. 2018;314(3):E206-E13.

32.	 Ebrahimi F, Urwyler SA, Straumann S, Doerpfeld S, Bernasconi 
L, Neyer P, et al. IL-1 Antagonism in Men With Metabolic 

adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1.	 Uchida A, Bribiescas RG, Ellison PT, Kanamori M, Ando J, 
Hirose N, et al. Age related variation of salivary testosterone val-
ues in healthy Japanese males. Aging Male. 2006;9(4):207–13.

2.	 Bribiescas RG, Hill KR. Circadian variation in salivary testos-
terone across age classes in Ache Amerindian males of Paraguay. 
Am J Hum Biol. 2010;22(2):216–20.

3.	 Sartorius G, Spasevska S, Idan A, Turner L, Forbes E, Zamojska 
A, et al. Serum testosterone, dihydrotestosterone and estradiol 
concentrations in older men self-reporting very good health: the 
healthy man study. Clin Endocrinol (Oxf). 2012;77(5):755–63.

4.	 Shi Z, Araujo AB, Martin S, O’Loughlin P, Wittert GA. Longi-
tudinal changes in testosterone over five years in community-
dwelling men. J Clin Endocrinol Metab. 2013;98(8):3289–97.

5.	 Camacho EM, Huhtaniemi IT, O’Neill TW, Finn JD, Pye 
SR, Lee DM, et al. Age-associated changes in hypothalamic-
pituitary-testicular function in middle-aged and older men are 
modified by weight change and lifestyle factors: longitudinal 
results from the European Male Ageing Study. Eur J Endocrinol. 
2013;168(3):445–55.

6.	 Wu FC, Tajar A, Beynon JM, Pye SR, Silman AJ, Finn JD, et 
al. Identification of late-onset hypogonadism in middle-aged and 
elderly men. N Engl J Med. 2010;363(2):123–35.

7.	 van Hulsteijn LT, Pasquali R, Casanueva F, Haluzik M, Ledoux 
S, Monteiro MP, et al. Prevalence of endocrine disorders in obese 
patients: systematic review and meta-analysis. Eur J Endocrinol. 
2020;182(1):11–21.

8.	 Eriksson J, Haring R, Grarup N, Vandenput L, Wallaschofski H, 
Lorentzen E, et al. Causal relationship between obesity and serum 
testosterone status in men: A bi-directional mendelian randomiza-
tion analysis. PLoS ONE. 2017;12(4):e0176277.

9.	 Ross R, Neeland IJ, Yamashita S, Shai I, Seidell J, Magni P, et al. 
Waist circumference as a vital sign in clinical practice: a Consen-
sus Statement from the IAS and ICCR Working Group on Vis-
ceral Obesity. Nat Reviews Endocrinol. 2020;16(3):177–89.

10.	 Gleicher S, Daugherty M, Ferry E, Byler T. Looking beyond 
hypogonadism: association between low testosterone and meta-
bolic syndrome in men 20–59 years. Int Urol Nephrol. 2020.

11.	 Zhou L, Han L, Liu M, Lu J, Pan S. Impact of metabolic syndrome 
on sex hormones and reproductive function: a meta-analysis of 
2923 cases and 14062 controls. Aging. 2020;13(2):1962–71.

12.	 Kim M, Kyung YS, Ahn TY. Cross-Sectional Association of Met-
abolic Syndrome and Its Components with Serum Testosterone 
Levels in a Korean-Screened Population. World J Mens Health. 
2020;38(1):85–94.

13.	 Giagulli VA, Castellana M, Carbone MD, Pelusi C, Ramunni MI, 
De Pergola G, et al. Weight loss more than glycemic control may 
improve testosterone in obese type 2 diabetes mellitus men with 
hypogonadism. Andrology. 2020;8(3):654–62.

1 3

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Reviews in Endocrine and Metabolic Disorders

with lower testosterone level in obese mice. Mol Reprod Dev. 
2020;87(2):241–50.

50.	 Kurniawan AL, Lee YC, Shih CK, Hsieh RH, Chen SH, Chang 
JS. Alteration in iron efflux affects male sex hormone testoster-
one biosynthesis in a diet-induced obese rat model. Food Funct. 
2019;10(7):4113–23.

51.	 Chen SH, Yuan KC, Lee YC, Shih CK, Tseng SH, Tinkov AA, et 
al. Iron and Advanced Glycation End Products: Emerging Role 
of Iron in Androgen Deficiency in Obesity. Antioxidants (Basel). 
2020;9(3).

52.	 Xu X, Wang L, Luo D, Zhang M, Chen S, Wang Y, et al. Effect 
of Testosterone Synthesis and Conversion on Serum Testosterone 
Levels in Obese Men. Horm Metab Res. 2018;50(9):661–70.

53.	 Caprio M, Isidori AM, Carta AR, Moretti C, Dufau ML, Fabbri A. 
Expression of functional leptin receptors in rodent Leydig cells. 
Endocrinology. 1999;140(11):4939–47.

54.	 Tena-Sempere M, Pinilla L, Gonzalez LC, Dieguez C, Casanueva 
FF, Aguilar E. Leptin inhibits testosterone secretion from adult rat 
testis in vitro. J Endocrinol. 1999;161(2):211–8.

55.	 Isidori AM, Caprio M, Strollo F, Moretti C, Frajese G, Isidori 
A, et al. Leptin and androgens in male obesity: evidence for 
leptin contribution to reduced androgen levels. J Clin Endocrinol 
Metab. 1999;84(10):3673–80.

56.	 Di Nisio A, Sabovic I, De Toni L, Rocca MS, Dall’Acqua S, 
Azzena B, et al. Testosterone is sequestered in dysfunctional 
adipose tissue, modifying androgen-responsive genes. Int J Obes 
(Lond). 2020;44(7):1617–25.

57.	 Simo R, Saez-Lopez C, Barbosa-Desongles A, Hernandez C, 
Selva DM. Novel insights in SHBG regulation and clinical impli-
cations. Trends Endocrinol Metab. 2015;26(7):376–83.

58.	 Selva DM, Hogeveen KN, Innis SM, Hammond GL. Monosac-
charide-induced lipogenesis regulates the human hepatic sex hor-
mone-binding globulin gene. J Clin Invest. 2007;117(12):3979–87.

59.	 Gyawali P, Martin SA, Heilbronn LK, Vincent AD, Jenkins AJ, 
Januszewski AS, et al. Cross-sectional and longitudinal determi-
nants of serum sex hormone binding globulin (SHBG) in a cohort 
of community-dwelling men. PLoS ONE. 2018;13(7):e0200078.

60.	 Gyawali P, Martin SA, Heilbronn LK, Vincent AD, Taylor AW, 
Adams RJT, et al. The role of sex hormone-binding globulin 
(SHBG), testosterone, and other sex steroids, on the development 
of type 2 diabetes in a cohort of community-dwelling middle-
aged to elderly men. Acta Diabetol. 2018;55(8):861–72.

61.	 The Endocrine Society’s 93nd Annual Meeting and 
Expo, June 4–7, 2011 – Boston. Endocrine Reviews. 
2011;32(Supplement):1-3095.

62.	 Chen RY, Wittert GA, Andrews GR. Relative androgen deficiency 
in relation to obesity and metabolic status in older men. Diabetes 
Obes Metab. 2006;8(4):429–35.

63.	 Kupelian V, Page ST, Araujo AB, Travison TG, Bremner WJ, 
McKinlay JB. Low sex hormone-binding globulin, total testos-
terone, and symptomatic androgen deficiency are associated with 
development of the metabolic syndrome in nonobese men. J Clin 
Endocrinol Metab. 2006;91(3):843–50.

64.	 Laaksonen DE, Niskanen L, Punnonen K, Nyyssonen K, Tuo-
mainen TP, Valkonen VP, et al. Testosterone and sex hormone-
binding globulin predict the metabolic syndrome and diabetes in 
middle-aged men. Diabetes Care. 2004;27(5):1036–41.

65.	 Ding EL, Song Y, Malik VS, Liu S. Sex differences of endog-
enous sex hormones and risk of type 2 diabetes: a systematic 
review and meta-analysis. JAMA. 2006;295(11):1288–99.

66.	 Atlantis E, Fahey P, Martin S, O’Loughlin P, Taylor AW, Adams 
RJ, et al. Predictive value of serum testosterone for type 2 diabe-
tes risk assessment in men. BMC Endocr Disord. 2016;16(1):26.

67.	 Yao QM, Wang B, An XF, Zhang JA, Ding L. Testosterone level 
and risk of type 2 diabetes in men: a systematic review and meta-
analysis. Endocr Connect. 2018;7(1):220–31.

Syndrome and Low Testosterone: A Randomized Clinical Trial. 
J Clin Endocrinol Metab. 2018;103(9):3466–76.

33.	 Veldhuis J, Yang R, Roelfsema F, Takahashi P. Proinflammatory 
Cytokine Infusion Attenuates LH’s Feedforward on Testoster-
one Secretion: Modulation by Age. J Clin Endocrinol Metab. 
2016;101(2):539–49.

34.	 Bruun JM, Verdich C, Toubro S, Astrup A, Richelsen B. Asso-
ciation between measures of insulin sensitivity and circulating 
levels of interleukin-8, interleukin-6 and tumor necrosis factor-
alpha. Effect of weight loss in obese men. Eur J Endocrinol. 
2003;148(5):535–42.

35.	 Corpeleijn E, Saris WH, Jansen EH, Roekaerts PM, Feskens EJ, 
Blaak EE. Postprandial interleukin-6 release from skeletal muscle 
in men with impaired glucose tolerance can be reduced by weight 
loss. J Clin Endocrinol Metab. 2005;90(10):5819–24.

36.	 Thaler JP, Yi CX, Schur EA, Guyenet SJ, Hwang BH, Dietrich 
MO, et al. Obesity is associated with hypothalamic injury in 
rodents and humans. J Clin Invest. 2012;122(1):153–62.

37.	 Berkseth KE, Rubinow KB, Melhorn SJ, Webb MF, Rosalynn 
BDLM, Marck BT, et al. Hypothalamic Gliosis by MRI and 
Visceral Fat Mass Negatively Correlate with Plasma Testos-
terone Concentrations in Healthy Men. Obes (Silver Spring). 
2018;26(12):1898–904.

38.	 Schneider G, Kirschner MA, Berkowitz R, Ertel NH. Increased 
estrogen production in obese men. J Clin Endocrinol Metab. 
1979;48(4):633–8.

39.	 Huhtaniemi IT, Tajar A, Lee DM, O’Neill TW, Finn JD, Bartfai 
G, et al. Comparison of serum testosterone and estradiol measure-
ments in 3174 European men using platform immunoassay and 
mass spectrometry; relevance for the diagnostics in aging men. 
Eur J Endocrinol. 2012;166(6):983–91.

40.	 Dhindsa S, Furlanetto R, Vora M, Ghanim H, Chaudhuri A, Dan-
dona P. Low estradiol concentrations in men with subnormal 
testosterone concentrations and type 2 diabetes. Diabetes Care. 
2011;34(8):1854–9.

41.	 Ghanim H, Dhindsa S, Abuaysheh S, Batra M, Kuhadiya ND, 
Makdissi A, et al. Diminished androgen and estrogen receptors 
and aromatase levels in hypogonadal diabetic men: reversal with 
testosterone. Eur J Endocrinol. 2018;178(3):277–83.

42.	 Finkelstein JS, Lee H, Burnett-Bowie SA, Pallais JC, Yu EW, 
Borges LF, et al. Gonadal steroids and body composition, strength, 
and sexual function in men. N Engl J Med. 2013;369(11):1011–22.

43.	 Zumoff B, Miller LK, Strain GW. Reversal of the hypogonado-
tropic hypogonadism of obese men by administration of the aro-
matase inhibitor testolactone. Metabolism. 2003;52(9):1126–8.

44.	 Kim ED, McCullough A, Kaminetsky J. Oral enclomiphene 
citrate raises testosterone and preserves sperm counts in obese 
hypogonadal men, unlike topical testosterone: restoration instead 
of replacement. BJU Int. 2016;117(4):677–85.

45.	 Tenover JS, Bremner WJ. The effects of normal aging on the 
response of the pituitary-gonadal axis to chronic clomiphene 
administration in men. J Androl. 1991;12(4):258–63.

46.	 Jing J, Ding N, Wang D, Ge X, Ma J, Ma R, et al. Oxidized-
LDL inhibits testosterone biosynthesis by affecting mitochondrial 
function and the p38 MAPK/COX-2 signaling pathway in Leydig 
cells. Cell Death Dis. 2020;11(8):626.

47.	 Suleiman JB, Nna VU, Othman ZA, Zakaria Z, Bakar ABA, 
Mohamed M. Orlistat attenuates obesity-induced decline in ste-
roidogenesis and spermatogenesis by up-regulating steroidogenic 
genes. Andrology. 2020;8(5):1471–85.

48.	 Linna MS, Ahotupa M, Irjala K, Pollanen P, Huhtaniemi I, 
Makinen J, et al. Smoking and low serum testosterone asso-
ciates with high concentration of oxidized LDL. Ann Med. 
2008;40(8):634–40.

49.	 Yang X, Zhao Y, Sun Q, Yang Y, Gao Y, Ge W, et al. Adenosine 
accumulation causes metabolic disorders in testes and associates 

1 3



Reviews in Endocrine and Metabolic Disorders

84.	 Jensterle M, Podbregar A, Goricar K, Gregoric N, Janez A. 
Effects of liraglutide on obesity-associated functional hypogo-
nadism in men. Endocr Connect. 2019;8(3):195–202.

85.	 Bajaj HS, Gerstein HC, Rao-Melacini P, Basile J, Colhoun H, 
Conget I, et al. Erectile function in men with type 2 diabetes 
treated with dulaglutide: an exploratory analysis of the REWIND 
placebo-controlled randomised trial. The lancet Diabetes & endo-
crinology. 2021;9(8):484–90.

86.	 Rowland DL, McNabney SM, Mann AR. Sexual Function, 
Obesity, and Weight Loss in Men and Women. Sex Med Rev. 
2017;5(3):323–38.

87.	 Wittert G, Atlantis E, Allan C, Bracken K, Conway A, Daniel 
M, et al. Testosterone therapy to prevent type 2 diabetes mel-
litus in at-risk men (T4DM): Design and implementation of a 
double-blind randomized controlled trial. Diabetes Obes Metab. 
2019;21(4):772–80.

88.	 Fukui M, Tanaka M, Hasegawa G, Yoshikawa T, Nakamura N. 
Association between serum bioavailable testosterone concentra-
tion and the ratio of glycated albumin to glycated hemoglobin in 
men with type 2 diabetes. Diabetes Care. 2008;31(3):397–401.

89.	 Grossmann M, Hoermann R, Wittert G, Yeap BB. Effects of tes-
tosterone treatment on glucose metabolism and symptoms in men 
with type 2 diabetes and the metabolic syndrome: a systematic 
review and meta-analysis of randomized controlled clinical trials. 
Clin Endocrinol (Oxf). 2015;83(3):344–51.

90.	 Ng Tang Fui M, Hoermann R, Bracken K, Handelsman DJ, Inder 
WJ, Stuckey BGA, et al. Effect of Testosterone Treatment on 
Bone Microarchitecture and Bone Mineral Density in Men: A 
2-Year RCT. J Clin Endocrinol Metab. 2021;106(8):e3143-e58.

91.	 Adams R, Appleton S, Taylor A, McEvoy D, Wittert G. Are the 
ICSD-3 criteria for sleep apnoea syndrome too inclusive? Lancet 
Respir Med. 2016;4(5):e19–20.

92.	 Chasland LC, Naylor LH, Yeap BB, Maiorana AJ, Green DJ. Tes-
tosterone and Exercise in Middle-to-Older Aged Men: Combined 
and Independent Effects on Vascular Function. Hypertension. 
2021;77(4):1095–105.

93.	 Xu W, Morford J, Mauvais-Jarvis F. Emerging role of testoster-
one in pancreatic beta-cell function and insulin secretion. J Endo-
crinol. 2019.

94.	 Xu W, Schiffer L, Qadir MMF, Zhang Y, Hawley J, Mota De 
Sa P, et al. Intracrine Testosterone Activation in Human Pan-
creatic beta-Cells Stimulates Insulin Secretion. Diabetes. 
2020;69(11):2392–9.

95.	 Dandona P, Dhindsa S, Ghanim H, Saad F. Mechanisms underly-
ing the metabolic actions of testosterone in humans: A narrative 
review. Diabetes Obes Metab. 2021;23(1):18–28.

96.	 Dhindsa S, Ghanim H, Batra M, Kuhadiya ND, Abuaysheh S, 
Sandhu S, et al. Insulin Resistance and Inflammation in Hypogo-
nadotropic Hypogonadism and Their Reduction After Testoster-
one Replacement in Men With Type 2 Diabetes. Diabetes Care. 
2016;39(1):82–91.

97.	 Yassin A, Haider A, Haider KS, Caliber M, Doros G, Saad F, et al. 
Testosterone Therapy in Men With Hypogonadism Prevents Pro-
gression From Prediabetes to Type 2 Diabetes: Eight-Year Data 
From a Registry Study. Diabetes Care. 2019;42(6):1104–11.

98.	 Haider KS, Haider A, Saad F, Doros G, Hanefeld M, Dhindsa S, 
et al. Remission of type 2 diabetes following long-term treatment 
with injectable testosterone undecanoate in patients with hypogo-
nadism and type 2 diabetes: 11-year data from a real-world regis-
try study. Diabetes Obes Metab. 2020;22(11):2055–68.

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

68.	 Wittert G, Bracken K, Robledo KP, Grossmann M, Yeap BB, 
Handelsman DJ, et al. Testosterone treatment to prevent or revert 
type 2 diabetes in men enrolled in a lifestyle programme (T4DM): 
a randomised, double-blind, placebo-controlled, 2-year, phase 3b 
trial. The lancet Diabetes & endocrinology. 2021;9(1):32–45.

69.	 Grossmann M. Low testosterone in men with type 2 diabe-
tes: significance and treatment. J Clin Endocrinol Metab. 
2011;96(8):2341–53.

70.	 Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin 
JM, Walker EA, et al. Reduction in the incidence of type 2 dia-
betes with lifestyle intervention or metformin. N Engl J Med. 
2002;346(6):393–403.

71.	 Khoo J, Piantadosi C, Worthley S, Wittert GA. Effects of a low-
energy diet on sexual function and lower urinary tract symptoms 
in obese men. Int J Obes (Lond). 2010;34(9):1396–403.

72.	 Lean ME, Leslie WS, Barnes AC, Brosnahan N, Thom G, 
McCombie L, et al. Primary care-led weight management for 
remission of type 2 diabetes (DiRECT): an open-label, cluster-
randomised trial. Lancet. 2018;391(10120):541–51.

73.	 Kumagai H, Zempo-Miyaki A, Yoshikawa T, Tsujimoto T, Tanaka 
K, Maeda S. Increased physical activity has a greater effect than 
reduced energy intake on lifestyle modification-induced increases 
in testosterone. J Clin Biochem Nutr. 2016;58(1):84–9.

74.	 Mohseni-Takalloo S, Beigrezaei S, Yazdanpanah Z, Rajaie SH, 
Soltani S, Zohrabi T, et al. Does exercise beneficially affect sex 
hormones when added to hypo-caloric diets in adults with over-
weight or obesity? A systematic review and meta-analysis of con-
trolled clinical trials. Eur J Endocrinol. 2022;186(2):285–95.

75.	 Whittaker J, Harris M. Low-carbohydrate diets and men’s corti-
sol and testosterone: Systematic review and meta-analysis. Nutr 
Health. 2022:2601060221083079.

76.	 Moran LJ, Brinkworth GD, Martin S, Wycherley TP, Stuckey B, 
Lutze J, et al. Long-Term Effects of a Randomised Controlled 
Trial Comparing High Protein or High Carbohydrate Weight Loss 
Diets on Testosterone, SHBG, Erectile and Urinary Function in 
Overweight and Obese Men. PLoS ONE. 2016;11(9):e0161297.

77.	 Corona G, Rastrelli G, Monami M, Saad F, Luconi M, Lucchese 
M, et al. Body weight loss reverts obesity-associated hypogonad-
otropic hypogonadism: a systematic review and meta-analysis. 
Eur J Endocrinol. 2013;168(6):829–43.

78.	 Dhindsa S, Prabhakar S, Sethi M, Bandyopadhyay A, Chaud-
huri A, Dandona P. Frequent occurrence of hypogonadotropic 
hypogonadism in type 2 diabetes. J Clin Endocrinol Metab. 
2004;89(11):5462–8.

79.	 Grossmann M, Thomas MC, Panagiotopoulos S, Sharpe K, 
Macisaac RJ, Clarke S, et al. Low testosterone levels are com-
mon and associated with insulin resistance in men with diabetes. 
J Clin Endocrinol Metab. 2008;93(5):1834–40.

80.	 Emami MR, Safabakhsh M, Khorshidi M, Moradi Moghaddam 
O, Mohammed SH, Zarezadeh M, et al. Effect of bariatric surgery 
on endogenous sex hormones and sex hormone-binding globulin 
levels: a systematic review and meta-analysis. Surg Obes Relat 
Dis. 2021;17(9):1621–36.

81.	 Chumakova-Orin M, Vanetta C, Moris DP, Guerron AD. Dia-
betes remission after bariatric surgery. World J Diabetes. 
2021;12(7):1093–101.

82.	 Mora M, Aranda GB, de Hollanda A, Flores L, Puig-Domingo M, 
Vidal J. Weight loss is a major contributor to improved sexual func-
tion after bariatric surgery. Surg Endosc. 2013;27(9):3197–204.

83.	 Graybill S, Hatfield J, Kravchenko M, Beckman D, Tate J, Beau-
vais A, et al. Neutral effect of exenatide on serum testosterone in 
men with type 2 diabetes mellitus: A prospective cohort. Androl-
ogy. 2021;9(3):792–800.

1 3


	﻿Obesity, type 2 diabetes, and testosterone in ageing men
	﻿Abstract
	﻿1﻿ ﻿Ageing and the hypothalamo-pituitary testicular (HPT) axis
	﻿2﻿ ﻿Obesity and obesity related chronic disorders and the HPT axis
	﻿2.1﻿ ﻿Obesity
	﻿2.2﻿ ﻿Obesity related chronic disorders
	﻿2.3﻿ ﻿Health-related behaviours
	﻿2.4﻿ ﻿Medications
	﻿2.5﻿ ﻿Macronutrient intake
	﻿2.6﻿ ﻿Mechanisms of obesity related HPT axis dysregulation
	﻿2.6.1﻿ ﻿Central mechanisms
	﻿﻿2.6.1.1﻿ ﻿Leptin
	﻿2.6.1.2﻿ ﻿Pro-inflammatory cytokines
	﻿2.6.1.3﻿ ﻿Hypothalamic gliosis
	﻿2.6.1.4﻿ ﻿Oestradiol



	﻿2.6.2﻿ ﻿Peripheral mechanisms
	﻿3﻿ ﻿Clinical implications
	﻿3.1﻿ ﻿Serum testosterone and type 2 diabetes risk
	﻿3.2﻿ ﻿Effect of weight loss on obesity associated functional hypogonadism
	﻿﻿3.3﻿ ﻿Is there a role for treatment with testosterone?
	﻿3.4﻿ ﻿Mechanism of effect of testosterone on glucose metabolism
	﻿3.5﻿ ﻿Implications for practice

	﻿References


