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Abstract

Background: Obesity and dysglycemia (comprising insulin resistance, the metabolic
syndrome and type 2 diabetes), i.e. diabesity, are associated with reduced circulating
testosterofie'and;in some men, clinical features consistent with androgen deficiency.
Objective: To review the metabolic impact of late onset hypogonadism (LOH).

Methods: Comprehensive literature search with emphasis on recent publications.

Results: Obesity is one of the strongest modifiable risk factors for LOH, and coexisting
diabetes leads to, further hypothalamic-pituitary-testicular (HPT) axis suppression. The HPT
axis suppressionds functional and hence potentially reversible, and occurs predominantly at
the level of'theé hypothalamus. While definitive mechanistic data are lacking, the evidence
suggests that HPT axis suppression is mediated by dysregulation of pro-inflammatory
cytokines leading to hypothalamic inflammation. Dysregulation of central leptin and insulin
signalling may also contribute. In contrast, recent data challenge the paradigm that estradiol
excess is a'major contributor to HPT axis suppression. Instead relative estradiol signalling
deficiency mayweontribute to metabolic dysregulation in men with diabesity. While weight
loss and optimisation of comorbidities can reverse functional HPT axis suppression,
testosterone treatment leads to metabolically favourable changes in body composition, and to
improvements.n insulin resistance.

Discussion: The relationship between diabesity and LOH is bi-directional. Preliminary
evidence suggests that, in carefully selected men, lifestyle measures and testosterone
treatment may have additive effects.

Conclusions: While recent research has provided new insights into mechanistic and clinical
aspects of diabesity-associated LOH, more evidence from well-designed large trials is needed

to guide the optimal clinical approach to such men.

Introduction

In this reviewgwe will provide an update on the metabolic impact of late onset hypogonadism
(LOH). Given several recent comprehensive reviews in this area (Dhindsa, et al., 2018,
Gianatti and Gressmann, 2019, Grossmann, 2018, Rastrelli, et al., 2018), we will highlight
recent progress focusing predominantly on relevant work published from 2016 onwards. In
particular we will focus on the interactions between the hypothalamic-pituitary-testicular
(HPT) axis and obesity and dysglycemia (comprising insulin resistance, the metabolic

syndrome and type 2 diabetes (T2DM)). Of note, LOH can be subdivided, based on
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biochemistry, into primary, secondary and compensated forms. While age-related HPT axis
changes manifest predominantly as primary and compensated forms, LOH related to
diabesity usually presents as the secondary (central) form (Kaufman, et al., 2019). However,
metabolic disease may interact with, and modify the clinical presentation of all three forms of
LOH. With wespect to nomenclature and definitions, we will use ‘diabesity’ to denote the
coexistence of obesity and dysglycemia, ‘low testosterone’ to denote endogenous testosterone
concentrations below the reference range derived for healthy young men, ‘biochemical
hypogonadism’ to denote low testosterone without reference to symptoms, and ‘LOH’ to
denote low _testosterone associated with androgen deficiency-like symptoms, noting that
causality is'not always certain and that sexual symptoms are the most specific (Wu, et al.,
2010). Howeyer,, chronic disease can have a significant impact on sexual symptoms
independent of serum testosterone (Rastrelli, et al., 2019). We use ‘functional hypogonadism’
to denote a diagnosis of exclusion, defined as biochemical and/or clinical evidence of
androgen deficiency in the absence of clear-cut organic HPT axis pathology (i.e. the absence
of classical‘organic hypogonadism due to established medical disease of the HPT axis). We
will considergepidemiologic, and mechanistic (both preclinical and in humans) studies, as
well as clinical trials. The material covered in this review is based on multiple PubMed

29 (13 2 (134

searches using the search terms “testosterone”, “estradiol”, “obesity”, “diabetes”, “insulin

b1

resistance”, “metabolic syndrome”, and “late onset hypogonadism” to June 2019.

Associations of testosterone with diabesity in observational studies

Obesity is arguably the single most important and strongest risk factor for biochemical
hypogonadism (usually hypogonadotropic, see below) and LOH. In the European Male
Ageing Study (EMAS), obese men (body mass index (BMI) >30 kg/m?) had a 30% lower
testosterone,concentration (measured by liquid chromatography/mass spectrometry (LCMYS)),
a reduction equiValent to almost 3 decades of aging, and a 13-fold increase in LOH
prevalence 'eompared to men with a BMI of <25 kg/m? (Wu, et al., 2010). In the presence of
obesity, types2=diabetes (T2DM) is associated with an additional reduction in testosterone,
although this'reduction is comparatively modest; in one large study in obese men, those with
diabetes had 0.8 nmol/L lower total testosterone concentration (by LCMS) compared to
obese men without diabetes (Dhindsa, et al., 2010). Indeed in the most recent meta-analysis,
the relative reduction of total testosterone concentrations attributable to T2DM (irrespective
of BMI) was relatively modest, 2.98 nmol/L, measured by immunoassays in most studies

(Zhang, et al., 2019), quantitively similar to previous meta-analyses in men with T2DM
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(Corona, et al., 2010) or the metabolic syndrome (Brand, et al., 2014). However, men in these
meta-analyzed observational studies had generally fairly well controlled T2DM, and there is
evidence that poorly controlled diabetes may have greater HPT axis-suppressive effects
(Grossmann and Matsumoto, 2017). Of note, the association of diabetes with low testosterone
is primarily dfiven by insulin resistance and adiposity rather than pancreatic beta cell failure,
given that low testosterone concentrations are uncommon in men with type 1 diabetes, unless
they have coexisting obesity and/or large insulin requirements (Holt, et al., 2014, Ng Tang
Fui, et al.jy 2013). Overall these cross-sectional studies suggest that obesity is a more

dominant risk factor for low testosterone than diabetes.

Role of SHBG

Whether the association of diabesity and low testosterone is solely mediated by lowered sex
hormone binding globulin (SHBG) has been controversial, especially with respect to T2DM.
Some studies have suggested that SHBG but not testosterone predicts T2DM (Bhasin, et al.,
2011), and"SBHG (Ding, et al., 2009) but not testosterone (Haring, et al., 2013) has been
associated withsF2DM risk in Mendelian randomization studies. In the aforementioned meta-
analysis, men with diabetes also had lowered free testosterone concentrations (by 32 pmol/L)
compared to men without T2DM (Zhang, et al., 2019), suggesting an SHBG-independent
association. Free testosterone was derived differently in individual studies, calculated by
various formulae and from different immunoassays, limiting the precision of these findings.
In a prospective analysis of EMAS, a lower testosterone concentration was associated with an
increased risk of developing the metabolic syndrome, even after adjustment for SHBG
(Antonio, et al., 2015). In a meta-analysis of studies with a total of 16,709 men, higher free
testosterone_predicted a modestly reduced risk of T2DM (RR=0.94, 95%CI 0.90; 0.99,
p=0.014)(Yao, et al., 2018). Likewise, free testosterone predicted incident metabolic
syndrome,iha patient level meta-analysis, although more weakly than total testosterone or
SHBG (Brandjetial., 2014). In a prospective study of 1,597 men without T2DM, SHBG was
no longer predictive of incident T2DM after adjustment for total testosterone (by LCMS)
(Gyawali,.et7al., 2018). In contrast, in a prospective cohort study of 5,350 men, while low
total testosterone and low SHBG were associated with an increased risk of future T2DM
development, free testosterone and LH were not predictive (Holmboe, et al., 2016). However,
in a small but well conducted study in 852 men free of diabetes using LCMS assay

technology, after multivariable adjustment, the low concentrations of the pure androgen DHT
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were most consistently associated with insulin resistance and T2DM development, compared

to testosterone (whether total or free), and SHBG (Joyce, et al., 2017).

With respect to obesity, it is clear that while modest obesity is predominantly associated with
a lowered"total*testosterone paralleling the reduced SHBG, more marked obesity (especially
BMI>35-40 kg/m?) is also associated with reductions in free testosterone. This suggests that
more marked obesity is associated with genuine biochemical hypogonadism. In summary,
while some of the low testosterone-diabesity associations reflect lowered SHBG, the
observational data strongly suggest androgen-diabesity interactions that are independent of

SHBG.

Testosterone threshold

Previous observational and experimental studies in men, reviewed elsewhere (Grossmann,
2018) have suggested that adverse metabolic impacts, such as insulin resistance occur largely
at subnormal testosterone concentrations (<8-12 nmol/L). Interestingly, recent observational
studies havegteported that testosterone predicts T2DM even when concentrations are
relatively high, with a cutoff point of <16 nmol/L in an Australian cohort on 1,665 men
(Atlantis, et al., 2016). Likewise in a large UK database study of 70,541 men, compared to a
reference cohort'of men with total testosterone of >20 nmol/L, a significantly increased risk
of T2DM was already evident in men with testosterone between 15-19.99 nmol/L, incident
rate ratio=1.29, 95%CI 1.13; 1.47, p<0.001 after adjustment for age, BMI, and comorbidity
index. The highest risk (2.71, 95%CI 2.34; 3.41, p<0.001) was observed in those with a
testosterone <7 nmol/L (O'Reilly, et al., 2019).

In summary, observational studies suggest that low testosterone is associated with, and
predicts future adverse metabolic outcomes, such as insulin resistance, the metabolic
syndrome, T2DM and obesity. While this association is in part mediated via SHBG, evidence
for independent” associations with free testosterone and the pure androgen DHT,
methodological caveats aside, suggest SHBG independent associations. Interestingly,

diabetes risk may.increase at higher testosterone concentrations than appreciated previously.

Previous observational studies, reviewed in detail recently (Gianatti and Grossmann, 2019,
Grossmann, 2018), have reported that diabesity (including the metabolic syndrome) is

associated with a more rapid decline in testosterone, suggesting a bi-directional association
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(see below). Consistent with earlier work, in a recent prospective study of 141 younger (mean
age 43 years) mostly insulin resistant men, insulin resistance (measured using an octreotide-
based pancreatic suppression test) predicted hypogonadism (defined as a total testosterone
<10.4 nmol/L) somewhat more strongly (risk ratio= 2.2) than hypogonadism predicted
insulin résistanee (risk ratio=1.3) (p=0.03) (Contreras, et al., 2018). However in a larger
prospective study among 1,400 Swedish men (mean age 58 years), low baseline testosterone
predicted insulin resistance (measured by HOMA-IR), but high insulin resistance at baseline
did not predict low testosterone at follow-up (Ottarsdottir, et al., 2018). Although
observational studies, even if prospective cannot establish causality, nor determine the
direction of causality, the evidence overall is consistent with a bi-directional relationship. On
the one hafid,/low endogenous androgens may promote diabesity risk, and on the other
diabesity may accelerate the age-related decline in testosterone. Potentially low endogenous

androgens and diabesity interact in a self-perpetuating cycle (Figure).

Intervention, and experimental studies (see below) suggest that some of the effects of
testosteronegonsfat mass and glucose metabolism may be dependent on aromatization to
estradiol. Observational evidence associating circulating estradiol with diabesity is however
scant and contradictory, in part because of the collinearity of circulating testosterone (the
substrate) withsestradiol (the product). Further, estradiol was measured by immunoassay in
the majority of studies, which lacks accuracy in quantifying the relatively low circulating

estradiol concentrations in men (Russell and Grossmann, 2019).

Of note, most of the studies discussed so far have reported on biochemical hypogonadism,
rather than also _considering clinical features of androgen deficiency, that is, focusing on the
combined presence of androgen deficiency-like symptoms and biochemical hypogonadism,
i.e. LOHThat,said, generalized symptomatology in individuals with diabesity, especially if
associated "with'" comorbidities is almost impossible to distinguish from those of
hypogonadismz=In EMAS, using a stringent definition (syndromic association of low
testosteroneswith the 3 most specific sexual symptoms), LOH was associated with multiple
end organ deficits compatible with androgen deficiency. Associations were stronger in men
with LOH compared to men that merely had reduced testosterone without symptoms (Tajar,
et al., 2012). Interestingly, while numbers were small, among men with LOH only those with
testosterone of < 8 nmol/L, but not those with higher testosterone, had an increased

prevalence of central obesity, insulin resistance and the metabolic syndrome (Tajar, et al.,
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2012). Moreover, in both the EMAS and the Boston Area Community Health (BACH) survey
cohort, central obesity was the strongest predictor of symptomatic androgen deficiency,
overriding the effects of age and comorbidities (Hall, et al., 2008, Wu, et al., 2010). One
recent study of almost 5,000 Italian men sought to separate the effect of obesity and
metaboli¢™ health on hypogonadal features by studying metabolically healthy and
metabolically unhealthy (defined as presence of at least one of diabetes, dyslipidemia or
hypertension) obese men, and healthy nonobese controls (Lotti, et al., 2019). Both
metabolically healthy and metabolically unhealthy men had lower testosterone concentrations
compared to,nonobese men. Only metabolically unhealthy, but not metabolically healthy
obese men had worse self-reported and objective (by penile doppler ultrasound) sexual
function compared to nonobese men. This study suggests that even relatively specific sexual
symptoms may, at least in a part, be aggravated by underlying vascular disease rather than

solely caused by testosterone deficiency (Lotti, et al., 2019).

Directionality of the low testosterone-diabesity relationship

The relationshipgbetween diabesity and low testosterone is generally considered to be bi-
directional."©Overall, there is stronger clinical evidence that obesity (and to a lesser extent
diabetes; especially if poorly controlled (Grossmann and Matsumoto, 2017)) has a greater
effect on redueing testosterone, compared to the lesser effect that low testosterone has on
promoting diabesity. In a recent bi-directional Mendelian study, a genetically instrumented
increase in BMI was associated with a decrease in serum testosterone, whereas no association
was seen for genetically instrumented testosterone with BMI (Eriksson, et al., 2017). The size
effect of the genetic effect of increasing BMI on lowering testosterone was similar in
magnitude to associations of actual BMI reductions with increases in circulating testosterone
in observational studies (Camacho, et al., 2013), and effects of weight loss on testosterone in
weight loss studies (Corona, et al., 2013, Grossmann, 2011). In adult men with biochemical
hypogonadetropic hypogonadism, diet-associated weight loss leads to modest increases in
testosteroney=2:87 nmol/L (95%CI 1.68; 4.07) with ~10% loss of body weight. Bariatric
surgery (=30% loss of body weight) is associated with a more marked increase in total
testosterone 0fx8.73 nmol/L (95%CI 6.51; 10.95) (Corona, et al., 2013). With sufficient
weight loss (>10% of body weight), increases in gonadotropins and free testosterone also
occur, suggesting a genuine reactivation of the HPT axis (Camacho, et al., 2013, Corona, et
al., 2013). Overall, the changes in endogenous testosterone achievable with non-surgical

weight loss measures are relatively modest. In a recent RCT of testosterone treatment plus
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diet in motivated obese men, a rigorous structured diet program leading to 11kg weight loss
in the placebo group increased serum testosterone only modestly, by 2.9 nmol/L (Ng Tang
Fui, et al., 2016). This effect was not sustained 18 months after trial end (Ng Tang Fui, et al.,
2017). Consistent with HPT axis responsiveness to changes in body weight, biochemical
hypogonadismis'not a steady state; in EMAS over a mean follow-up of 4.3 years, 43% of
men with biochemical hypogonadotropic hypogonadism recovered eugonadism. Weight loss

and nonobesity at baseline were the strongest predictors (Rastrelli, et al., 2015).

Conversely, changes in endogenous testosterone concentrations are associated with relatively
modest changes/in body weight; even severe testosterone deficiency due to androgen
deprivationdtherapy (ADT) which reduces testosterone to near zero has only minor effects on
body weight. In"a prospective study of older men with localised prostate cancer who were
eugonadal at baseline (total testosterone 14 nmol/L), after 12 months of ADT (decreasing
total testosterone to 0.4nmol/L), BMI increased by only 0.65 kg/m? (95%CI 0.14; 1.15)
compared to_matched prostate cancer controls not receiving ADT (Cheung, et al., 2016).
However, ADTis clearly associated with metabolically adverse effects on body composition.
Fat mass inereased by 3.5 kg [95%CI 2.0; 5.0] and lean mass decreased by 1.5 kg (95%CI
0.2; 1.8), assoctated with a 30% increase in insulin resistance (measured by HOMA-IR)
(Cheung, et als#2016). The effects of testosterone treatment in clinical trials are discussed
below, but are consistent with a bi-directional relationship between diabesity and low

testosterone, with more dominant effects of the former.

Potential mechanisms of the low testosterone-diabesity relationship

Diabesity promoting low testosterone

While modest obesity/insulin resistance is primarily associated with a low total testosterone
due to lowered SHBG, more marked obesity leads to genuine biochemical hypogonadism,
evidenced by"decreases also in free testosterone (Grossmann, 2018). Men with diabetes
and/or obesity=and low testosterone, as first reported by Dandona’s group (Dhindsa, et al.,
2018), rarely"have elevated gonadotrophin concentrations. Therefore diabesity-associated
reductions in“endogenous testosterone are considered to be due to central gonadal axis
suppression. This may occur largely at the level of the hypothalamus. As reviewed elsewhere,
pro-inflammatory adipocytokines, impaired insulin signalling in the central nervous system
(CNS) and dysregulated leptin signalling may contribute to hypothalamic suppression, likely,
at least in part, via effects on KNDy (kisspeptin/neurokinin B/dynorphin) neurons in the
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arcuate nucleus of the hypothalamus (Dhindsa, et al., 2018, Gianatti and Grossmann, 2019,

Grossmann, 2018, Rastrelli, et al.,, 2018).

A role for hypothalamic inflammation was first suggested by a study in male rabbits by
Maggi’s "group’™ This study demonstrated that high fat diet-induced hypogonadotropic
hypogonadism was associated with increased hypothalamic inflammation, increased
hypothalamic™ expression of pro-inflammatory cytokines and reduced expression of the
kisspeptin-k receptor (Morelli, et al., 2014). More recently in a cross-sectional study of 41
adult men, hypothalamic inflammation (estimated by validated magnetic resonance imaging)
was inversely associated with serum testosterone concentrations, even after adjustment for
visceral adipogity; BMI, age and insulin resistance (Berkseth, et al., 2018). Such studies,
while hypothesis-generating cannot untangle potentially causal relationships, or directions
thereof, between testosterone, (visceral) adiposity and hypothalamic inflammation. A recent
experimental _study in adult men reported that infusing the proinflammatory cytokine
interleukin-2 (IL-2) at a relatively low dose reduced LH stimulated testosterone secretion and
augmented .testesterone-mediated negative LH feedback (Veldhuis and Bowers, 2009).
Moreover, aysmall 4-week RCT in men (n=33) with the metabolic syndrome reported that
anti-inflammatory treatment with an IL-1 antagonist modestly increased serum testosterone
(0.96 nmol/L,.95%CI 0.3; 1.9, p=0.04). Greater treatment effects were seen in men with a
baseline C-reactive protein >2mg/L (2.14 nmol/L, 95%CI 0.1; 4.9, p=0.04) or a BMI>40
kg/m? (2.64 nmol/L, 95%CI 0.2; 5.9, p=0.04) (Ebrahimi, et al., 2018). While these studies
cannot identify the exact site(s) where interleukins act in the hypothalamic-pituitary unit, they
are consistent with a role of inflammation, both acute (Veldhuis and Bowers, 2009) or
chronic (Berkseth, et al., 2018), in the pathogenesis of hypogonadotropic hypogonadism. A
study in_healthy men has reported that a low-dose endotoxin challenge produced a transient
inflammatoty,tesponse associated with a decline in serum testosterone (Tremellen, et al.,
2018), leadingthe authors to speculate that inflammation originating from gut microbiota
might contribute to hypogonadism, although further work is needed to explore this
hypothesis««While evidence for a role of hypothalamic inflammation is accumulating, more
preliminary evidence points to a role for genetic susceptibly, and perhaps auto-immunity in
some men, although confirmatory studies are required. Whether functionally milder sequence
variants in genes associated with congenital hypogonadotropic hypogonadism (CHH) may
play a role for differential susceptibility to diabesity-associated HPT axis suppression in older

men, is an intriguing hypothesis that requires further study. Rare variants of such genes have
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been described in some obese men, but larger studies are needed (Cangiano, et al., 2019).
Interesting, such rare variants have also been described in small series of men with functional
hypogonadism due to weight loss and/or excessive exercise (Dwyer, et al., 2019, Wong, et
al., 2019). This suggests that CHH-associated gene variants may modulate susceptibility to
hypogonadotropic hypogonadism even in men without frank CHH. This may occur at
extremes of both energy excess as well as energy deficit. Finally, a study in older obese men
with lowered testosterone reported that a small fraction (4/100) had pituitary gonadotroph
antibodies with granular positivity on cytosolic staining, a pattern relatively specific for auto-
immunity (Ricciuti, et al., 2016). Such findings have not yet been confirmed in other,
independent,coherts. Overall, these recent studies are consistent with the notion that, while
generally considered functional, at least in some men, LOH may be caused by novel organic
pathology, blurring the distinction from classical hypogonadism caused by medical disease of
the HPT axis (e.g. Klinefelter, pituitary tumor). Indeed, in observational studies, lifestyle
interventions__or_improvement of comorbidities such as diabetes is associated with
normalization of circulating testosterone in only about 50% of men with secondary

hypogonadism«(Rastrelli, et al., 2015).

Low testosterone promoting diabesity

Studies discussed so far provide potential mechanisms by which diabesity may promote
hypogonadism, but there are likewise studies providing potential mechanistic evidence for
the reverse, i.e. low testosterone leading to diabesity. For example, reviewed in detail
elsewhere (Dhindsa, et al., 2018, Gianatti and Grossmann, 2019, Grossmann, 2018, Rastrelli,
et al., 2018), testosterone has been reported to reduce pro-inflammatory cytokines in vitro
and in vivo, to_increase insulin sensitivity in both muscle and adipose tissue and to promote
catecholamine-induced lipolysis. Targeted deletions of the androgen receptor also suggest
that andregen,sighalling in the liver (Grossmann, et al., 2019), brain and adipose tissue
(Wang and"Xwu;2019), prevents obesity development in male mice. Moreover, a recent study
examining malesmice with a deletion of the androgen receptor targeted to pancreatic beta
cells reported that androgenic signalling augments glucose-stimulated insulin secretion in
beta cells via‘amplifying the incretin effect of glucagon-like peptide-1 (Navarro, et al., 2016).
Thus, androgen signalling in multiple somatic tissues may favour both insulin sensitivity and
secretion. The caveat of these studies is that they cannot distinguish developmental from
acquired effects, nor exclude a phenotype related to the absence of the androgen receptor,

rather than its ligand.
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In men, the extent to which effects of testosterone treatment on glucose metabolism are
dependent on promoting metabolically favourable changes in body composition (i.e. increase
in lean mass and decrease in fat mass) is not clear. Of note, whether testosterone treatment
has effects’ on"metabolically active visceral adipose tissue is not certain (see below). Small
studies reported that testosterone may regulate insulin sensitivity directly and acutely, before
changes in body composition are expected to occur (Yialamas, et al., 2007). Moreover, short-
term  hyperinsulinemic-euglycemic clamp studies in healthy adult men with
pharmacologically altered endogenous sex steroid concentrations reported changes in insulin
sensitivity in.theabsence of changes in BMI (Gibb, et al., 2016, Lapauw, et al., 2010). These
studies also’examined differential effects of testosterone vs. estradiol on insulin sensitivity
(further discussed below).Other potential mechanisms are changes in energy expenditure or
increased motivation to engage in physical activity (Ng Tang Fui, et al., 2016), but no

definite evidence exists.

Role of estradiol

Early studies, ‘especially in men with BMI >40 kg/m? suggested that increased circulating
estradiol, produced by adipose-tissue expressed aromatase, may, via negative hypothalamic-
pituitary feedback, promote obesity-associated hypogonadotropic hypogonadism. However,
(for review see, Dhindsa, et al., 2018, Russell and Grossmann, 2019), LCMS-based studies in
men with lesser obesity have reported that, parallel with reduced testosterone, circulating
estradiol levels are likewise reduced in obese men (Dhindsa, et al., 2011). Interestingly and
unexpectedly, a study in men with T2DM reported that diabetic men with biochemical
hypogonadotropic hypogonadism had lower adipose aromatase tissue expression than
biochemically eugonadal diabetic men (Ghanim, et al., 2018). This study further supports the
notion that'estradiol-mediated negative feedback is not involved in the pathogenesis of
hypogonadetropic’ hypogonadism. Of note, the reflex rise in circulating testosterone that
occurs in obese’men upon treatment with agents that inhibit estradiol-mediated negative
feedback atsthe hypothalamic-pituitary unit (aromatase inhibitors, selective estrogen receptor
modulators) ¢annot be invoked to infer a pathogenetic role of estradiol excess in obesity
associated-hypogonadism because the increase in testosterone also occurs if lean men are
treated with these agents (Grossmann and Matsumoto, 2017). In Ghanim’s study (Ghanim, et
al., 2018), the hypogonadal men also had reduced expression of the androgen receptor, and of

the estrogen receptor alpha in fat and muscle, which was normalised with testosterone
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treatment. This suggests that, if confirmed, reduced tissue receptor-mediated signalling may
augment the effects of reduced circulating sex steroids in some hypogonadal men (Ghanim,

et al., 2018).

While estradiol*does not appear to play a major role in diabesity-associated hypothalamic
pituitary suppression, at least in men with sub-massive obesity, there is increasing evidence
that some of the effects of testosterone on fat mass and glucose metabolism may, at least in
part, be indirect, via aromatization to estradiol (Russell and Grossmann, 2019). Consistent
with estradiol-mediated metabolic protection, in a large study of experimentally induced
hypogonadism_in healthy young men (n=400) with graded testosterone add-back with or
without conComitant aromatase inhibitor treatment concluded that low estradiol (but not low
testosterone) was responsible for the hypogonadism-associated increase in fat mass, although
there was no placebo control for the aromatase inhibitor (Finkelstein, et al., 2013). The
finding that estradiol, rather than testosterone, primarily regulates fat mass was subsequently
confirmed in a similarly designed study of 56 healthy men (Chao, et al., 2016). However, an
RCT in healthysmen older than 50 years reported that transdermal DHT treatment at a dose of
70 mg periday.reduced fat mass despite suppressing estradiol (Idan, et al., 2010). This
suggests that androgen receptor-mediated signalling may also be important for testosterone-
mediated effects’on adipose tissue. Juang et al (Juang, et al., 2013) conducted a RCT in obese
men with experimentally induced hypogonadism given testosterone add-back with or without
dutasteride _(to block DHT production) or the aromatase inhibitor anastrazole (to suppress
estradiol production). Using hyperglycemic-euglycemic clamps, they found that testosterone
plus dutasteride reduced fat mass and improved insulin sensitivity whereas testosterone plus
anastrozole did not. Testosterone alone reduced fat mass but had no effects on insulin
sensitivity (Juang, Peng, Allehmazedeh, Shah, Coviello and Herbst, 2013). Based on these
findings, the,authors speculated that reduction of the ratio of testosterone to DHT attenuates
the beneficial"effects of estradiol on insulin sensitivity, but not on fat mass (Juang, et al.,
2013). In amrecent experimental RCT using hyperinsulinemic-euglycemic clamps, aromatase
inhibitor _treatment reduced insulin-stimulated glucose disposal, again inferring a beneficial
metabolic role fer estradiol (Gibb, et al., 2016). Insulin resistance has also been documented
in aromatase-deficient men and in a variety of tissue-specific estrogen alpha receptor male
knock out mice, collectively suggesting that estrogen alpha receptor signalling in liver, brain,
skeletal muscle and adipose tissue may favour insulin sensitivity (Russell and Grossmann,

2019). The importance of estradiol in improving glucose metabolism is consistent with large
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observational studies among community-dwelling men using LCMS demonstrating that
estradiol concentrations parallel the reduced testosterone concentrations and are inversely
correlated with measures of obesity and diabetes (Dhindsa, et al., 2011). However, not every
study is fully consistent. In a small short-term (1 week) hyperinsulinemic-euglycemic study
in men (A=l0);"aromatase inhibitor treatment (leading to increased serum testosterone and
reduced estradiol) was associated with increased insulin sensitivity. In men (n=10) receiving
both an aromatase inhibitor and an estradiol patch (leading to a reduction in serum
testosterone and an increase in estradiol), insulin sensitivity remained unchanged (Lapauw, et
al., 2010). Owerall the bulk of the evidence suggests that in men, testosterone reduces fat
mass by both androgen receptor and estrogen receptor signalling, and that aromatization of
testosterong” tg estradiol is required to improve glucose metabolism. The bi-directional

relationship between lowered sex steroids and diabesity is summarised in the Figure.

Metabolic impact of testosterone treatment in clinical trials

RCTs in men with T2DM and/or the metabolic syndrome published before 2016 have been
extensively steviewed elsewhere (Dhindsa, et al., 2018, Gianatti and Grossmann, 2019,
Grossmann, 2018, Rastrelli, et al.,, 2018). Overall, findings suggested that testosterone
treatment consistently and modestly increases lean mass (by about 2kg), decreases fat mass
(by about 2kg)y"and modestly improves insulin resistance in most but not all studies. In
contrast, testosterone treatment has no consistent effects on visceral adipose tissue mass and
on glycemic control, measured by HbAlc. A meta-analysis restricted to placebo-controlled
double-blind RCTs (n=7) concluded that testosterone treatment modestly improved insulin
resistance, compared to placebo, pooled mean difference (MD) -1.58 (95%CI -2.25; -0.91,
p<0.001) but_did not improve glycemic (HbAlc) control, MD -0.15 (95%CI -0.39; 0.10),
p=0.25 (Gressmann, et al., 2015). However, studies were relatively small (total n= 833 men),
and short-term. (X 12 months). Inclusion criteria were heterogeneous, and participants
generally had*well controlled diabetes at baseline. Moreover, given erythropoietic actions of
testosteronesHbA 1¢ may not reflect ambient glycemia accurately. A subsequent larger meta-
analysis bysCorona et al. included 59 trials totaling almost 5,100 older men (mean age 62
years) that reperted effects of testosterone on body composition and glucometabolic
outcomes. Trials were included irrespective of baseline testosterone concentrations or
presence of metabolic disease. Uncontrolled trials without a placebo group were also eligible
(Corona, et al., 2016). While testosterone treatment did not reduce body weight, waist

circumference or BMI, fat mass decreased (standardized means -0.34, 95%CI -0.48; -0.20,
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p<0.001) and lean mass increased (0.55 (95%CI 0.3- -0.72; p<0.001). HOMA-IR improved,
(-0.80 (95%CI 1.16; -0.45, p<0.001), as did fasting glycemia (-0.34 mM (95%CI -5.1; -0.17,
p<0.001). Effects on HbA 1c were not reported. Overall, effect sizes were modest. Limitations
inherent in the meta-analyzed studies include heterogeneity in inclusion criteria and
testosterofie "treatment formulations. Men participating in the trials were not uniformly
hypogonadal (mean baseline total testosterone was 11.6 nmol/L) and mean trial duration was

only 8.7 months (Corona, et al., 2016).

More recently,, additional evidence has been forthcoming both from RCTs and
nonrandomized registry studies. In uncontrolled observational studies, the effects of
testosterong’ therapy (using long acting intramuscular testosterone undecanoate) have been
impressive; m a"cohort of 411 obese men selected from a urology registry with a baseline
mean age of 59 years and hypogonadism (defined as testosterone <12.1 nmol/L and presence
of symptoms_measured with the Aging Males’ symptom scale (AMS)), testosterone therapy
given over a mean of 6 years was associated with weight loss ranging from ~15 to 30 kg and
concomitantsdeer€ases in waist circumference of >10cm (Saad, et al., 2016). The fact that
weight lossthas,not been documented in RCTs was attributed to their shorter duration, albeit
in this observational study (Saad, et al., 2016), a significant decline in body weight was
already observed at 12 months. However, weight loss was considerably more marked with
longer duration of treatment. In a recent 8-year follow up of a subgroup (n=316) of this
urology registry cohort with baseline prediabetes (defined as HbAlc 5.7-6.4%) 229 received
testosterone while 87 men untreated were used as controls (Yassin, et al., 2019). HbAlc
decreased by 0.39% in testosterone treated men and increased by 0.63% in untreated men.
90% of men_in the testosterone group achieved a HbAlc <5.7%, whereas in 40% of controls
HbAlc increased to more than 6.5%. Men receiving testosterone had improvements in lipid
parameters, reduced incidence of acute myocardial infarction and reduced mortality relative
to controls (Yassin, ct al., 2019). Limitations of these studies include the observational nature
with lack wef=randomization or blinding, baseline imbalances in clinical characteristics
(Yassin, etwal., 2019) and lack of information regarding concomitant cardiometabolic

medications andytheir changes.

Several recent placebo-controlled double blind RCTs reporting glucometabolic outcomes
have been reported. In one small 12-month RCT of 55 obese men with T2DM on oral

antidiabetic mediations, long acting intramuscular undecanoate reduced HOMA-IR by 4.64,
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and HbAlc by 0.94% relative to placebo, with no significant between group differences in
BMI or waist circumference (Groti, et al., 2018). In a secondary analysis of a subgroup of
134 nondiabetic men enrolled in the Testosterone Effects on Atherosclerosis in Aging Men
(TEAM) trial, with a mean baseline age of 66 years, BMI of 28 kg/m? and total testosterone
of 11.4 nmol/I5"3 years of topical testosterone gel (achieving mean serum testosterone 16.6
nmol/L in the testosterone group) had no effect on body weight, or on insulin sensitivity,
evaluated by octreotide insulin suppression testing (Huang, et al., 2018). In the large
Testosterone trial which included 788 men older than 65 years (at baseline, 72% were obese,
and 37% had diabetes) with a serum testosterone of <9.51 mmol/L averaged from 2
measurements, 12 months of testosterone treatment (adjusted to mid-normal concentrations
for healthy/men) modestly reduced insulin resistance, HOMA-IR -0.6, p=0.03, but did not

have an effect on body weight or waist circumference (Mohler, et al., 2018).

Finally, two_RCTs using hyperinsulinemic-euglycemic clamps have reported discrepant
results. In one 24-week study of 39 men with a bioavailable testosterone of 7.3 nmol/L (mean
age 60 years;=BMI 31 kg/m?>, HOMA-IR of 3.5 and HbAlc of 6.5%), testosterone gel
treatment, despite expected changes in body composition (increase in lean mass by 1.9kg and
decrease in fat mass by 1.3kg), had no effect on insulin sensitivity assessed by clamp, nor on
HOMA-IR orson HbAlc (Magnussen, et al., 2016). A subsequent magnetic resonance
analysis of this cohort demonstrated no effect of testosterone treatment on metabolically
adverse hepatic or visceral fat, but testosterone decreased the potentially insulin sensitizing
adipokine adiponectin (Magnussen, et al., 2017). In contrast, a 24-week clamp study
enrolling 44 hypogonadal men (defined as free testosterone < 225 pmol/L with a mean age 55
years, BMI 40 kg/m? , HOMA-IR of 3.9, and HbAlc of 7.0%) while similarly demonstrating
no changein visceral hepatic fat, found a 32% increase in insulin sensitivity with
intramuscular, testosterone treatment (p=0.03 for comparison with placebo), in association
with upregulation’ of insulin signaling genes in adipose tissue (Dhindsa, et al., 2016). The
reasons forsthesdifferences between these two studies are not clear, given enrolled men had
broadly similar metabolic characteristics (apart from BMI) and despite different testosterone
preparations “achieved similar on treatment testosterone concentrations (22.1 nmol/L
(Magnussen, et al., 2016) vs 19.5 nmol/L (Dhindsa, et al., 2016)); given the modest study

sizes type 1 or 2 errors may have occurred.

This article is protected by copyright. All rights reserved



506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539

One recent trial tested the hypothesis that testosterone treatment may have metabolic benefits
over and above that of diet alone. In this 56-week RCT obese men with a baseline total
testosterone of <12 nmol/L were randomized to long acting intramuscular testosterone
undecanoate or placebo. All participants were subjected to a structured weight loss program.
While both groups lost similar amount of body weight (11.4 kg in testosterone and 10.9kg in
placebo group, p for comparison=0.80), men in the testosterone group lost more fat mass
(between group difference 2.9kg (-5.7 to —0.2; p=0.04), more visceral fat (2678 mm?; —5180
to —176; p=0.04) but had an attenuated reduction in lean mass compared to controls (3.4 kg
(1.3 to 5.5),,p=0.002). Thus, testosterone treatment prevented diet-associated loss of lean
mass, and while placebo-treated men lost both muscle and fat, the weight loss in testosterone
treated men”was almost entirely loss of body fat (Ng Tang Fui, et al., 2016). While both
groups had improvements in HOMA-IR, HbAlc and lipid parameters, testosterone treatment,
despite resulting in metabolically favorable changes in body composition did not improve
metabolic parameters relative to placebo. However, the study was not powered for this
outcome. With respect to potential mechanisms, testosterone treatment had no effect on gut-
derived hormenes'implicated in appetite regulation including ghrelin, glucagon like peptide-
1, gastric “unhibitory polypeptide, peptide YY, pancreatic polypeptide and amylin.
Testosterone treatment reduced leptin concentrations beyond those achieved by diet-
associated weight loss, suggesting that testosterone treatment may reduce leptin resistance in
obese men (Ng Tang Fui, et al., 2017). Moreover, men randomized to testosterone had,
compared to placebo, higher levels of physical activity (Ng Tang Fui, et al., 2016). Despite
the fact that these men were not selected for the presence of hypogonadal symptoms,
testosterone treatment, compared to placebo, improved androgen deficiency symptoms over
and above the effects of weight loss alone (Ng Tang Fui, et al., 2017). The effects of
testosterone, treatment on body composition were not sustained, with no between group

differences 18, months after trial cessation (Ng Tang Fui, et al., 2017).

With respeettorlipid parameters, consistent with previous trials reporting small reductions in
serum totalscholesterol, HDL cholesterol and LDL cholesterol concentrations (Isidori, et al.,
2005), a recentpanalysis of the T-trials reported that testosterone treatment was associated
with slight, but significant decreases in total cholesterol (-0.16 mmol/L), in HDL cholesterol
(-0.05 mmol/L), and in LDL cholesterol (-0.06 mmol/L). There was no significant effect on
triglyceride concentrations. The authors concluded that the clinical significance of these

changes is uncertain (Mohler, et al., 2018). A recent meta-analysis of clinical studies of
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testosterone treatment in hypogonadal men (defined as total testosterone <12 mmol/L) with
T2DM included 7 studies (total n=612 men), 5 of which were RCTs (Zhang, et al., 2018).
Again, a slight reduction in total cholesterol (-0.17 mmol/L) was reported, but in contrast to
the T-trials, testosterone treatment was associated with a significant reduction in triglyceride
concentrations"(=0.32 mmol/L). Effects on HDL and LDL cholesterol were not significant in
this metaanalysis (Zhang, et al., 2018). In the aforementioned metaanalysis by Corona, if
only men with a baseline testosterone <12 nmol/L were considered, similar reductions in total
cholesteroly(-0.35 mmol/L) and triglycerides (-0.22 mmol/L) were observed, and again, no
effect on HDL or LDL cholesterol (Corona, et al., 2016). More impressive improvements in
lipid profiles, have been reported in long term registry studies discussed in more detail above
(Saad, et al; 2019). Cardiovascular outcome studies are required to determine the clinical
relevance of these lipid effects. The metabolic effects of testosterone treatment in clinical

trials are summarized in the Table.

In summary, the overall evidence from clinical trials suggests that testosterone has consistent
effects on bedysedmposition that may be expected to be metabolically favorable, in particular
increases inilean.nass and decreases in total fat mass. Effects on metabolically active ectopic
fat (liver and visceral fat) are less consistent. Body composition effects may be additive to
lifestyle measures, such as a structured weight loss program. In most but not all studies
testosterone treatment improves insulin resistance to a modest degree, but effects on glycemic
control remain inconsistent. The overall evidence is compatible with hypotheses (yet to be
tested) that men with lower testosterone, who are more overweight/obese and more insulin
resistant may have more marked responses especially if they are treated for longer durations
with effective _testosterone treatment achieving consistently therapeutic testosterone
concentrations. Moreover, the effects of testosterone in men with more poorly controlled
T2DM remainsunknown. In the light of recent studies, current Endocrine Society guidelines
no longer féeommend routine testosterone testing in men with T2DM, and recommend
against testosterone treatment in asymptomatic men for the purpose of improving

glucometabolic outcomes (Bhasin, et al., 2018).

Conclusions
In summary, there is a strong inverse association of endogenous testosterone with diabesity,
including simple obesity, and, to a lesser extent, with the full spectrum of dysglycemia from

insulin resistance to the metabolic syndrome and established T2DM. While the association is

This article is protected by copyright. All rights reserved



574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606

bi-directional, the bulk of the evidence suggests that the effect of diabesity on HPT axis
suppression (occurring predominantly at the hypothalamic-pituitary unit) is stronger than the
effect of low endogenous testosterone on promoting dysglycemia and obesity. Mechanistic
studies have reported plausible mechanisms by which diabesity suppresses the HPT axis,
including=hypothalamic inflammation, dysregulation of leptin and CNS insulin signaling.
However, there are also many experimental preclinical and clinical studies suggesting
mechanisms by which testosterone, either directly or via aromatization to estradiol, improves
body compesition and glucose metabolism by signaling in multiple somatic tissues. From a
clinical perspective, while substantial weight loss achievable by bariatric surgery in obese
men can restore/eugonadism in a substantial proportion of men, the lesser weight loss
generally achigvable with lifestyle measures has only modest effect on serum testosterone. In
clinical trials among men with dysglycemia overall, testosterone treatment has very
consistent effects on body composition (increased lean mass, reduced fat mass, inconsistent
effects on ectopic fat), less consistent effects on insulin resistance and no consistent effect on
glycemic control. This is reminiscent of trials of testosterone therapy focusing on other
outcomes whereyfor example effects on lean mass and strength are mostly consistent, effects
on functional performance or fall frequency are not established (Bhasin, et al., 2018). The
lack of evidence for glycemic outcomes in RCTs may be because of their short duration and
the enrolment.of men with well controlled diabetes who are unlikely to derive a benefit.
T4DM is a large (>1,000 men) 2-year RCT that tests the hypothesis that testosterone
treatment prevents the development of T2DM in high risk men over and above the effects of
a lifestyle program alone. T4DM, with results expected in 2020, should provide further
insights. However, this trial is not designed to evaluate long term outcomes such as

cardiovascular events or mortality (Wittert, et al., 2018).
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Figure Legend

Figure: Bidirectional relationship between lowered sex steroids and diabesity

Depicted is‘the bidirectional relationship between sex steroids, obesity and dysglycemia, and
potential mechanisms. For details, see text.
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Table Metabolic Effects of Testosterone Treatment in Clinical Trials

Parameter Effect

Body weight No change*

Fat mass Decrease

Lean mass Increase

Hepatic fat No change

Visceral fat Decrease or no change
Insulin resistance (HOMA-IR) Decrease or no change
Insulin resistanee (hyperglycemic- Decrease or no change

euglycemic clamps)

HbAlc No change*

Total cholesterol Decrease

LDL cholesterol Decrease

HDL cholesterol Decrease
Triglycerides Decrease or no change

* A decrease hasbeen reported in nonrandomised, nonblinded studies.
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