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Abstract

Obesity, increasing in prevalengtbally, is the clinical condition mosstrondy associatd

with lowered testosteroneoncerrations in men, andpresents asne of the strongest
predictors, ‘ofreceiving testosterone treatmenthile low circulating total testosterone
concentrationsn.modest obesity primarilyeflect reduced concentrations of sex hormone
binding globulin, more marked obesity can lead to genuine hypothajamitary-testicular

axis (HPT) suppressionHPT axis suppression ikkely mediated via prénflammatory
cytokine and dysregulated leptin signajl and aggravated bwssociatedcomorbidties.
Whether estradieiediated negative hypothalanptuitary feedback plays gathogenicole
requires further studyAlthough the obesighypogonadism relationship is-birectional the
effects of obeSity on testosterone concentrations are more substantial than the effects of
testosterone on adiposityn markedly obese mesubmitted to bariatric surgergubstantial
weight loss is very effective in reactivating the HPT axis. In contrast, lifestyle measures are
less effective in reducing weight and generally only associated with modest increases in
circulating .testosterone. In randomised controlled clinical trigRCTs) testosterone
treatment does.not reduce body weight, mnotestly reduces fat mass and increases muscle
mass.Shortterm studiehave shown that testosterone treatment in carefully selected obese
men may have modest benefiis symptoms ofandrogen deficiency and body composition
even additive to diet alonddowever, bngerterm, larger RCTsdesigned for patient
important _outcomes and potential risks are requitddtil such trials are available,
testosterone treatment cannot be routinely recommended for men with -@alsssityated
non<classical hypogonadisniifestyle measuresor where indicated bariatric surgeryto

achieve weight lossnd optimisation of comorbidities remain first line

I ntroduction

Obesitywas=not'considered to la@ etiological factor in malkeypogonadisnin authoritative
reviews published in the 1980However today, obesityasemerged as one of tisrongest
predictorsof*receiving testosterone treatmeirt middleaged US American ménGlobal
increases irtestosterone prescribingnd a marked increase in the prevalence of obesity,
which has doubled since the 1880 many countri€sin conjunction with secular trends of
reductions incirculating testosterondikely contribute to an increasing number of obese men

receiving testosterone treatmeRecent observationatudes havesuggested an interaction
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between abdominal obesity and low testosterone in predictarg increased risk of
mortality®’. Preclinicd studies have reported that paternal but not maternal obesity
predisposesto obesity and hypothalamicpituitary-testicular HPT) axis suppression
preferentially in male offsprifg An update on obegiassociated hypogonadism is timely

for all therabove reasons

This perspectivas not intendedo cover allthe mechanistic and clinical aspedtobesity-
associated: hypogonadisminwill not discuss the basic clinical assessment and biochemical
evaluation that . should be made before attributing low testosterone to obesey raliwer

than to coexisting classical hypogonadism. Furtiteg the assessment for and management

of important associated comorbidities that may contribute to HPTsapigression such as

sleep apnoea,“and the potential risks of testosterone treatment in men wilassoral
hypogonadism will not be covered. These aspects have been summarized in a number of
comprehensive reviews". Instead | will focus onseveral aspects afbesityassociated

hypogonadisnthatremainunresolved, addressing the following questions:

1) To what,extent dmmbesemen without classical hypogonadisimave clinically relevant

HPT axisdysfunctior?

2) In the bidirectional relationship between obesity and hypogonadism, what is cause and
consequence?

3) What are the mechanismsderlying the obesitgssociated HPT axis suppression?

4) How should obesitassociated hypogonadism be treat&izs the current evidence
support testosterone treatment?

5) Is therearole for selective estrogereceptormodulators (SERMs)r aromatase inhibitors

(Als) in the.treatment of obesHyssociated hypogonadism?

Given thetack of uniform terminology in this arélae terms used in this article atefined
in theTable:

The material discussed this paper is based dhubMedsearches using the search terms
“testosterorie  “androgen”, “obesity” “hypogonadism”, selective estrogen receptor

modulator’; “aromatase inhibitdy “ estradiol, “leptin” and “kisspeptin”,from inception to
March 2018.
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1) To what extent do obese men without classical hypogonadism have clinically relevant

HPT axis dysfunction?

Reductionsn circulating testosterone concentrati@msongobese men erefirst reported in
the 197@"'® These early studies while based onsmall convenience samplesre

nevertheless=instructive becauskesesubjectswere young to middleaged (range 1855

years)andwerereported to bdealthy Confounding bylderage and comorbiditie$actors
that can "be associated with androgen deficidikey symptoms and low circulating
testosterone concentrations independent of ohegity minimisedn these studiesSubjects
underwen detailed clinical examination, dynamic HPT axis testiagd freesex steroid
concentrations wermeasured by gold standard equilibrium dialy3isese studieseported

two mainpattefiis of HPT axis abnormality* (Figure).

Men withclass 1 fody mass indexBMI) 30 to <35 kg/rf) and class 2 obesity (BMI 35 to
<40 kg/nf) primarily exhibitediow total testosterone concentratigneduced by as much as
50% compared to agmatched norobese controls)while free testosterone by equilibrium
dialysis wasnet.low. Gonadotrophin concentrations were not elevddgthamic testing with
gonadotrophin_releasing hormon&nRH), the SERM clomiphene anchuman chorionic
gonadotrophin™" H{CG) respectively revealed normal pituitary and testicular
responsiveness’. Reductions in total testosterone were primarily interpretexfiecting
obesityassociatedreductions in its circulating carrier protein SHBG. Not surprisingly
therefore, there was no evidence ofinical androgen deficiency orof defective

spermatogenesia these meh'*”.

Studiesin men_with class 3 obesity BMI >40 kg/nf) however demonstratedot only
reductions..in total but also ifree testosteroneoncentrations**'#%! Gonadotrophin
concentrations.were not different to or lower than in leantrols.A study of eight obese
middle-agedmen demonstrated reductions in mean luteinizing hormduké) diurnal
concentrations<and pulse amplitudes compared to lean céhtrabesity-associated
decreassg.inflkH pulse amplitudes were confirmed in a controlled study of 22 men with a
BMI >40 kginf.?L. Thesefindings are consistent with genuine biochemical hypogonaitism
men with massive obesitynterestingly however, none of the studies found evidence of

clinical androgen deficrcy, or of reduced semen quality even in these massivblse

men’l.5,16,18,1.9
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134 Overall, these studies suggested thatdtirerwise healthy young to miggdhged menmarked
135 obesity (generally clasd BMI >40 kg/nf) is required to genuinely suppress the HPT akis
136 the biochemical level but little information wa available about practicatlinical

137 consequencedhe imitations of these studies include thesmall size and crossectional
138 design.Theserearly studiedid notevaluate factor&known tosupress th&iPT axis, such as
139 comorbid fburdeff and associated prinflammatory stat€8, medications (e.g. opioids,
140  glucocorti¢oids2"or older agdn itself’. These factorsnaymake men me susceptible to
141 the development of obesigsso@ted hypogonadism.

142

143 The obesityhypagonadism relationship has subsequently been examined in large population
144  based studieghat by and largeexcluced men with classical hypogonadismhese studies
145 included middleaged and older mewith varying degrees of comorbid burden. Given the
146 large size of these studies, clinical assessrfnandrogen deficiency was less detailed.
147 These studies have confirmed that obesity is the single most important factor edseitfat
148 low testosterone, overriding the effects of age and comorbfditfesn a crosssectimal

149 study of 1,849.US American maged45 years or older, 40% of obese non-diabetic and 50%
150 of obese diabetic men hddw free testosterone concentrations measured by equilibrium
151 dialysisjicompared to 26%f lean men without diabet&s BMI is even more closely
152 correlatedwith-testosterone than diabetic tstathat isitself closely &sociated with low
153 testosterofig. In the European Male Ageing Study (EMAS) which inclu®869 me aged
154 40 to 79 yeardmean age60 year3, obese men ha@ 5.1 nmol/L (30%) lower otal
155 testosterone and 53.7 pmol/L (18%)lower calculated free testosteroeempared to lean
156 men (BMI/< 25 kg/nf). Gonadotrophin concentrations weyenerallynot elevatedn obese
157  merf®.

158

159 In many,of these epidemiological studies, low testosterone was associateahdritigen
160 deficiencylikemsymptoms and clinical markers of androgen deficiency saglsexual
161 dysfunctiomsreduced lean masseduced physical performanceduced bone densitgnd
162  anaemi&>‘#In EMAS, desity was associatedth a 13fold increased risk ofion-classical
163 or late onset,hypogonadisri(LOH) defined as the syndromic coexistence of sexual
164 dysfunction andlow testosterone concentratign@hereasthe presence ofwo or more
165 comorbidities increaseithe risk ofLOH risk by only 5.2fold**. Among 1,822 men from the
166 Boston Area Community Health (BACH) survey, central obesity was the most imiporta

167 contributor to symptomatic androgen deficiency, more so than the effects of ageecaaid
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health statu. The closeassociation of obesity with neclassical hypogonadism is also
underscored by the fact that in the T trialsich recruited men withevidence ofclinical
androgen deficiencyand low testosterone concentrations of (total testosteron®.54

nmol/L), 63%of participantsvere obes¥.

In summary these populatiofbased studies suggest that in older men with comorbidities,
obesity is 'strondy associatedwith non-<lassical hypogonadism. Although heaehead
studies are lacking, it can be speculated that in the context of older age and highiccomor
burden, the, HPT axis is more susceptible to obesgpciated suppression than in young
otherwise healthy mén**2%?’ Consistent with thisin Australianobesemen,the prevalence

of low testostéfone was 12% in healthy community dweliitgr®®, much lower than the
57% prevalenée reporteith diabetic men attending tertiary hospital outpatient clfflics

despite heir similar age

Testosterone concentrations in rdassical hypogonadisntypically range from 82
nmol/L*°. The.elinical implications of these modesitiyv testosterone concentratioremain
uncertain, “consideringhe limited specificity of androgen deficienelike sympbms. h
EMAS, only 9 of 32 candidate symptoms of androgen deficiency were associatediovith a
testosteroneand’ only 3 sexual symptonmad a syndromic associatfBnThere is alsahe
limited specificity oforgan effectsdue tolow testosteronesuch aserectile dysfunction,
reducedmuscle mass or reduced bonesrbity Therefore the extentto which androgen
deficiencylike features are a direct consequence of the HPT saxipression oof obesity
and associatetl health can only be clarifiedn randomised controlled tria(RCTs) that are

discussed below

2) In the bidirectional relationship between obesity and hypogonadism, what is cause

and consequence?

It is most eemmonly stated that the relationship between low testosterone and obesity is bi
directionalsFhis is supported bprospectiveobservational studies. On the one hastgsity

is associatéavith a more rapid ageelated decline in serum testosteg'**2 On the other
hand,a lower testosterone predidtgure weight gaiff, especiallythe development of central

adiposity” with visceral faaccumulatiofr.
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However, accumulating evidence suggests that the effectebesity on testosterone
concentrations may be more substantial thaneffects oflow testosterone on adiposity
Weight loss is associated with marked increases in circulating testostbaingse in
proportion to the amount of weight [&5tBariatric surgery is associated with iacreasen
total testosteronef 8.73 nmol/L[6.51-10.95] togethewith increases in gonadotropins and
free testosterone, suggestimgenuine reactivation of the HPT &Xidn contrastchanges in
circulating™ testosterone concentratiomsduced either by testosterone depaiion or
testosterone treatmehtvelimited effects on body weightjnstead changes in circulating
testosterone mostly modulatedy compositionalbeit modesty. In a controlled study of men
with prostate cancerl2 months ofandrogen deprivation theragADT) which severely
reducescirculating testosterone toear zerohad only minor effects on body weigfgMi
increasd by 0.65 kg/nf [0.14, 1.15] compared tmatchedprostate cancer controlsot
receiving ADT®.)Fat mass increased by 3.5 kg [2.0, @0} lean massecreasedhy 1.5 kg
[0.2, 1.8], suggesting that reliance on body weigloihe can mask metabolically adwse
changes of androgen deprivatiinSimilarly, while significant reductions in body weight
with testosteroné treatment have been reported in registry $tuthéeshasto date not been
demonstrated.in RCT% Instead testosterone treatment modestly reduces fat imadsé kg
[2.5, 0.6]:and"ifcreases lean ssy 1.6 kg [0.62.6]°. Althoughthese body composition
changes areexpected to bemetabolically favourable, testosterone treatmerttas not
consstently'been associatewith improvements irinsulin resistanc&>? In contrast ADT
consistently increases insulin resistdfiéé However, ADT causes much lowesstesterone
concentrations (<2 nmol/L) than are seen in-olassical hypogonadism, where testosterone
concentrations typically rangeom 812 nmol/L*°. This suggestshatthe modest reductions
in testosterone seen in most men with-ptassical hypogonadismay not below enough to
cause marked changes imglucose metabolismConsistent with this observational and
experimentalstudies inmer?* have reportedhat insulin resistance is increased only if
circulating=testasteronéalls below 8.0 nmol/L*? or evenbelow 6.1 nmol/l>°. Given that
insulin resistance is considered an important mediator of okesstyciated cardiometabolic
diseas®_faillire to improve insulin resistance might be related to the uncertain effects of
testosteroné® reatment on cardiovascular outcme$owever, a hyperinsulinamic
euglycamic clamp studyn 44 diabetic men reported that testosterone treatment increased
insulin sensitivity in association with increased expression of insulin signalling genes

adipose tissué

This article is protected by copyright. All rights reserved



235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268

A recent bidirectional Mendeliarrandomisation analysis including 7,446 Caucasian men
genotyped for 97 BMhbssociated and three testosteramsociated single nucleotide
polymorphisms (SNP) reported that while a genetically instrumented increase in BMI was
associated with a reciprocal dease in circulating testosterone, genetically instrumented
circulating testosterone was not associated with BMiIhe geneticdata predicted that a
reduction in BMI from 30 to 25 Kg? would result ina 13% increase in circulating
testosteronesimilaftothe actualincrease in testosterone reported in weight loss &4’
Consistentiwith the foregoing discussion, #&uthors concluded that BMI has a causal effect
on testosterone, whereas testosteoes not impadBMI. Limitations of this study include

the crosssectional design, reliance on dieagestosterone concentrations, and the absence of

data on body/€6mpositioh

In summary, while the evidence suggests that the relationship between obddibyvared
testosterone is Hlirectional(Figure), changes iradipositymay have more dominant effects
on the HPRI axis compared the reverseln a recentcomprehensiveEndocrine Society
statement .on.the pathogenesis aifesity, low testosteronwas not considered to ban

aetiological.factdy.

3) What ar e themechanisms underlying the obesity-associated HPT axis suppression?

A tight link'between nutritional status and reproductive capacity in men is well documented,
and both _energy deficit andxcess compromise reproductive potefitialWhile exact
mechanisms are unknown, the reversal of HPT axis suppresdiionweight los§#%4’
suggests a pathogenic role for excess adipose .tiseyeadiposederived factors postulated

to mediate_obesitpssociated HPT axis suppression inclusradio) leptin, and pro-
inflammatory cytokinesEffects of insulin and othemon-adiposederived hormonal factors

are reviewed.elsewheré! %2

Role of estradiol

Early studiesin otherwise healthy young to middéged men have reported increases in
circulating estradiol concentrations compared to lean corfft§® Therefore, estradiol
mediatedcentral negative feedback was postulated to contribute to the suppression of the
HPT axis. However, changes in estradiol concentrations conseqwesigtd loss have been
variable with some studies showing no decrease despite evidence of weigassossated

HPT axis reactivatiori*”®? In part, thisinconsistencyis due tothe use of immunoassairs
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some studiesvhich lack sufficient sensitivity anspecificity to accurately quantify the low
circulating estradiol concentrationfound in merf*. Moreover,in line with the fact that
circulating androgens are substrates for aromatase, more lagmaristudies reportedow
circulating estradiol in obese men, paralleling tHeiv testosterone concentratiGh&
Consonanwith-this, a recent study reported lower aromatase expressibie adipose tissue
of obese/men withlow testosteronecompared to controls with normal circulating
testosteroff8 ™ In“preclinical studies, increased adipose tissue inflammation and insulin
resistancegare assokad with reduced aromatase expressindoverexpression of aromatase
specificallyin adipose tissueeduces inflammation and increases inssénsitivity’. Thisis

in agreement_withexperimental studies in men reportitigat estradiol, rather thansit
substrate gtestostergnas primarily important in preventing adiposity and insulin
resistanc®®® Otherobservationssdiscussed belourther support the notiotiat adipose

derivedpro-inflammatory cytokines can contribute to HPT axis suppression.

The fact thatSERM and Al treatmentare associated with increases in gonaddtinpand
testosterone.concentrations in obese Thémas been invoked to postulate a pathogenic role
for increased estradiol ithe obesityassociatedHPT axis suppression. Howevigan men
respondSimilarito these agents and evidence for clinical benefit witheir useis largely
lacking (see.below)Given that clinical studies to dahave relied on circulating estradiol
concentrations which may be different from tissue concentrations (suchn dke
hypothalamicneurons or pituitary gonadotrophic cells), further work to assess the role of
estradiolis necessaryIn addition, more comprehensive steroid hormone profiling in the
circulation and/atargettissues could be of value in elucidatithg role of sexsteroids in the
pathogenesis_of obesifissociated hypogonadisnCurrently, the routine measurement of
edradiol as part of the clinical assessméot obesityassociated hypogonadism is not
recommendedLikewise, the clinical merits of blockingstradiolmediatednegative central

HPT axis feedbacky using e.g. SERMs or Als require further study.

Role ofleptin
While leptinpremotes satiety and increases energy expendituysiologically obese men

are usuall leptin resistant, and circulating leptin concentraticmselate positively with total
body weight and adiposity. In a cressctional study, among men with Bdtanging from
normal weight to severebesity, circulating leptin was the hormonal factor most closely

associated withow testosterone, and inversely correlated with testicular response to hCG
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stimulatiorf®. In vitro, leptin inhibited basal and hG&imulated testosterone setion from
rodent Leydig cellandfrom testicular samplesia a functional leptin receptor isofoffr(>
While leptinphysiologicaly stimulates GnRH secretion via kisspeptin, obesity is associated
with leptin resistance and supressed hypothalamic kisspgtigexpressioff. Therefore, it

is possiblethat*hypothalamic resistanceo leptin stimulationcombined with preserved
testicular sensitivity tdeptin inhibition may contribute taHPT axis suppression in male
obesity. Consistent with this notion, testosterone treatment decreases circulatinglgptin
earlyRCTs did not adjust falestosteron¢reatment changes in body composiffo/ more
recent RCT_reported that testosterone treatment reduced leptin commesniratependent of
changes in fat/mass, above and beyond the effects of caloric restriction, suggesting that
testosterone effects on leptin are not singsyindirect consequence of testosteroregliated
reductions ih fat mass The inference thaestosteronelirectly inhibits leptin production is
supported byin vitro observations that testosterosappresses leptin mRNA and leptin
secretion from_human adiposesug®. Overall the data suggest that circulating legtird
testosterone could interact in a gedfrpetuating cycle promoting adiposépd reproductive
dysfunction:While it is tempting to speculate that testosterone treatmegtrestoreHPT

axis responsiveness to leptfarther study is required to find bwhether this will result in a

clinically important effect on adiposity.

Pro-inflammatory cytokines

Observational studies have demonstrated an inverse relationship of ticigcupao
inflammatorycytokine and testosterone concentrations in olde®mémnpreclinical studies,
cytokines have been shown to supress the HPT axis both at the levehgbdtiealamusnd

the Leydig cefi™®. In addition,in experimental studies, eveelatively low doss of the pro-
inflammatory interleukir? reducethe LH feedforward drive on testosterone secretion, and
inhibit GnRH.and/or LH secretion in older nfériThe relevance of obesity in this context is
underscored™by a study imale rabbits @monstrating that high fat dieinduced
hypogonadetrephic hypogonadism wasssociated with increased hypothalamic
inflammatien;increasedxpression of prinflammatorycytokinesand reduced expression of

the kisspeptirlureceptot’.

Overall, these mechanistic studisgpport tle concept that obesity, especially if marked,
leads to genuine hypogonadism. However, in contrast to classical hypogonadism; obesity

associated hypogonadism is functional and thergfotentially reversible.
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337
338 Upstreanrequlators of the HPT axis

339 Although GnRH neurons play a central role in the HPT axis via secretion of GnRH, they do
340 not express receptors for leptin and insulin, and do not express the androgen pediyetor

341 estrogen=receptor alpHa This suggests that metabolic signals and sex steroid feedback
342 regulate GNRH neurons indirectly. It is now known that a major hypothalamic regulatory
343 network integrates peripheral metabolic and hormonal cues to regulate the HPT axis,
344 including among others, KNDy (kisspeptin/neurokinin B/dynorphin) neuirorise arcuate

345 nucleus of_the. mediobasal hypothalaf3 Whether manipulation of such upstream
346 regulatorst,can/ be exploited clinically is not known. Psmfeprinciple studies have

347 demonstrated that kisspeptin administration can increase LH pulse frequency and LH
348 secretion in“obese men witbw testosterorfé. Conversely, administration of a neurokinin
349 receptor 3 antagonist decreased gonadotrophin and testosterone secretion in keelthy m

350

351 4) How should obesity-associated hypogonadism be treated? Does the current evidence

352 support testesterone treatment?

353 Most reviewsemphasize the importance of lifestyle measures, especially weight loss as an
354 importaft firstline measuté*®® Indeed, especially in markedly obese men, successful
355 weight loss is«vereffective in reactivating the HPT a%i$’, andcommonlyassociated with

356 improvements in androgen deficienlife clinical features. However, whedr the weight

357 lossassociated increases in testosterone are causally related to the clinical improvements is
358 not knowr®. For example, in one longitudinal study among obese submitted to bariatric

359 surgery, the degree of weight loss was closely associated with improgeimesgxual

360 function, but the increase in testosterone wa$ not

361

362 In most menatleast 10% of weight loss is required to achiewvenarease in circulating

363 testosteroneThe largest study examining the effects of weight changes on testosterone
364 concentrationsswsea secondary analysis 86 men participating in the diabetes preventio

365 program (BPPYrial®®. Obese (mean BMI 32 kq?) middleaged (mean age 55 years) men
366 who wererandemised tan intensive lifestyle interventioin = 293) lost 7.9 kg over 12

367 months. Total testosterone increased atightly, by 1.15 nmol/L, along with SHBG but

368 bioavailable testosterone did not change significdhtlfhere were no significant

369 associations between changes in testosterone and Moagyver,baseline testosterone was
370 notclearlylow (11.6 nmol/L) in these méh
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In a recenRCT of middleaged obesmenwith low testosterone (6.9 nmol/kandomised to
testosterone or placebo sombiration with a concomitantintensive diet program for all
participants, the placebo group lost 11% of body weight and this was associatelwia
modestinereasan endogenousotal and free testosterobg 2.9 nmol/L andoy 30.3 pmol/L,
respectively’. Perhaps not surprisinglyt follow-up more than ongear after completion of
the RCT,thesemen had regained twihirds of their weight, and testosterone concentrations
fell back to baseline concentratiofis Thesestudies confirrad what is known; thawvhile
weight loss. is difficult to achieve, sustaining weight loss araintainingthe assoated
increases In _testosterorseeven mordlifficult. Low testosterone malyowevercontribute to
fatigue and' inettid, making it more difficult forsuchmen to engage ihealthylifestyle
measures Several studies obese men have reported that more intensive physical activity is
required to incréasendogenousestosteronéd®® an intensity that can kdifficult to achieve
even in dedicated clinical studies. Moveo, benefits of caloric restriction may be limited by

loss of muscle mass, even in the context of concomitant ex&rcise

Overall, while bariatric surgery for severely obese men is very effectebjeving a
sustained increase in testosterone with lifestyle measures is challevidiig. lifestyle
measures and-optimisation of chronic disess®eain cornerstonenanagementools, the
guestion arisesls towhether testosterone treatment can augment thefitsent lifestyle
interventions angbreventthe dietassociated loss of muscle maBeevious RCTs combining
exercise interventian and testosterone treatmenh healthy older menhave reported
equivocal (result§®® One RCT combining very low energy di@fLED) and testosterone
treatment in_obese men with obstructive slappoedfailed to show effects of testosterone
treatmentadditive to diet’. However this study achieved onlyvery modest, ~2kg loss of

body weight®, limiting conclusions regarding combined benefits.

In a recent56week RCT middleaged (median age 53 yearspese men with dow
testosterongmean total testosteron®@9 nmol/L) were subjected to a rigorous-d@ek
VLED phase fellowed by 46 weeks of weight maintenance and additionally randomized to
testosterone treatment or placebo. Both groups lost similau@t of body weight at the end

of the VLED phase (testosterogeoup 12.0 kg, placebo grougl3.5 kg)and these were
largely sustained at RCT end (testosterone grétipt kg, placebo groufd 0.9 kg) with no

significant between group differenéésHowever, men randomised to testosterone had,
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compared to placebo, greater reductions in fat mass (between group diff@.0kgé-5.7, -
0.2]) and visceral fat-g678 mni[-5180, -176), but preservation déan mass (+ 3.4k[..3,
5.5]). Thus, although testosterone treatment did not augmerastietiated weight loss, it
preventedhe diet-associated loss in lean mass. While plaeebated men lost both lean and
fat massythemweight loss with testosterone treatment was almost esigluire to loss of
body faf/These changes in body composition may have beertcdaadrogen receptor
signalling in"adip6se and skeletal muscle ¢&lsind/orincreased physical acttyi observed
among testosterorteeated met. As discussed abovegstosterone treatmemtecreased
leptin over and.above the effects of weight Issgigesting a lessening of leptisistace’®.

In contrast,_testosterone treatment did not augment weight-dsssciatedeffecs on
circulatings€oncentrations of ghrelin, glucagon like pepfidgastric inhibitory polypeptide,
peptide YY, pancreatic polypeptide, and amylinThis suggeststhat the effects of
testosterone treatmeah body composition are unlikely to be mediabgdeffects on these

key modulators of appetite and energy homeostasis.

Interestingly=in-this RCT®* the metablically favourable changes in body composition
consequent,to,testosterone treatment did not augment weiglaskssated improvements in
glucose metabolism, consistent with testosterone treatment B@&T slid not incorporag
weight loss.~measur¥s> However, testosterone treatment improved constitutional
symptoms and sexual function over and above the effects of weight los& alBaseline
testosterone (total 6.9 nmol/L, free 166 pmol/L) was markedly lower than thateléctes!
community dwelling obese men; in the obese subgobtipe EMAS cohortmeantotal and
free testosteroneoncentrationsvere 13.5 nmol and 280 pmol!f? and among obese US
American mentheyranged from 11.5nmol/L to 12r#mol/L and 176 pmol/L to 193 pmol/L
respectivelydepending on diabetic statfisTherefore, the benésireported with testosterone

101 cannot be extended to unselected obese men.

treatment.in.thisicohd
When reevaluated 20 months aftéreend of the RCT*? the testosterone treatment effects
on body cemposition were not sustained, and the former between group differencesdh fat
lean mass Were nlonger apparefit This suggests, consistent with other stufe$? that
testosterone treatment needs togdeen long term to maintain benefits. Thereemg no
differences in testosterone concentrations between previously testosteaode placebo
treated meff, suggesting that relatively short term (56 ws)¢kstosterone treatment was not

associated with a prolonged iatrogenic suppression of the HPT axis.
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440 Interestingly, in a8 RCTusingthe sameajuestionnaireas Ng Tang Fui'study™'®* butin a
441 cohort of older men withongstandingdiabetes(mean duration 8 to 9 years) and a high
442 comorbid burdentestosterone treatmedid not improve androgen deficientiige symptoms
443  or sexualfunctiolf>. This discrepancy is consistent with the notibat in older men with
444  multiple comorbiditiesandrogerdeficiencylike symptoms are less specific, athatsexual
445  dysfunctionis more likely to becontributed to by noendocrine causes compared to younger
446 and healthier menn thelargeT Trials, sexual function improvedodestlywith testosterone
447 treatmentsuggesting that even older men with a relatively high comorbid bB¥&a had
448 diabetes and 15% a previous myocardial infarction) can respond to testoéterone

449

450 Overall, largerlongerterm studies are needed to assess whether testosterone treatment has
451 patient important benefits if added to rigorously implemented lifestyle measures.

452

453 5) Isthere.a role for selective estrogen modulators (SERMs) or aromatase inhibitors
454  (Als) in thetreatment of obesity-associated hypogonadism?

455 SERMs and Algequire residual hypothalampituitary responsiveness for their action and
456 they aré'therefore iffective in classical hypogonadotrophic hypogonadfntHowever, as
457 discussed abeve, obesagsociated hypogonadism is functional ame question arises as to
458 whether SERMs and Als could be effective in this cont€kere arehowevercaveats to
459 their use in obeselder men Experimental studies demonstrate reduced LHtastbsterone
460 secretion in response to SERNM& or Als'® in older compared to young men, and this is
461 exacerbated byobesity®® and a preinflammatory stat® that commonlycoexiss with
462 obesity.SERMsandAls may have undesirable effects.contrastto testosterone treatment,
463 SERMSs via_estrogerlike actions in the livermay reduce insulidike growth factorl,
464 potentially” reducing anabolismwhile the increasein SHBG may limit testosterone
465 bioavailability®®=The physiological relevance of such effects remains speculative, as long
466 term clinicabtrials are lackindvioreover,as discussed b@l, Als reduce bone density.

467

468 Clinical studies.with SERMs

469 Uncontrolled case series, reviewed elsewhéreariously reported not only increases in

470 testosterone, but also improvements in self-reported sexual function and androgenayefici
471 like symptoms in SERMreated men. The onlplacebecontrolled RCT in older men

472 (median age of 61 years)ith symptomatic androgedeficiencyrandomised 17 men with
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erectile dysfunction andrculatingtestosterone 9.5 nmol/L to clomiphene or placebo for 2
months*2 Despie robust increases testosterone with clomiphene (from 8.3 nmol/L to 19.1
nmol/L), sexual functiorassessedby selfreporing and by nocturnal tumescence did not

improve*2

In younger men (mean age 49 years), the largest RCT randomized 256 obe&Mmnaa (
kg/m?) with biechémicakecondary hypogonadismiefined agestosterone <10.4 nmolAnd

LH < 9.4 WJ/L) to either enclomiphene, testosterone gel or placebo for 16 keekmen
receiving enclomiphene, gonadothip concentratios increased and in men receiving
testosterone__gonadotioips decreased It is likely that this differential effect on
gonadotrophins resulted in maintenance of a normal sperm count in enclorvigzee

men whereas 'sperm count was modestly reduced from a normal baseline in testosterone
treated meff. No) other outcomeneasures were reporfedEnclomiphene, thérans-isomer

of clomiphene is a relatively pure estradiol antagbfisand longterm effects on bone
health, sexual function and adiposity require scruthkyecentcrossover RCT among 24
middle-aged.ebese men witmpaired glucose tolerance or diabetes and baseline testosterone
< 10.4 nmel/Lreported modest but significant improvements in fasting glucose and insulin
resistance (by HOMAR) after 3 months of clomiphene treatment, but this small study
requires confirmatiort*

Clinical studies with Als

The largest RCT randomised 8Besemen>60 years with symptomatic androgen deficiency

to anastozole or placebo for 12 months. Despite substantial increases in testosterone from
11.2 nmol/L _to _18.2 nmol/L with anaewole, there were no between group differences in
symptoms,. body composition, strength or lipid ls¥8 Smaller RCTshave similarly
reported_ that despite robust increases in testosterone, Als had no effect on a large array of
psychological"and somatic measures in men with agebesityassociated reductions in
testosterong®!8 Of concern, BMD at the spine decreased significantly after 12 months of
anastozoleg#presumably because of the decrease in circulating esttadioladdition to

bone health®,.estradiol may be important for of sexual function, prevention of abdominal
adiposity® and insulin sensitivif’'?° More work is needed befo®ERMs or Als can be

considered for the treatment of obesity-associated hypogonadism.

Summary and conclusions
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While the relationship between obesity ahd HPT axids to a certain exterti-directional,
changes in adipositan have marked effects on the HPT axis, whereas changes in
circulating testosterone have relatively modest effects on body composBioih
mechanistic and clinicaltsdies have shed welight on therolesfor adipose tissuéerived
factors suchrasleptin, pioflammatory cytokines and estradialthe regulation of the HPT
axis and their hypothalamitargets.However these insights have y&b betranslated into

clinical strategies.

Many men.with more modésdegrees ofobesty have reductions primarily in total
testosteroneand theimonspecificandrogerdeficiencylike symptoms mat least in parbe
caused bycomorbidities.It is clear thatmarkedobesity can lead to genuine biochemical
hypogonadis, butthe evidence for patieftnportant clinical consequencescismparatively
less well establishedVhile in otherwise healthy younger men, only sewaresity,BMI >

40 kg/nf, leads togenuineHPT axis suppression, older men with comorbidities may be
susceptible wh lesser degrees of adipositypwever,androgen deficienciike features are

less specific.inthese older men.

In markedly obese men, substantial loss of excess body weight is very effective in restoring
eugonadism,but lifestyle measue less effective and difficult to sustain. While lijés
modifications shouldemain first line therapeutic measurebprtierm studies have shown
that testosterone treatmeimt selected memay havemodest benefitseven additiveo diet
alone. Testosterone treatment nead be maintainedbng-term,and possibly indefinitelyo
sustain a benefitLongerterm, larger RCTs powered for patiemtportant outcomes and
longterm safety areneededto more precisely define the benefits, and potential risks of
testosterone treatmenkloreover, further studies @ required to determine whethdre
effects of testosterone treatment can be enhanced by concomitant exértisguch trials

are availal@;testosterone treatment cannot be routinely recommédodeten with obesity
associatedoreclassicalhypogonadism. Iromparison, much less evidence is availdble
guide the us@f agents suchs SERMs and AJsand their use should be restrictedliaical

trials.

FigureLegend

Bi-directionalrelationship betweeadipose tissue artdstosterone
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Depicted are potential mechanisms by which increased adipaséyleptin and pro
inflammatory cytokinedeads to suppression of tliypothalamicpituitary-testicular(HPT

axis). Both central leptin resistance and inhibitory leptin action at the testicular level may
play a role, and cytokines may inhibit th&PT axis at multiple levels (see main text).
Potentialveffects of insulin andheer nonadipose derived hormonal factors on the HPT axis

are reviewed elsewhefé %2

In turn, low testosterone and/dow estradiol may promote adipose tissue accumulation.
Androgen deficiencyike clinical featuresnay be due téow sex steroid concentratioifisoth

low testosterone and estradioBnd/or due toageassociated accumulation of comorbid
burden angsarcopaenic obesity.oss of muscle mass is primarily dueldav testosterone,
whereas accumulation of fat massay primarily be due to low estradidBHBG, sex

hormone binding globulin. Adapted fréfn
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Table: Definitions

Term

Definition

Remarks

Androgen
deficiency:like

symptoms'and

Clinical symptoms and signs
consistent with, but not

necessarily diagnostic of

Some clinical features can be nonspec

and confounded by comorbidities

signs* androgen deficiency
Low Circulating testosterone Age-dependent reference ranges have
testosterone concentrations below the been rigorously defined
reference range established
for young healthy men
Hypogonadism | Coexistence of androgen Coexistence does not necessarily prov
deficiency and low causality
testosterone
Classical Hypogonadism due to For example: pituitary tumour,
hypogonadismu| established HPT axis Klinefelter

pathology

Non-classical

hypogonadism

Hypogonadism without
recognisable (classical) HPT

axis pathology

Potential for reversibilitffunctional

hypogonadism)

Clinically
relevant HPT

axis dysfunction

Clinical androgen deficiency
and unequivocally low
circulating testosterone

concentrations

Dysfunction can be caused by classica
(established HPT axis pathology) or no
classical hypogonadism (functional

suppression).

HPT: hypethalamic-pituitary-testicular
*androgen deficiency-like symptoms and signs may include sexual dysfunction (such as

reduced libido and erectile dysfunction), decreased energy, low mood, reduced bone density,

reducedsmuscle mass and increased fat mass.
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