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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   Androgens regulate multisystem physiology via AR signaling.

■   T, DHT, and 11-oxygenated androgens affect bone, muscle, and metabolism.

■   Nutrition modulates steroidogenesis and the microbiota–androgen axis.

■   LC-MS/MS enables accurate multi-androgen profiling.

■   AI tools support precision androgen medicine.
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Androgens,  historically  regarded  as  male  sex  hormones,  are  increasingly
recognized  as  central  regulators  of  multisystem  physiology  across  the
lifespan in both sexes. Beyond reproductive functions, classical androgens
together with emerging 11-oxygenated androgens participate in the regula-
tion  of  metabolic  homeostasis,  immune  balance,  cardiovascular  function,
musculoskeletal  integrity,  neurocognitive  processes,  and  systemic  aging.
Advances  in  steroidomics,  liquid  chromatography–tandem mass  spec-
trometry (LC-MS/MS), and androgen receptor biology are reshaping andro-
gen  research  from  a  reproduction-centered perspective  toward  an  inte-
grated  endocrine  framework  linking  physiology,  disease,  nutrition,  and
precision  medicine.This  review  synthesizes  current  understanding  of
androgen biosynthesis,  metabolism,  and  receptor  signaling,  and  summa-
rizes  their  roles  in  reproductive  disorders  such  as  polycystic  ovary
syndrome,  congenital  adrenal  hyperplasia,  and  late-onset  hypogonadism,
as well  as prostate disease,  metabolic  and cardiovascular  disorders,  bone
and muscle health, dermatologic conditions, and neuropsychiatric function.
Therapeutic approaches-including hormone replacement therapy, selective
androgen  receptor  modulators,  enzyme-targeted interventions,  and  struc-
tured  safety  monitoring-are  also  discussed.An  emerging  frontier  is  the
integration  of  nutrition  and  gut  microbiota  into  androgen  regulation.
Micronutrients  such  as  zinc,  magnesium,  and  vitamin  D,  together  with
balanced  macronutrient  intake,  anti-inflammatory  dietary  patterns,  and
probiotics,  influence steroidogenesis,  inflammation,  insulin resistance,  and
androgen  receptor  signaling,  forming  a  potential “nutrition–microbiota–
androgen axis”.Meanwhile, LC-MS/MS-based multi-androgen profiling and
early  integration  with  AI  approaches-such  as  ovarian-endocrine-age
modeling  exemplified  by  OvaRePred-may enable  individualized  interpreta-
tion  and  predictive  analytics.  Collectively,  the  convergence  of  advanced
analytics,  nutrition science,  and AI-driven modeling is redefining androgen
medicine and enabling more precise diagnosis and personalized endocrine
health management.

 OVERVIEW OF ANDROGENS
Androgens, traditionally regarded as “male hormones,” are now recognized

as pivotal regulators of multisystem physiology in both sexes.1,2 Beyond their
well-known roles  in  reproductive  differentiation  and  sexual  function,  andro-
gens  orchestrate  a  wide  range  of  biological  processes  encompassing  bone
and  muscle  integrity,  metabolic  homeostasis,3-4 immune  regulation,5-8

neurocognition,9-10 and vascular health.3-4 These pleiotropic effects are medi-
ated  primarily  through  testosterone  (T),  dihydrotestosterone  (DHT),  and  a

growing  class  of  11-oxygenated  androgens,  which  act  via  the  androgen
receptor (AR) in nearly all major tissues.11-14 The concept of “androgen health”
has thus expanded from reproductive endocrinology to a broader framework
linking endocrine  balance  with  systemic  aging  and  chronic  disease  preven-
tion.12,14-16

Across the lifespan, androgen signaling maintains the equilibrium between
anabolism and catabolism, modulates insulin and lipid metabolism, supports
erythropoiesis,  and influences inflammatory tone.2,4,17 Physiological androgen
decline  contributes  to  osteoporosis,  sarcopenia,  depression,  and
cardiometabolic  dysfunction.18-21 In  contrast,  excessive  androgen  exposure-
as observed  in  conditions  like  polycystic  ovary  syndrome  (PCOS)  or  exoge-
nous misuse—can provoke metabolic derangements,  vascular stiffness,  and
reproductive  abnormalities.3,22-24 This  bidirectional  vulnerability  underscores
androgens as both vital homeostatic mediators and potential disease drivers
when imbalanced.12,17,25

Recent  advances in  steroidomics,  mass-spectrometry profiling,  and artifi-
cial-intelligence–assisted  analytics  have  enabled  the  precise  mapping  of
androgen pathways, revealing complex interactions among gonadal, adrenal,
and  peripheral  sources.26-31 Particularly,  11-oxygenated  androgens  such  as
11-ketotestosterone (11KT) and 11-ketodihydrotestosterone (11KDHT) have
emerged as potent  AR agonists  that  sustain  androgenic  activity  even under
gonadal  suppression.11-12 Their  discovery  redefines  traditional  models  of
androgen  biology  and  opens  new  avenues  for  biomarker  development  and
targeted intervention.

An  increasingly  recognized  dimension  of  androgen  physiology  lies  in  its
intimate  connection  with  nutrition  and  metabolism.  Adequate  intake  of  key
micronutrients—such as  zinc,  magnesium,  and vitamin  D—serves as  cofac-
tors for steroidogenic enzymes, whereas balanced protein and unsaturated-
fat  consumption  preserves  hormone  transport  and  receptor  sensitivity.32-35

Conversely,  excessive  refined  carbohydrates  or  saturated  fats  impair  insulin
signaling  and  favor  peripheral  aromatization  of  T  to  estrogens,  fueling
metabolic  syndrome  or  hyperandrogenic  states.36 Energy  restriction  and
malnutrition suppress the hypothalamic–pituitary–gonadal (HPG) axis, lead-
ing to hypoandrogenism and muscle loss, while obesity enhances aromatase
activity  and  disrupts  the  androgen–estrogen  balance.37 Emerging  evidence
also  highlights  the  gut  microbiota  as  a  critical  intermediary,  modulating
androgen  metabolism  and  systemic  inflammation  through  diet-dependent
microbial  metabolites.38-41 These  insights  position  the  androgen–nutrition
axis as a new frontier in precision endocrinology and metabolic health.

In this review, we summarize current knowledge of androgen biosynthesis,
metabolism,  and  receptor  signaling;  delineate  their  systemic  physiological
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and  pathological  roles;  and  explore  emerging  intersections  with  nutrition,
metabolism, and immune regulation. Integrating metabolomic profiling, nutri-
tional  science,  and  AI-driven  analysis  will  pave  the  way  toward  precision
androgen  medicine—one that  personalizes  endocrine  and  nutritional  inter-
ventions  to  optimize  health  across  the  reproductive,  metabolic,  and  aging
continuum.

 ANDROGEN  BIOLOGY:  SOURCES,  REGULATION,  METABOLISM,  AND
MECHANISMS OF ACTION

Androgens are a class of essential steroid hormones involved in the regu-
lation  of  various  physiological  processes,  including  reproductive  system
development, bone density maintenance, muscle growth, and the modulation
of  sexual  drive.2 The  pathways  underlying  androgen  biosynthesis  and
metabolism are highly complex and are regulated by multiple endocrine axes
(Figure 1). Their synthesis depends not only on endocrine glands such as the
testes,  ovaries,  and  adrenals  but  also  on  regulation  by  the  HPG  axis,  the
hypothalamic-pituitary-adrenal (HPA) axis, and peripheral tissues, in addition
to modulation via autocrine and paracrine signaling pathways.42 This section
will focus on the mechanisms governing androgen synthesis and regulation,
as well as the metabolic pathways and biological functions of T and its prin-
cipal metabolites.

 Androgen biosynthesis and regulatory mechanisms
 Androgen  production  in  males  and  females. Androgen  biosynthesis  in

both  sexes  involves  contributions  from  the  gonads,  adrenal  glands,  and
peripheral tissues, differing mainly in quantitative output, hormonal regulation,
and  the  relative  balance  of  adrenal  versus  gonadal  sources.  In  women,
androgens are synthesized primarily  by the ovaries and adrenal  cortex,  with
additional  interconversion  occurring  in  peripheral  tissues.  Within  the  ovary,
theca  cells  produce  A4 and  small  amounts  of  Dehydroepiandrosterone
(DHEA)  under  Luteinizing  Hormone  (LH)  stimulation,  while  granulosa  cells
convert  A4 to  estrogens  in  the  regulation  of  follicle-stimulating  hormone

(FSH),  with  a  portion  of  A4 also  transformed  into  T.43 The  adrenal  cortex
further  secretes  DHEA,  Dehydroepiandrosterone  sulfate  (DHEAS),  and  11-
oxygenated  androgens  such  as  11KT,  which  contribute  substantially  to
systemic  and  local  androgen  activity  through  peripheral  activation
pathways.12 In  men,  androgen  synthesis  is  dominated  by  testicular  Leydig
cells,  which  produce  T  under  LH  regulation  via  the  hypothalamic–
pituitary–testicular  (HPT)  axis.44 The  adrenal  glands  additionally  secrete
weaker  androgens-DHEA,  Androstenedione  (A4),  and  11β-hydroxytestos-
terone  (11OHT)—that  can  be  converted  peripherally  into  active  11KT  and
11KDHT,  thereby  supplementing  total  androgenic  activity,  particularly  under
pathological or developmental conditions.12

In  both  males  and  females,  peripheral  tissues—including  skin,  adipose
tissue, and skeletal muscle—express enzymes such as 5α-reductase and 11β-
HSD, allowing in situ conversion of adrenal- and gonadal-derived precursors
into  biologically  active  androgens  or  estrogens.12,45-46 In  peripheral  androgen
excess,  DHT  predominates  in  skin  and  prostate-related  effects,  while  11KT
may  dominate  systemic  and  metabolic  actions,  highlighting  the  need  to
consider both gonadal and adrenal sources in androgen-related pathophysi-
ology.12,47

 Regulation  of  Androgen  Synthesis. Androgen  production  is  regulated
through  coordinated  central  and  peripheral  pathways.  Gonadal  secretion  is
primarily  controlled by the HPG axis,  operating via the HPT axis in men and
the hypothalamic–pituitary–ovarian (HPO)  axis  in  women.48 Pulsatile secre-
tion of GnRH activates pituitary release of LH and FSH. In males,  LH stimu-
lates  Leydig  cells  to  upregulate  essential  steroidogenic  enzymes (CYP11A1,
CYP17A1, HSD3B), facilitating the conversion of cholesterol via pregnenolone
and A4 into T, whereas FSH acts on Sertoli cells to promote aromatase activ-
ity  and  inhibin  B  production,  thereby  supporting  spermatogenesis.49-50 In
females, LH stimulates theca-cell androgen synthesis via the same cascade,
and  FSH  induces  granulosa-cell  production  of  inhibin  B  and  estradiol,
promoting  follicular  growth.51 Circulating  T  and  its  downstream  metabolites
provide negative feedback to the hypothalamus and pituitary, thereby modu-
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Figure 1.  Overview of Classic and 11-Oxygenated Androgen Biosynthesis and Conversion Pathways. This diagram summarizes androgen synthesis from cholesterol via key
intermediates to T and 11KT. The other branches of steroid hormone pathway were also indicated. Color coding: Brown = major bioactive androgens; Green = functional path-
way branches. Abbreviations: L1, CYP11A1 – cholesterol side-chain cleavage enzyme (P450scc); 17H, CYP17A1 – 17α-hydroxylase / 17,20-lyase; 3βD, 3β-HSD – 3β-hydroxys-
teroid  dehydrogenase;  4R,  AKR1D1 – 5β-reductase;  7H,  CYP7B1 – 25-hydroxycholesterol  7α-hydroxylase;  17D,  17β-HSD  type  3/5 – 17β-hydroxysteroid  dehydrogenase
isoforms; 16H, CYP3A7 / CYP1A1 – 16α-hydroxylase; 16R, CYP3A4 – 16β-hydroxylase; 11H, CYP11B1 – 11β-hydroxylase; 11D, 11β-HSD type 1/2 – 11β-hydroxysteroid dehy-
drogenase; 5αR, SRD5A1/2 – 5α-reductase; 3αD, 3α-HSD (AKR1C family) – 3α-hydroxysteroid dehydrogenase; RD, non-specific reductase; SST / SS, STS – steroid sulfatase;
SOAT, SULT2A1 – sulfotransferase; LCAT, lecithin–cholesterol acyltransferase; AR, CYP19A1 – aromatase; 3D, 3α-HSD / 3β-HSD (AKR1C).
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lating  and  maintaining  appropriate  levels  of  GnRH  and  gonadotropin
release.48

In addition to the gonads, the adrenal cortex—under the control of the HPA
axis—serves as a source of weaker androgens, including DHEA, DHEAS, and
11-oxygenated  C19  steroids.12,52 ACTH  pulsatility  drives  zona  reticularis
steroidogenesis,  while  insulin,  IGF-1,  and  intra-adrenal  modulators  refine
enzyme  activity.53-54 Sequential  oxidation  by  11β-HSD2  and  reduction  by
AKR1C3 convert 11-hydroxy precursors to potent androgens (11KT, 11KDHT)
with high androgen-receptor affinity and resistance to aromatization.13

Peripheral  tissues—including  skin,  adipose,  liver,  and  prostate—express
activating enzymes such as 5α-reductase (types 1 and 2) and 11β-hydroxys-
teroid dehydrogenases (11β-HSD1 and HSD2), whose expression and activ-
ity  are  modulated  by  local  and  systemic  cues.22,55 5α-Reductase is  upregu-
lated by androgens, insulin/IGF-1 signaling, inflammatory cytokines (e.g., TNF-
α),  and  thyroid  hormones,  while  estrogens  and  certain  growth  factors  can
downregulate its activity.22,56 Likewise, 11β-HSD1— which regenerates active
glucocorticoids  and  can  interconvert  11-oxygenated  androgens—is  induced
by glucocorticoids  themselves,  high circulating insulin,  and PPARγ agonists,
whereas  11β-HSD2—which  inactivates  glucocorticoids—is  upregulated  in
states  of  mineralocorticoid  excess  and  by  factors  like  angiotensin  II.12,14,55

These  tissue-specific  modulators  fine-tune local  androgen  and  corticos-
teroid  levels,  enabling  organ-level specificity  of  hormonal  effects  indepen-
dent  of  systemic  hormone  concentrations.55,57 This  dynamic  interplay
between central hormonal control (HPG and HPA axes), gonadal and adrenal
steroid  output,  and  peripheral  activation  underscores  the  complexity  and
precision of androgen regulation in health and disease.

 Androgen metabolism
Androgen metabolism  involves  a  complex  network  of  enzymatic  conver-

sions that regulate the activation, inactivation, and clearance of androgens in
target tissues. The major circulating androgens include T, DHT, A4, DHEA, and
11-oxygenated androgens such as 11KT.12 These androgens stem from the
gonads and adrenal glands and undergo extensive peripheral metabolism.55,57

T  can  be  metabolized  into  the  more  potent  androgen  DHT  via  5α-reduc-
tase  (isoenzymes  type  1  and  2),  which  is  abundantly  expressed  in  tissues
such as the prostate,  skin,  hair  follicles,  and liver.58 DHT binds the androgen
receptor with greater affinity and is responsible for many classical androgen-
dependent  processes,  including  development  of  the  external  genitalia  and
secondary  sexual  traits.58 Alternatively,  T  may  be  aromatized  by  aromatase
(CYP19A1) to estradiol, particularly in adipose tissue and brain.59

Androgen  inactivation  proceeds  through  multiple  metabolic  routes.  T  and
DHT are  converted by  3α- and 3β-hydroxysteroid  dehydrogenases into  less
active or inactive metabolites,  including androsterone and etiocholanolone.60

These  metabolites  subsequently  undergo  hepatic  conjugation—via
glucuronidation or sulfation—and are eliminated in the urine. The conjugation
steps  are  mediated  by  UDP-glucuronosyltransferases  and  sulfotransfer-
ases.61-62

11-oxygenated  androgens,  previously  thought  to  be  inactive,  are  now
recognized as potent androgens.11-12 For example, 11OHA4 and 11KA4 can be
converted  by  11β-hydroxysteroid  dehydrogenases  (11β-HSD1  and  11β-
HSD2) to 11KT and 11KDHT, which are non-aromatizable and highly active at
the AR.13,63 These pathways are particularly relevant in tissues like the adrenal
gland,12,63 liver,55 skin,64 and prostate.13 Adipose tissue, through expression of
11β-HSD1,  may  also  play  a  role  in  the  local  processing  of  11-oxygenated
androgens.55,65-66

Overall,  androgen  metabolism  is  tissue-specific  and  highly  regulated,
ensuring  that  local  androgenic  activity  reflects  not  just  circulating  hormone
levels  but  also  the  local  enzymatic  milieu.  Dysregulation  of  androgen
metabolism  contributes  to  several  clinical  disorders,  including  androgen
insensitivity, polycystic ovary syndrome (PCOS), congenital adrenal hyperpla-
sia (CAH), and prostate disease.12

 Key rate-limiting enzymes in androgen pathway
Androgen  production  and  biotransformation  are  governed  by  a  series  of

critical  rate-limiting  enzymes  that  shape  overall  hormone  levels,  tissue-
specific  actions,  and  physiological  homeostasis.  Steroidogenesis  is  initiated
by  the  transport  of  cholesterol  into  mitochondria  via  steroidogenic  acute
regulatory protein (StAR), widely regarded as the first rate-limiting step in this
pathway.67 Within the mitochondria, cholesterol is subsequently converted to
pregnenolone by CYP11A1 (cholesterol side-chain cleavage enzyme).67

A  key  regulatory  node  is  CYP17A1,  which  exhibits  both  17α-hydroxylase
and  17,20-lyase  activities,  enabling  the  conversion  of  pregnenolone  or
progesterone  into  DHEA  or  A4,  the  principal  precursors  of  androgens.
CYP17A1  activity  represents  a  major  rate-limiting step  in  androgen  biosyn-
thesis,  especially  within the adrenal  cortex and in gonadal  theca and Leydig
cells.49,67

In peripheral tissues, 5α-reductase (types 1 and 2, encoded by SRD5A1 and
SRD5A2)  catalyzes  the  conversion  of  T  to  the  more  potent  DHT,  a  critical
local activator of androgen signaling in the prostate, skin, and hair follicles.58

For  11-oxygenated  androgens,  11β-hydroxylase  (CYP11B1)  and  11β-
hydroxysteroid  dehydrogenases  (11β-HSD1  and  11β-HSD2)  regulate  the
formation and interconversion of 11OHA4,  11KT, and 11KDHT—steroids now
recognized as potent androgens.12

Inactivation  and  clearance  of  androgens  involve  3α/3β-HSDs,  UGTs,  and
SULTs, which reduce and conjugate active androgens for excretion.60-62 Alter-
ations in these enzymes can lead to hyperandrogenism, androgen insensitiv-
ity, or steroidogenic deficiencies.22

 Androgen  receptor  (AR)  distribution  and  bioavailability  of  circulating
androgens

The androgen receptor (AR) is a member of the nuclear receptor family and
acts  as  a  ligand-activated  transcriptional  regulator.68 When  activated  by
androgens such as T, DHT, 11KT, or 11KDHT, the receptor undergoes nuclear
translocation,  binds  to  androgen  response  elements,  and  modulates  target
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Figure 2.  Androgen bioactivity and binding dynamics. Comparative androgen receptor  transactivation of  key steroids (1 nM),  showing DHT and 11KDHT as the most potent
agonists, followed by T and 11KT.11 (B) Circulating androgens exist as free, albumin-bound, or SHBG-bound fractions, with only the free and loosely bound forms being bioavail-
able and biologically active.
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gene  expression.11,13 Androgens  differ  in  AR  affinity:  DHT  exhibits  the
strongest  binding  and  transactivation,  while  11KT  and  11KDHT—major
adrenal  11-oxygenated  androgens—also  display  high  AR  activity  that  can
equal or exceed T or DHT in certain tissues (Figure 2A).11,13 In contrast, 11OHT
has lower potency, and A4 requires conversion to T or DHT for activation.11

In  the  circulation,  androgens are  distributed  across  three  forms:  unbound
(free),  albumin-associated,  and  sex  hormone–binding  globulin  (SHBG)–
bound  fractions  (Figure  2B).69-71 Free  androgens  account  for  only  1–3%  of
total  levels  yet  are  the  most  biologically  active  because  they  readily  diffuse
into  cells  and  activate  AR  (Figure  2A).72 In  contrast,  40–80%  of  circulating
androgens  are  tightly  bound  to  SHBG,  forming  high-affinity  but  inactive
complexes (Figure 2B). SHBG concentrations vary with sex, age, body weight,
insulin  resistance,  thyroid  and  liver  function,  and  sex-hormone  balance.73-75

Men generally have lower SHBG,76-77 whereas pregnancy and oral contracep-
tive  use  markedly  increase  levels  in  women.78-79 Low  SHBG  is  linked  to
obesity,  insulin  resistance,  and  PCOS.76,80-81 Albumin-bound  androgens  are
weakly  bound  and  readily  dissociable,  contributing  to  the  bioavailable  pool
together  with  free  androgens.82 Because albumin  levels  are  relatively  stable,
SHBG variation exerts a greater influence on androgen bioavailability.16,83

Free androgens are also present in other biological fluids. They diffuse into
saliva,  making  salivary  assays  reliable  indicators  of  free  hormone levels.84-85

Androgens  in  sebaceous  secretions  and  sweat  contribute  to  acne  vulgaris
and  androgenic  alopecia,  while  low  levels  in  breast  milk  may  play  roles  in
lactational  endocrinology.86 In cerebrospinal  fluid,  they  exert  neuromodula-
tory  effects  on  mood,  cognition,  and  behavior.87-88 Collectively,  androgen
distribution  across  multiple  body  compartments  supports  their  diverse
systemic functions.

AR is  widely  expressed  across  human  tissues,  mediating  diverse  physio-
logical functions (Figure 3).89 In reproductive organs, AR regulates spermato-
genesis  and  prostate  function  in  males  and  contributes  to  follicular  and
endometrial  regulation  in  females.89 In  muscle  and  bone,  AR  supports
anabolic  growth  and  bone  mineral  density.90-91 In  skin  and  hair  follicles,  it
modulates sebaceous activity and hair growth.91 AR is also expressed within
the central nervous system, where it contributes to the regulation of behavior,
cognitive processes, and neuroendocrine activity,91-92 and in the cardiovascu-
lar system, where it affects cardiac function and vascular tone.93 AR expres-
sion  is  further  detected  in  the  adrenal  cortex,  linking  AR  to  steroidogenic
regulation.12 Beyond transcription, AR participates in proliferation, differentia-
tion, and apoptosis,91,94 and dysregulated AR signaling contributes to numer-
ous physiological  and pathological  states.12,94 Tissue-specific  AR expression
data were derived from the Human Protein Atlas.95

 Androgens and nutrient–metabolic utilization
Androgens are key regulators of energy homeostasis. They enhance skele-

tal  muscle  protein  synthesis  and  mitochondrial  formation,  increase  resting
metabolic rate, and limit visceral fat deposition, collectively supporting favor-
able  body  composition.96-98 T  deficiency  often  leads  to  muscle  atrophy,
increased  adiposity,  and  reduced  insulin  sensitivity,  whereas  excessive  or
exogenous androgen  exposure  may  induce  insulin  resistance  and  dyslipi-
demia.99-100 In  addition,  androgens  influence  appetite  and  caloric  intake  via
hypothalamic pathways: low T in men has been linked to diminished appetite,
while  hyperandrogenic  conditions,  such  as  in  women  with  PCOS,  may
promote overeating and excessive energy consumption.101-103 Overall, andro-
gens  orchestrate  a  multi-level  regulatory  network  that  sustains  metabolic
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Figure 3.  Distribution of androgen receptor (AR) expression. ARs are widely expressed across multiple organs and systems in both sexes, highlighting the broad physiological
influence of androgens.
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balance and enhances nutrient utilization efficiency.

 Nutrition–androgen interactions: metabolic modulation rather than direct
endocrine control

Nutritional factors influence androgen biology predominantly through indi-
rect  metabolic  and  endocrine  pathways,  rather  than  by  directly  regulating
gonadal  or  adrenal  steroidogenesis.104-105 Energy  balance,  macronutrient
composition,  and  micronutrient  availability  modulate  insulin  sensitivity,
adiposity,  inflammation,  and  hepatic  protein  synthesis,  all  of  which  shape
circulating androgen profiles and tissue-specific androgen action.106-107

Several micronutrients have been associated with androgen status, includ-
ing  zinc,  magnesium,  and  vitamin  D.  Zinc  participates  in  steroidogenic
enzyme  activity  and  androgen  receptor  (AR)  signaling,  while  vitamin  D  has
been linked to androgen levels through effects on insulin sensitivity and sex
hormone–binding  globulin  (SHBG).35,108-111 However, evidence  from random-
ized  controlled  trials  remains  inconsistent,  and  observed  associations  are
often  confounded  by  body  composition,  metabolic  health,  and  baseline
hormonal  status.112-113 These  findings  underscore  that  nutritional  influences
on  androgens  are  context-dependent  and  mediated  by  systemic  metabolic
effects, rather than reflecting direct nutrient–hormone causality.

Dietary  patterns  also  modulate  androgen profiles  through their  effects  on
insulin  resistance  and  adipose  tissue  distribution.114-115 Caloric  excess,  high
glycemic  load  diets,  and  central  obesity  are  consistently  associated  with
hyperandrogenic  phenotypes,  particularly  in  women  with  polycystic  ovary
syndrome  (PCOS).114-115 Conversely,  weight  reduction  and  improved  insulin
sensitivity are often accompanied by reductions in circulating androgens.116-

117 Notably, these effects are not limited to classic androgens such as testos-
terone,  but  extend  to  11-oxygenated  androgens,  which  are  increasingly
recognized as metabolically sensitive components of the androgen pool.12,14

Importantly,  11-oxygenated  androgens  appear  to  reflect  adrenal–
metabolic crosstalk rather than reproductive axis activity.12,14,23,65 Their asso-
ciations  with  insulin  resistance,  adiposity,  and  metabolic  inflammation
suggest that they may serve as metabolic readouts of nutritional state. From
a  nutritional  research  perspective,  this  distinction  is  critical:  rather  than
replacing  testosterone  measurements,  11-oxygenated  androgens  may
provide  complementary  information  in  studies  focusing  on  metabolic
outcomes, long-term dietary exposure, or insulin-related phenotypes.

Nevertheless,  current  evidence  does  not  support  individual  nutrients  or
dietary components as direct or targeted modulators of androgen synthesis.
A major limitation of the existing literature lies in nutritional exposure assess-
ment,  as  many  studies  rely  on  imprecise  or  semi-quantitative  approaches,
with self-reported dietary questionnaires remaining the predominant assess-
ment tool. Such methods often fail to adequately capture inter-individual vari-
ability  in  nutrient  intake  and  bioavailability.118-120 Consequently,  associations
between  specific  nutrients  and  androgen  status  are  frequently  inconsistent
across studies and difficult to interpret mechanistically.

With  the  expanding  clinical  adoption  of  mass  spectrometry-based plat-
forms,  high-precision  profiling  of  nutritional  biomarkers-including  amino
acids,  vitamins,  fatty  acids,  and  trace  elements-is  becoming  increasingly
feasible  and  clinically  integrated.  When  coupled  with  AI-enabled  analytical
frameworks that explicitly account for inter-individual metabolic heterogene-
ity,  these  technologies  provide  a  critical  opportunity  to  re-evaluate  nutrient-
hormone  relationships  with  substantially  improved  biological  resolution.
Accordingly,  future  nutrition-focused  research  should  prioritize  rigorously
designed  clinical  trials  or  well-curated  real-world  studies  that  incorporate
quantitative nutrient measurements, explicitly adjust for adiposity and insulin
sensitivity, and clearly predefine androgens as outcomes, mediators, or strat-
ification variables. Such approaches are essential for delineating the physio-
logical  roles  of  specific  nutrients  within  integrated  metabolic–�endocrine
networks, rather than inferring direct nutrient–hormone causality from obser-
vational associations.

 Gut  microbiota  and  androgen  metabolism:  a  biologically  plausible,
metabolically mediated axis

The gut microbiota has increasingly been recognized as a potential modu-
lator of androgen metabolism, giving rise to the concept of a nutrition–micro-
biota–endocrine axis.  From a biological  standpoint,  this framework is highly

plausible, as microbial activity interfaces with multiple metabolic and signal-
ing pathways known to influence androgen production, clearance, and tissue
action.121-122 However, despite its conceptual appeal, current human evidence
remains  heterogeneous  and  largely  associative,  and  its  role  in  androgen
regulation should  therefore  be  interpreted  with  appropriate  caution.  Impor-
tantly, this limitation reflects not only biological complexity but, to a substan-
tial extent,  fundamental  constraints  in  hormonal  and  nutritional  measure-
ment.

A  critical  barrier  in  this  field  is  the  lack  of  comprehensive  and  precise
endocrine phenotyping.  In many human studies,  androgen status is  inferred
from a limited set of immunoassay-based measurements—often restricted to
total testosterone—while broader androgen panels, including adrenal-derived
and  metabolically  sensitive  androgens  such  as  11-oxygenated  species,  are
rarely  assessed.123 Likewise, key  nutritional  exposures  and  metabolic  inter-
mediates that plausibly link the microbiota to endocrine outcomes—such as
amino acids,  fatty  acids,  bile  acid  profiles,  micronutrients,  and inflammatory
mediators—are  frequently  unavailable  or  inadequately  quantified.  Without
accurate,  high-resolution  measurement  of  these  components,  mechanistic
interpretation  of  microbiota–androgen  associations  remains  inherently
constrained.

Mechanistically,  the  gut  microbiota  is  unlikely  to  exert  direct  control  over
gonadal or  adrenal  steroidogenesis.  Instead,  its  influence  on  androgen  biol-
ogy  appears  to  be  predominantly  mediated  through  systemic  metabolic
pathways.  Microbial  metabolites  such  as  short-chain  fatty  acids  (SCFAs)
modulate  insulin  sensitivity,  low-grade  inflammation,  and  hepatic  energy
metabolism,  thereby  shaping  the  endocrine  milieu  that  governs  androgen
synthesis  and  clearance.124 In  parallel,  microbiota-derived  secondary  bile
acids  regulate  nuclear  receptors  involved  in  steroid  metabolism  and
metabolic homeostasis,  indirectly affecting androgen turnover.124 In addition,
microbial  β-glucuronidase activity may contribute to enterohepatic recycling
of  steroid  hormones,  potentially  altering  circulating  androgen  availability
without directly modifying steroidogenic pathways.125

At  present,  however,  direct  causal  links  between  specific  bacterial  taxa,
microbial metabolites, or defined microbial signatures and androgen biosyn-
thesis  remain  limited.  Much  of  the  available  mechanistic  evidence  derives
from animal models or small observational studies.38,40,126 In human nutrition
and  microbiome  research,  disentangling  microbiota-related  effects  from
major confounders—including dietary composition, adiposity, medication use,
and  host  genetic  background—remains  challenging.  These  difficulties  are
further compounded by incomplete endocrine and nutritional profiling, which
precludes reliable  stratification of  androgen phenotypes across populations.
Consequently,  no reproducible microbial  profile can yet be robustly linked to
androgen excess or deficiency.

In this  context,  integrating  comprehensive  androgen  panels  with  micro-
biome profiling  represents  a  methodological  necessity  rather  than  a  techni-
cal refinement. Rather than assuming direct microbial regulation of steroido-
genesis,  androgens—particularly  11-oxygenated  species—should be  inter-
preted  as  endocrine  readouts  of  microbiota-associated  metabolic  states.
Given their predominantly adrenal origin and strong associations with insulin
resistance,  adiposity,  and  inflammation,  11-oxygenated  androgens  better
reflect  adrenal–metabolic  crosstalk  than  reproductive  axis  activity  and
provide  information  not  captured  by  testosterone  alone.12,23 Clinically,  the
microbiota–androgen  axis  should  be  viewed  as  an  emerging,  metabolically
mediated framework rather than an established therapeutic target, as andro-
gen  changes  accompanying  microbiota  modulation  are  more  likely
secondary to  metabolic  or  inflammatory  improvement  than to  direct  micro-
bial control.

Looking  ahead,  progress  in  this  field  will  depend critically  on  advances  in
measurement  infrastructure.  As  high-precision  mass  spectrometry–based
platforms for  androgen  panels,  nutritional  biomarkers,  and  metabolic  inter-
mediates  become  more  widely  available—and  as  standardized  microbiome
monitoring and longitudinal profiling are increasingly implemented—targeted
modulation  of  specific  microbial  functions  or  taxa  may  become  a  rational
strategy in  selected  metabolic  contexts.  Without  such  measurement  preci-
sion,  however,  neither  mechanistic  inference  nor  therapeutic  translation  is
feasible.

Overall,  while  the  nutrition–microbiota–androgen  axis  represents  a
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compelling biological model, its clinical relevance will hinge on future studies
employing integrated designs that combine dietary assessment, microbiome
profiling,  metabolic  characterization,  and  comprehensive,  high-quality
endocrine  measurements.  Until  these  methodological  foundations  are  in
place,  claims  regarding  microbiota-driven  androgen  modulation  should
remain  conservative,  with  primary  emphasis  placed  on  metabolic  context,
functional readouts, and analytical rigor.

 DISORDERS  ASSOCIATED  WITH  ANDROGEN  ABNORMALITIES  AND
THERAPEUTIC STRATEGIES

Androgens exert systemic regulatory effects across immune, reproductive,
metabolic, cardiovascular,  musculoskeletal,  dermatologic,  and  neuropsychi-
atric systems.  Dysregulation of  androgen production,  metabolism,  or  recep-
tor  signaling  may  manifest  as  androgen  excess,  androgen  deficiency,  or
tissue-specific  androgen  imbalance.  Importantly,  emerging  recognition  of
adrenal-derived  11-oxygenated  androgens  has  substantially  expanded  the
mechanistic landscape of androgen-related disorders.

 Androgen excess disorders
Androgen excess represents a central pathophysiological feature in several

endocrine and metabolic disorders.  While clinical  phenotypes differ between
sexes,  shared  mechanisms  frequently  involve  dysregulated  steroidogenesis,
altered peripheral metabolism, and metabolic–endocrine coupling.

 Polycystic  Ovary  Syndrome  (PCOS). PCOS  is  the  most  prevalent
endocrine  disorder  in  reproductive-age women  and  is  defined  by  hyperan-
drogenism and metabolic  dysfunction.22 Excess  androgen production  arises
predominantly from ovarian theca cells and adrenal pathways. Beyond clas-
sical  androgens  such  as  T  and  A4,  adrenal-derived  11-oxygenated andro-
gens—including 11OHA4,  11OHT,  11KA4,  and 11KT—are now recognized as
major  bioactive  contributors.12,23 Notably,  these  androgens  demonstrate
stronger associations with insulin resistance and cardiometabolic risk than T
alone.12,23

Hyperinsulinemia  plays  a  pivotal  mechanistic  role  by  stimulating  ovarian
steroidogenesis  and  suppressing  SHBG,  thereby  increasing  circulating
bioavailable  androgens.12,127 Clinically, PCOS  manifests  as  menstrual  irregu-
larity,  hirsutism,  acne  vulgaris,  and  subfertility.128 Therapeutic  strategies
primarily  target  metabolic  correction  and  AR  signaling  modulation.  Anti-
androgens (spironolactone, flutamide, finasteride) mitigate androgenic symp-
toms,  while  oral  contraceptives  suppress  ovarian  androgen
production.129Lifestyle  modification  and  insulin  sensitizers  (metformin)
improve insulin sensitivity and reduce androgen excess.130 Mass spectrome-
try–based  androgen  panels  offer  superior  specificity  for  characterizing
androgen origin and metabolic signatures.131-134 Dietary interventions, particu-
larly  Mediterranean  dietary  patterns  and  probiotic  supplementation,  further
improve insulin sensitivity and indirectly attenuate hyperandrogenism.135-140

 Congenital  Adrenal  Hyperplasia  (CAH). CAH comprises  inherited  disor-
ders of adrenal steroidogenesis, most commonly due to 21-hydroxylase defi-
ciency.141,142 Impaired cortisol synthesis leads to ACTH-driven adrenal andro-
gen  excess.  Clinical  manifestations  vary  by  severity  and  sex  but  reflect
shared  endocrine  disruption.  Emerging  data  suggest  that  abnormalities  in
enzymes involved in 11-oxygenated androgen metabolism may contribute to
non-classic  hyperandrogenic  phenotypes.12 Glucocorticoid  replacement
suppresses  ACTH  and  reduces  androgen  overproduction.143-144 Novel thera-
peutic approaches targeting specific androgen metabolic pathways are under
investigation.12,145-146 Further research into the molecular and enzymatic basis
of  non-classic  CAH—especially  the  role  of  11-oxygenated  androgen
metabolism—may  refine  disease  classification  and  open  new  avenues  for
targeted therapy.

 Metabolic  Hyperandrogenic  Phenotypes  in  Males. Hyperandrogenic
metabolic phenotypes analogous to PCOS have been described in men.24 It is
characterized  by  insulin  resistance  and  elevated  androgen  precursors  such
as DHEA, occurring in both lean and non-lean phenotypes.24 Clinical features
include  central  obesity,  acne  vulgaris,  early-onset  androgenetic  alopecia,
reduced sperm quality, and an increased risk of erectile dysfunction (ED).24,147

Mechanistically,  metabolic  dysregulation  appears  to  drive  altered  androgen
metabolism rather than primary gonadal overproduction.24 This reinforces the
concept that  androgen  excess  may  arise  from  systemic  metabolic  distur-

bances across sexes.

 Androgen deficiency disorders
Androgen  deficiency  arises  from  impaired  gonadal  steroidogenesis,

hypothalamic–pituitary  dysfunction,  or  age-related  endocrine  decline.
Although  clinical  consequences  differ  between  sexes,  shared  mechanisms
involve  diminished  AR  signaling,  altered  anabolic  balance,  and  metabolic
perturbation.

 Late-onset  hypogonadism  (LOH). LOH  reflects  progressive  decline  in  T
production  associated  with  aging.148-149 Symptoms  include  reduced  sexual
function,  loss  of  muscle  mass,  bone  loss,  fatigue,  and  mood  changes.148

Testosterone replacement  therapy  (TRT)  restores  physiological  concentra-
tions and improves functional outcomes.148-149

 Premature  ovarian  insufficiency  (POI). POI  is  characterized  by  early
depletion  of  ovarian  follicles  and  reduced  estrogen  and  androgen
production.150-151 Hypoandrogenism  contributes  to  decreased  libido,  vaginal
atrophy, bone loss, and impaired quality of life.150-151 The cornerstone of ther-
apy remains hormone replacement with estrogen and progestogen to relieve
menopausal symptoms and mitigate long-term risks. In selected cases, low-
dose  T  or  DHEA  may  be  added  for  women  with  persistent  hypoandrogenic
symptoms or impaired bone health, provided that treatment is individualized
and closely monitored for androgen-related side effects.150-151

 Systemic  Consequences  of  Hypoandrogenism. Across  both  sexes,
androgen  deficiency  exerts  widespread  systemic  effects  that  extend  well
beyond reproductive  function.  Reduced androgen signaling disrupts  skeletal
homeostasis  by diminishing osteoblast  activity  and bone formation,  thereby
predisposing individuals to progressive bone loss and osteoporosis. In paral-
lel,  impaired  androgen-mediated  anabolic  pathways  compromise  muscle
protein synthesis,  contributing  to  sarcopenia,  reduced  strength,  and  func-
tional decline.  At  the  vascular  level,  insufficient  androgen  activity  is  associ-
ated with impaired endothelial nitric oxide (NO) signaling, which may promote
endothelial dysfunction, adverse metabolic profiles, and increased cardiovas-
cular  risk.  Moreover,  accumulating  evidence  links  hypoandrogenism  to
neuropsychiatric  vulnerability,  including  fatigue,  mood  disturbances,  and
cognitive changes,  reflecting the neuromodulatory and neuroprotective roles
of androgens. Collectively, these alterations highlight the systemic regulatory
importance of  physiological  androgen  levels.  In  appropriately  selected  indi-
viduals with  confirmed androgen  deficiency,  testosterone  replacement  ther-
apy  (TRT)  and  selective  androgen  receptor  modulators  (SARMs)  represent
the  principal  therapeutic  strategies  aimed  at  restoring  anabolic  balance,
improving metabolic and vascular function, and mitigating long-term compli-
cations.15,148,152

 Tissue-specific androgen dysregulation
Certain  androgen-related  disorders  predominantly  arise  from  tissue-

specific dysregulation of androgen signaling, rather than from overt systemic
androgen excess or deficiency. These conditions underscore the importance
of local steroid metabolism, receptor sensitivity, and intracrine androgen acti-
vation.

Prostate Diseases The dihydrotestosterone–androgen receptor (DHT–AR)
signaling  axis  represents  the  central  molecular  driver  of  benign  prostatic
hyperplasia  (BPH)  and  prostate  cancer.153-156 Within  prostatic  tissue,  local
conversion of  testosterone  to  DHT  amplifies  AR  activation,  promoting  stro-
mal and epithelial proliferation. Emerging evidence further implicates adrenal-
derived  11-oxygenated  androgens,  particularly  11KT,  as  potent  AR  agonists
capable  of  sustaining  AR  signaling.11,13,157 These  findings  suggest  that  AR
activation  in  prostate  pathology  is  not  exclusively  dependent  on  classical
androgens.

Clinically,  BPH  management  primarily  targets  local  androgen  action
through 5α-reductase inhibitors,  which reduce DHT synthesis,  and α-adren-
ergic  antagonists,  which  alleviate  lower  urinary  tract  symptoms.158-162 In
prostate cancer, androgen deprivation therapy (ADT) remains foundational.163

However,  therapeutic  resistance  frequently  emerges  via  AR  amplification,
constitutively  active  splice  variants,  and  alternative  steroidogenic
pathways.164-165 Notably,  11KT has been proposed as a  potential  contributor
to persistent AR activation despite conventional androgen suppression.11,13,166-167

Novel  therapeutic  strategies—including  PROTAC-mediated  AR  degradation,
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PSMA-targeted  radioligand  therapy,  and  PARP  inhibitors—aim  to  overcome
these  resistance  mechanisms.168-172 Targeting  both  classical  and  11-
oxygenated androgen pathways may offer a new strategy to overcome resis-
tance and improve long-term outcomes (Figure 4).

Skin  and  Appendages. In  cutaneous  tissues,  excess  androgen  signaling
stimulates sebaceous gland activity and follicular miniaturization, contributing
to  acne  vulgaris,  hirsutism,  and  androgenic  alopecia  (Figure  5).173-175

Conversely,  androgen  deficiency  reduces  sebaceous  secretion  and  impairs
hair growth,  resulting  in  dry,  fragile  skin  and  decreased  pilosebaceous  func-
tion.175 Thus,  balanced  androgen  signaling  is  essential  for  maintaining  skin
integrity, optimal sebum production, and healthy hair follicle cycling, highlight-
ing key therapeutic targets for anti-androgen or replacement interventions.

Bone  and  Muscle  System. Androgens  exert  essential  anabolic  effects  by
regulating  osteoblast  and  myocyte  function.176-177 Tissue-level  androgen
insufficiency  or  impaired  receptor  signaling  contributes  to  osteoporosis  and
sarcopenia.18,19,178 TRT  and  SARMs  improve  musculoskeletal  outcomes  by
restoring anabolic balance while minimizing off-target effects.15,152,179-181

 Metabolic and cardiovascular systems
Androgen  abnormalities  are  closely  intertwined  with  systemic  metabolic

homeostasis, reflecting  a  bidirectional  relationship  between endocrine  regu-
lation  and  metabolic  function.  Reduced  androgen  levels  are  consistently
associated  with  increased  visceral  adiposity,  impaired  glucose  metabolism,
and  the  development  of  insulin  resistance.24,99,182-184 These  alterations
contribute  to  a  self-reinforcing  cycle  in  which  adiposity  further  exacerbates
endocrine  dysregulation.  Conversely,  elevations  in  androgen  precursors,
particularly  in  metabolically  dysregulated states,  may also disrupt  metabolic
balance, highlighting that both androgen deficiency and excess can adversely
influence metabolic pathways.

Notably,  adrenal-derived  11-oxygenated  androgens  have  emerged  as
metabolically  sensitive  components  of  the  androgen  pool,  demonstrating
particularly strong associations with insulin resistance, adverse lipid profiles,
and  cardiometabolic  risk.12,23 These  findings  suggest  that  androgen-related
metabolic effects extend beyond classical testosterone-centered paradigms.

At the  vascular  level,  physiological  androgen  signaling  supports  endothe-
lial integrity, partly through modulation of nitric oxide pathways.4,185-187 Andro-
gen  deficiency  accelerates  endothelial  dysfunction  and  atherosclerotic
progression, whereas androgen excess may increase thrombotic and cardio-
vascular risk.3-4

 Neuropsychiatric manifestations
Androgens play a significant neuromodulatory role, influencing mood regu-

lation, cognitive  performance,  and  neuropro-
tective  processes  within  the  central  nervous
system.9-10,21,188 Through  androgen
receptor–mediated  mechanisms,  these
hormones  contribute  to  synaptic  plasticity,
neuronal survival,  and  modulation  of  neuro-
transmitter systems involved in emotional and
cognitive  function.  Declining  androgen  levels
have been associated with increased vulnera-
bility to neuropsychiatric disturbances, includ-
ing depressive symptoms, reduced vitality, and
cognitive  decline.189-190 Such  observations
support  the  concept  that  hypoandrogenism
may contribute to alterations in brain function
beyond  reproductive  aging.  Therapeutic
strategies  like  TRT,  delivered  via  injections,
gels,  or  patches,  have  shown  efficacy  in
improving  mood  and  cognition,21,191 while
SARMs  are  being  developed  to  maximize

neural benefits with fewer side effects.15,192

 Immune and inflammatory regulation
Androgens are  pivotal  in  maintaining  immune  tolerance  through  coordi-

nated regulation  of  central  and peripheral  mechanisms.5 Within  the  thymus,
physiological  androgen  signaling  accelerates  thymic  involution  and  shapes
negative  selection  of  autoreactive  T  cells,  influencing  central  tolerance  and
TCR diversity.193-195 Peripherally, androgens suppress NF-κB and STAT path-
ways,  promote  Treg  and  anti-inflammatory  macrophage  phenotypes,  and
restrain cytokine-driven inflammation (Figure 6).6-7 Deficiency weakens toler-
ance,  increasing pro-inflammatory cytokines and autoimmune risk,  whereas
excess  may  induce  low-grade  inflammation  and  metabolic  dysfunction.196

Androgen receptor expression across immune cells highlights their systemic
immunoregulatory role.197 Therapeutically, androgen replacement or selective
AR modulators (SARMs) can restore Treg balance and suppress autoimmu-
nity,  while  androgen  blockade  may  transiently  enhance  thymic  output  and
antitumor  immunity.194,198 Nutritional  cofactors  such  as  zinc,  vitamin  D,
omega-3 fatty acids, and polyphenols synergize by supporting steroidogene-
sis and reducing NF-κB–mediated inflammation, thereby sustaining immune
tolerance and endocrine homeostasis.35,108-110,136-137,199

The systemic impact of androgen imbalance extends beyond reproductive
function, influencing  metabolic,  cardiovascular,  skeletal,  and  neuropsycho-
logical  health. Table 1 summarizes the major  organ-specific effects associ-
ated with androgen excess and deficiency, providing a framework for under-
standing subsequent therapeutic interventions.6,12,18,129,148,194,200-201

 Therapeutic strategies
Modern therapeutic  strategies  targeting  androgen  abnormalities  encom-

pass a spectrum of pharmacologic approaches designed to restore hormonal
balance,  attenuate  pathological  androgen  signaling,  or  selectively  modulate
AR  activity.  TRT  remains  the  principal  intervention  for  individuals  with
confirmed  androgen  deficiency,  aiming  to  re-establish physiological  andro-
gen concentrations and improve musculoskeletal,  metabolic,  and neuropsy-
chiatric outcomes.18,148,152

Conversely, conditions characterized by androgen excess or heightened AR
signaling  frequently  require  androgen-lowering  or  receptor-blocking strate-
gies.  Anti-androgens primarily  act  through competitive  inhibition of  AR acti-
vation,  whereas  5α-reductase  inhibitors  suppress  the  local  conversion  of
testosterone  to  the  more  potent  DHT,  thereby  attenuating  tissue-specific
androgen effects.202-203

In  oncology  and  selected  hyperandrogenic  states,  inhibitors  targeting  the
critical steroidogenic enzyme CYP17A1 represent a key therapeutic class that
reduces  adrenal  and  gonadal  androgen  biosynthesis.204-205 More  recently,
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Figure 4.  Mechanisms  of  prostate  cancer  drug
resistance. Prostate cancer  cells  develop  resis-
tance through multiple mechanisms.

 

REVIEW  

92  　　　The Innovation Nutrition 1(1): 100004, April 28, 2026 www.the-innovation.org/the-innovation-nutrition

https://www.the-innovation.org/the-innovation-nutrition
https://www.the-innovation.org/the-innovation-nutrition
https://www.the-innovation.org/the-innovation-nutrition
https://www.the-innovation.org/the-innovation-nutrition
https://www.the-innovation.org/the-innovation-nutrition
https://www.the-innovation.org/the-innovation-nutrition
https://www.the-innovation.org/the-innovation-nutrition


SARMs have emerged as a promising therapeutic paradigm, offering tissue-
selective  anabolic  benefits  while  minimizing  off-target  effects.15,206 Collec-
tively,  these  therapies  reflect  a  shift  toward  mechanism-based  androgen
modulation,  emphasizing  individualized  treatment  selection  guided  by
endocrine, metabolic, and tissue-specific considerations.

 Nutritional and metabolic modulation
Nutritional modulation influences androgen biology predominantly through

indirect  metabolic  and  regulatory  pathways,  rather  than  by  directly  altering
steroidogenic  processes.105 Diet-derived  effects  are  largely  mediated  via
changes in insulin sensitivity, adiposity, mitochondrial function, and systemic
inflammatory  tone,  all  of  which are  well-established determinants  of  andro-
gen  synthesis,  metabolism,  and  receptor  signaling.  Within  this  framework,
adequate  micronutrient  status  represents  a  critical  permissive  factor  for
physiological steroidogenesis. Essential trace elements and vitamins, includ-
ing  zinc,  vitamin  D,  and  magnesium,  participate  in  enzymatic  reactions,
receptor  signaling,  and  mitochondrial  bioenergetics  that  collectively  support
androgen production and action.35

Equally important, anti-inflammatory nutrients modulate androgen biology
by attenuating chronic low-grade inflammation, a condition known to disrupt
endocrine  signaling.207-210 Bioactive  dietary  components  such  as  omega-3
fatty acids and polyphenols suppress pro-inflammatory pathways,  including
NF-κB  activation,  thereby  mitigating  inflammation-induced  impairment  of
steroidogenic  enzyme activity  and AR function.207-210 Through these mecha-
nisms,  nutritional  factors  help  preserve  endocrine  stability  by  improving  the
systemic metabolic environment rather than acting as direct hormonal regu-
lators.  Thus,  integrating  these  dietary  strategies  with  pharmacologic  or
hormonal  therapies  may  enhance  therapeutic  efficacy,  reduce  side  effects,
and promote systemic metabolic resilience (Figure 7).

Taken together, these observations position nutrition not as a direct regu-
lator  of  androgen  production,  but  as  a  critical  determinant  of  the  metabolic
milieu within  which  androgen  physiology  operates.  This  perspective  under-
scores  the  necessity  of  integrating  metabolic  and  endocrine  frameworks
when  interpreting  nutrient–hormone  interactions,  designing  mechanistic
studies, and developing clinically meaningful intervention strategies.

 Safety and clinical monitoring
Safe androgen therapy requires comprehensive baseline assessment  and

ongoing monitoring to balance efficacy and safety. Baseline measurement of
total  and  free  T  confirms  deficiency,  guiding  dose  selection,  while  regular
testing ensures hormone levels remain within physiological range.148,211 Eval-
uation of target organ function is essential, with liver and kidney tests used to
monitor  potential  toxicity,  and  prostate  assessment  in  men  performed
through  digital  rectal  examination  and  prostate-specific  antigen  (PSA)
measurement  to  detect  early  adverse  changes.18,212 Common  adverse

effects—primarily  resulting  from  androgen
excess—include  erythrocytosis,  necessitating
hematocrit  monitoring  to  prevent  thrombotic
complications,  as  well  as  occasional  cases  of
hepatic  or  renal  dysfunction.212-213 In  men,
prostate  volume  and  PSA  should  be  closely
monitored  to  identify  progression  of  benign
prostatic  hyperplasia  or  malignancy.212 Risk
mitigation  strategies  include  dose  reduction,
treatment  interruption,  or  phlebotomy.  Clinical
guidelines from the Endocrine Society and Euro-
pean Association of Urology emphasize individ-
ualized therapy,  contraindication screening,  and

structured  follow-up  to  optimize  therapeutic  benefit  and  minimize
adverse.148,214-215

 MEASUREMENT OF ANDROGENS
Accurate and reliable analytical methods are essential for measurement of

androgens.  However,  existing  immunoassay-based  methods  have  several
well-recognized  limitations,  including  cross-reactivity,  poor  accuracy  at  low
concentrations, and poor comparability of results among different manufac-
turers.  These  shortcomings  have  led  to  a  large  number  of  false-positive
results  for  hyperandrogenemia.216 In  contrast,  LC-MS/MS  offers  multiple
advantages  such  as  higher  sensitivity,  higher  specificity,  a  broader  linear
range, and the ability to simultaneously quantify multiple target analytes, and
inter-laboratory  comparability,  especially  at  low  hormone  concentrations,
thereby providing a superior method for measuring androgens.217-219 In recent
years,  with  continuous  advancements  in  instrumentation,  improvements  in
sample  preparation  techniques,  and  the  incorporation  of  stable  isotope-
labeled  internal  standards,  the  performance  of  LC-MS/MS  for  determining
androgen levels has been greatly enhanced.220

At present,  the  Journal  of  Clinical  Endocrinology  and  Metabolism  stipu-
lates that key findings in androgen measurement should be generated using
mass  spectrometry–based  techniques.26 Similarly,  the  2018  International
Evidence-Based  Guideline  for  the  Assessment  and  Management  of  PCOS
endorses LC–MS/MS as the preferred methodology for  assessing total  and
free testosterone.200 Worldwide, an increasing number of clinical laboratories
have adopted LC–MS/MS for androgen analysis, recognizing it as the analyt-
ical reference standard and the “gold standard” for steroid hormone quantifi-
cation.221 Notably,  LC–MS/MS typically yields lower absolute concentrations
than  immunoassays  yet  identifies  a  greater  number  of  hyperandrogenemic
cases,  reflecting  the  limited  analytical  specificity  of  immunoassay-based
testosterone  measurements,  particularly  in  women.222 Beyond  analytical
accuracy, LC-MS/MS provides a critical clinical advantage through multiplex
steroid  profiling.  Accumulating  evidence  indicates  that  reliance  on  T  alone
may  lead  to  a  substantial  proportion  of  false-negative  classifications  of
androgen excess.131,223 Without significant incremental cost, LC–MS/MS plat-
forms  enable  the  simultaneous  quantification  of  multiple  clinically  relevant
androgens, including testosterone,  androstenedione (A4),  dehydroepiandros-
terone  (DHEA),  dihydrotestosterone  (DHT),  and  adrenal-derived  11-
oxygenated androgens such as 11-ketotestosterone (11KT), thereby offering
a more comprehensive characterization of androgen sources and metabolic
pathways.131,223 Importantly,  recent advances in assay development have led
to  the  availability  of  standardized,  commercially  developed  LC–MS/MS
reagent  kits  enabling  integrated  androgen  panel  measurements,  including
validated  detection  of  11-oxygenated  androgens,  thereby  improving  the
feasibility  of  multidimensional  steroid  profiling  in  clinical  practice.  However,
important  challenges  remain,  including  the  need  for  harmonized  reference
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Figure 5.  Role  of  dihydrotestosterone  (DHT)  in
androgenic alopecia. Excessive DHT binds to recep-
tors in  hair  follicles,  triggering follicular  miniaturiza-
tion and reduced blood supply. Over time, this leads
to  progressive  hair  thinning  and loss,  particularly  in
genetically  susceptible  individuals,  illustrating  the
hormonal mechanism underlying male pattern bald-
ness.
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intervals,  outcome-based  clinical  decision  thresholds,  and  further  validation
of their clinical utility across diverse populations and disease contexts.

In  circulation,  T—representative  of  most  androgens—exists  in  multiple
binding states: a free fraction, a loosely albumin-bound fraction, and a tightly
bound fraction  complexed  with  SHBG.224 The  sum of  the  free  and  albumin-
bound fractions is defined as bioavailable T, reflecting the hormonally active
pool accessible to tissues.225 This binding pattern also applies to other andro-
gens  such  as  A4 and  11-oxygenated  derivatives,  which  similarly  distribute
between free and protein-bound forms in plasma.12,224

Free or bioavailable T correlates more strongly with clinical manifestations
than  total  T.123 Free  T  can  be  determined  using  equilibrium  dialysis,  while
bioavailable  T  is  commonly  assessed by  ammonium sulfate  precipitation,  a
method  in  which  50%  ammonium  sulfate  selectively  removes  the  SHBG-
bound fraction.225 Given the labor-intensive nature of these techniques, most
laboratories  measure  total  T,  SHBG,  and  albumin  concentrations  and  then
estimate  free  or  bioavailable  T  using  validated  calculation  formulas.225

Although the calculated values correlate reasonably with precipitation results,
substantial  deviations are common.225 Hence,  when resources permit,  direct
measurement  by  ammonium  sulfate  precipitation  remains  the  reference
approach for  accurately  quantifying  bioavailable  T.  The  American  Associa-
tion of Clinical Endocrinologists (AACE), along with other professional organi-
zations,  noted  in  their  2015  PCOS  clinical  guidelines  that  free  T  is  a  more
sensitive  marker  of  androgen  excess  than  total  T  and  recommended  its
measurement  using  the  equilibrium  dialysis  technique.226 Therefore,  when
laboratories  perform  T  testing,  total  T  should  be  measured  first,  followed,
where  possible,  by  measurement  of  free  or  bioavailable  T,  preferably  using
equilibrium dialysis  or  ammonium  sulfate  precipitation.  If  direct  measure-
ment  is  not  feasible,  potential  biases  should  be  carefully  considered,  and
calculation formulas and constants  should  be optimized to  minimize devia-
tion  between  calculated  and  measured  values. Table  2 lists  a  comparison
between direct measurement methods and indirect calculation methods for T
determination.

 CRITICAL  PERSPECTIVES,  METHODOLOGICAL  LIMITATIONS,  AND
FUTURE DIRECTIONS

The  evolving  understanding  of  androgen  biology  has  underscored  the
complexity and heterogeneity of androgen metabolism and signaling across
individuals. Despite significant advances in androgen-related diagnostics and
therapeutics,  several  critical  challenges  and  promising  research  avenues
remain.  Addressing  these  will  be  pivotal  for  refining  precision  medicine
approaches and optimizing clinical outcomes in androgen-related disorders.

 Beyond  measurement  precision:  mass  spectrometry,  biological  age
frameworks, and AI-driven endocrine interpretation

Accurate  and  standardized  measurement  of  androgen  biomarkers  is
fundamental  to  both  mechanistic  understanding  and  clinical  translation.

Although  immunochemiluminescence  assays
remain widely adopted because of their opera-
tional  convenience  and  scalability,  intrinsic
analytical  limitations — including  cross-reac-
tivity,  restricted  specificity,  and  suboptimal
sensitivity  at  low  concentrations — constrain
reliable quantification of structurally related or
low-abundance  steroids.227-228 These
constraints are particularly relevant for emerg-
ing biomarkers such as 11-oxygenated andro-
gens (e.g., 11KT), for which robust immunoas-
say platforms remain limited.  In  contrast,  LC-

MS/MS offers  superior  analytical  specificity,  sensitivity,  and  multiplex  capa-
bility,  enabling  simultaneous  profiling  of  classical  and  newly  recognized
adrenal-derived androgens.26-27 Beyond improved accuracy,  a  critical  advan-
tage of mass spectrometry lies in its capacity to quantify expanding panels of
steroidal,  metabolic,  and  nutritional  biomarkers  within  a  unified  analytical
framework. Nonetheless,  practical  challenges  related  to  throughput,  stan-
dardization,  and  inter-platform  comparability  underscore  the  necessity  for
methodological harmonization  and  clinically  meaningful  interpretive  strate-
gies.26,229

However,  analytical precision alone does not resolve the central challenge
of biomarker interpretation. In women, substantial interindividual heterogene-
ity  in  ovarian  reserve  limits  the  physiological  relevance  of  conventional
chronological age-based reference intervals.230 To address this limitation, we
applied the OvaRePred (HerTempo) framework, integrating AMH with age to
derive  an  individualized  ovarian  endocrine  age.28 This  physiology-anchored
metric  provides  an  alternative  biological  axis  for  biomarker  interpretation.
Ovariane-endocrine-age–stratified  analyses  reveal  that  ovarian
aging–related  markers,  including  AMH,  testosterone,  and  androstenedione,
exhibit  coherent  endocrine-age–dependent trajectories,  whereas  predomi-
nantly  adrenal-derived  11-oxygenated  androgens  (e.g.,  11KA4)  remain
comparatively  stable  and  are  less  influenced  by  ovarian  aging  dynamics.
These  findings  suggest  that  physiology-specific  age  models  may  improve
biological  resolution  and  reduce  variability  inherent  to  population-averaged
reference systems.

Importantly,  the  broader  conceptual  implication  extends  beyond  ovarian
biology. As LC-MS/MS increasingly enables quantification of novel biomark-
ers linked  to  diverse  physiological  aging  processes,  interpretation  frame-
works  anchored  to  domain-specific  biological  age  metrics  may  offer
enhanced clinical coherence. In principle, biomarkers associated with ovarian,
thymic,  or  metabolic  aging may benefit  from integration with corresponding
AI-derived  physiological  age  models,  rather  than  reliance  on  chronological
age  alone.  We  acknowledge  that  this  integrative  paradigm  remains  largely
hypothesis-driven.  The  present  work  therefore  represents  an  exploratory
attempt  focused  on  ovarian  aging,  where  preliminary  observations  indicate
that ovarian endocrine age-based reference stratification may enhance diag-
nostic resolution within precision endocrinology.

The  integration  of  high-precision mass  spectrometry  profiling  with  artifi-
cial intelligence  further  expands  the  translational  potential  of  multidimen-
sional  biomarker  assessment.  AI-based  models  can  incorporate  complex
biochemical  panels  alongside  physiological  age  metrics,  metabolic  context,
receptor  variability,  comorbidities,  and  therapeutic  exposures  to  generate
individualized  interpretive  insights.28-31,231-236 Looking forward,  the  conver-
gence  of  multiplex  biochemical  measurement,  physiology-anchored  AI
frameworks, and  longitudinal  monitoring  strategies  may  form  the  method-
ological  foundation  of  next-generation  precision  endocrine  diagnostics  and
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Figure 6.  Androgen  regulation  of  central  and
peripheral  immune  tolerance. Androgens  maintain
immune  homeostasis  by  shaping  both  central  and
peripheral  tolerance.  Physiological  signaling  limits
thymic output and modulates cytokine pathways to
promote  regulatory  immune  phenotypes,  while
androgen  deficiency  favors  autoimmune  diseases
and androgen excess induces low-grade inflamma-
tion and metabolic dysfunction.
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personalized androgen management.

 Toward  precision  nutrition  in  androgen  regulation:  from  association  to
actionable biology

Future  advances  in  nutrition-based  modulation  of  androgen  biology  will
require  a  transition  from  association-driven  hypotheses  to  measurement-
centered,  biologically  grounded  frameworks.  Nutritional  and  microbiota-
related  effects  on  androgens  are  predominantly  indirect,  mediated  through
systemic metabolic processes and strongly influenced by individual context.
Under  these  conditions,  precision  nutrition  cannot  be  meaningfully  built  on
self-reported dietary data, isolated nutrient supplementation, or testosterone-
centered assessment alone.

The feasibility of precision nutritional endocrinology depends on high-reso-

lution  phenotyping.  Comprehensive  androgen
panels—particularly  those  including  adrenal-
derived,  metabolically  sensitive  androgens
such  as  11-oxygenated  species—should  be
integrated  with  quantitative  nutritional
biomarkers, metabolomic  profiling,  and  micro-
biome-derived  functional  outputs.  Within  this
framework, androgens  are  better  conceptual-
ized as endocrine readouts of  metabolic  state,
insulin  sensitivity,  and  inflammatory  burden,
rather than as direct targets of dietary manipu-
lation.

Accordingly,  future  research  should  move
away from the search for universal “androgen-
modulating  nutrients” and  toward  defining
endocrine–metabolic  response  patterns  under

controlled nutritional perturbations. When combined with AI-enabled model-
ing,  such  approaches  enable  stratification  based  on  biological  response
rather than dietary exposure alone. Only through the convergence of precise
measurement, metabolic context, and computational integration can person-
alized  nutritional  strategies  be  rationally  designed  to  optimize  androgen-
related  outcomes  across  reproductive,  metabolic,  and  musculoskeletal
health.

 Methodological limitations
Despite  growing  interest  in  androgen–nutrition  interactions,  several

conceptual and methodological limitations continue to constrain progress. A
central  issue  is  the  historical  over-reliance  on  simplified  endocrine
paradigms,  particularly  the  use  of  total  testosterone  as  a  proxy  for  global

N
u r   o

n

 

Table 1.  Systemic effects of androgen excess and deficiencys.

System / Organ Androgen Excess Androgen Deficiency

Reproductive system

Women: Polycystic ovary syndrome (PCOS), anovulation, infertility;
Men: Feedback suppression of the HPG axis leading to testicular
atrophy, oligozoospermia, and erectile dysfunction (ED) due to
vascular, endothelial, and neurogenic imbalance; may also contribute
to prostate hyperplasia and inflammation

Women: Decreased libido, or ovarian insufficiency;
Men: Late-onset hypogonadism, reduced libido, ED,
infertility, and prostatic atrophy or chronic prostatitis

Metabolic system Insulin resistance, central obesity, dyslipidemia, increased risk of
metabolic syndrome

Reduced lean mass(Sarcopenia), increased
adiposity, insulin resistance, metabolic syndrome
risk

Cardiovascular system Hypertension, endothelial dysfunction, pro-atherogenic lipid profile Decreased vascular tone, endothelial dysfunction,
increased atherosclerosis risk

Skeletal system Early increase in bone mass but potential imbalance in remodeling Decreased bone mineral density, osteoporosis,
fracture risk

Skin and appendages Acne, seborrhea, hirsutism, androgenic alopecia Dry skin, decreased sebum, reduced hair growth

Neuropsychological
system Irritability, aggression, anxiety Fatigue, depression, cognitive decline

Hepatic / hematologic
system

Erythrocytosis, hepatic enzyme elevation (esp. with exogenous
androgens) Anemia, reduced erythropoiesis

Immune / inflammatory
system Low-grade inflammation, oxidative stress increase Reduced immune resilience, pro-inflammatory shift

with aging

 

Figure 7.  Nutritional strategies for restoring andro-
gen balance across diverse populations. This figure
highlights  key  dietary  approaches  that  influence
androgen  synthesis  and  signaling.  Micronutrients
(vitamin D,  zinc,  magnesium)  enhance  steroido-
genic  activity,  while  probiotics  and  Mediterranean-
style  diets  improve  insulin  sensitivity  and  reduce
hyperandrogenemia  in  women  with  PCOS.  High-
protein  intake  supports  bioavailable  testosterone  in
men  with  low  levels,  and  anti-inflammatory nutri-
ents  such  as  omega-3  fatty  acids  help  preserve
androgen receptor  function.  Together,  these  inter-
ventions contribute to maintaining androgen home-
ostasis.
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androgen status.  This approach fails  to capture the complexity  of  androgen
biosynthesis,  peripheral  metabolism, and tissue-specific  action,  especially  in
women  and  metabolically  heterogeneous  populations.  Although  11-
oxygenated androgens are increasingly recognized as clinically relevant, they
remain underrepresented in most human studies, limiting mechanistic reso-
lution and cross-study comparability.

Measurement  infrastructure  represents  an  additional  bottleneck.  Much  of
the existing literature relies on immunoassay-based hormone data, which are
vulnerable to cross-reactivity, poor sensitivity at low concentrations, and inter-
platform variability.  While  LC-MS/MS offers  superior  analytical  performance
and  multiplex  capability,  its  adoption  in  large-scale  clinical  and  nutritional
studies remains incomplete. Similarly,  nutritional and metabolic phenotyping
is  often  limited  by  semi-quantitative  dietary  questionnaires  and  incomplete
metabolite  assessment,  rendering  causal  inference  highly  susceptible  to
confounding  by  adiposity,  insulin  resistance,  medication  use,  and  genetic
background.

Finally,  most  available  evidence  is  cross-sectional  or  derived  from  small
observational cohorts, precluding robust causal inference or temporal model-
ing.  Future  progress  will  require  integrated,  longitudinal  designs  combining
precise endocrine measurement, quantitative nutritional and metabolic profil-
ing, and advanced analytical frameworks. Without such methodological rigor,
the  promise  of  precision  androgen  medicine  and  nutrition  will  remain
conceptually compelling but empirically fragile.

 CONCLUSION
Androgens  and  their  metabolites  are  central  regulators  of  reproductive,

metabolic, skeletal, cardiovascular, and neural health. Dysregulated androgen
signaling  contributes  to  conditions  spanning  infertility,  metabolic  syndrome,
sarcopenia,  and  neurodegenerative  diseases.  Recent  advances  in  androgen
metabolism and receptor biology, along with the early integration of AI-based
endocrine-age modeling tools such as OvaRePred, are opening new possibil-
ities for  individualized androgen reference ranges and diagnostic  interpreta-
tion. Although still at an initial stage, these AI frameworks complement mass
spectrometric  precision  and  hold  promise  for  next-generation  androgen
profiling and personalized endocrine medicine.

Beyond  pharmacologic  modulation,  emerging  evidence  underscores  the
synergistic  role  of  clinical  nutrition  in  androgen  regulation.  Micronutrients
such as vitamin D, zinc, and magnesium support steroidogenesis and recep-
tor function,  while omega-3 fatty acids,  polyphenols,  and probiotics mitigate
inflammation  and  restore  endocrine–metabolic  homeostasis.  Integrating
nutritional precision with pharmacologic, behavioral, and digital health strate-
gies  represents  a  multidimensional  approach  to  maintaining  androgen
balance  across  the  lifespan.  Ultimately,  harmonizing  endocrine,  metabolic,
and nutritional  pathways  through  precision  medicine  will  be  key  to  trans-
forming  androgen-related  disease  management  and  promoting  systemic
health resilience.
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Table 2.  Comparison Between Direct Measurement and Indirect Calculation Methods for Testosterone Determination.

Analyte Form in Circulation Direct Measurement
Method Indirect Calculation

Advantages /
Disadvantages of Direct
Measurement

Advantages / Disadvantages of
Indirect Calculation

Total
Androgens

Free androgens +
protein-bound
Androgens

Direct
measurement,
preferably by
LC-MS/MS

None LC-MS/MS provides high
specificity and accuracy None

Free
Androgens

Completely unbound
Androgens

Equilibrium dialysis
method

Requires measurement of
total androgens and SHBG,
then calculated using
formulas

High accuracy but complex
procedure and costly

Simple and inexpensive, but
may show large bias in specific
populations

Bioavailable
Androgens

Free + albumin-bound
androgens (non–
SHBG-bound fraction)

50% ammonium
sulfate precipitation
method

Requires measurement of
total androgens, albumin,
and SHBG, then calculated
using formulas

High accuracy but labor-
intensive and technically
demanding

Easy to perform but sometimes
shows large deviation; formulas
and constants must be carefully
optimized
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