
global  prevalence  of  metabolic  diseases,  such  as  obesity,  type  2  diabetes  mellitus  (DM2),  and
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The  neuroendocrine  interaction  in  energy  metabolism  regulation  and  modulation  by  physical  exercise:  a  

systematic  review  and  clinical  implications

Skeletal  muscles  are  recognized  as  the  largest  endocrine  organs  in  the  human  body.
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Summary

Energy  homeostasis  and  metabolic  regulation  constitute  complex  physiological  processes,  orchestrated  by  

an  intricate  network  of  neuroendocrine  signals  integrating  the  central  nervous  system,  adipose  tissue,  

pancreas,  and  skeletal  muscle.  This  scientific  article  proposes  a  profound  and  technical  analysis  of  the  

molecular  and  hormonal  mechanisms  governing  metabolic  flexibility,  enhanced  modulation  induced  by  

physical  exercise  and  nutritional  interventions.  The  methodology  relies  on  a  systematic  and  critical  

bibliographic  review,  covering  high-impact  literature  up  to  2024.  The  study  is  structured  into  seven  dense  

thematic  axes,  exploring  everything  from  the  pathophysiology  of  insulin  resistance  to  the  role  of  myokines  

and  adipokines  in  inter-organ  communication.  It  discusses  how  precise  exercise  prescription  acts  as  a  potent  

endocrine  modulator  capable  of  reversing  unfavorable  metabolic  phenotypes.  The  results  indicate  that  the  

clinical  approach  to  obesity  and  diabetes  must  transcend  pharmacology,  incorporating  lifestyle  strategies  

grounded  in  chronobiology  and  exercise  physiology.  It  is  concluded  that  metabolic  health  education,  based  

on  robust  evidence,  is  the  most  effective  tool  to  mitigate  the  global  burden  of  non-communicable  chronic  

diseases.
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1.  Introduction

From  a  strictly  glandular-centric  perspective  to  a  systemic  and  integrative  one,  where  adipose  tissue  and  the
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Energy  homeostasis  and  metabolic  regulation  are  complex  physiological  processes  orchestrated  by  an  

intricate  network  of  neuroendocrine  signals  integrating  the  central  nervous  system,  adipose  tissue,  pancreas,  

and  skeletal  muscle.  This  scientific  article  proposes  an  in-depth  and  technical  analysis  of  the  molecular  and  

hormonal  mechanisms  governing  metabolic  flexibility,  with  an  emphasis  on  modulation  induced  by  physical  

exercise  and  nutritional  interventions.  The  methodology  is  based  on  a  systematic  and  critical  literature  

review,  encompassing  high-impact  literature  up  to  2024.  The  study  is  structured  around  seven  dense  

thematic  axes,  exploring  everything  from  the  pathophysiology  of  insulin  resistance  to  the  role  of  myokines  

and  adipokines  in  inter-organ  communication.  It  discusses  how  precise  exercise  prescription  acts  as  a  

potent  endocrine  modulator,  capable  of  reversing  unfavorable  metabolic  phenotypes.  The  results  indicate  

that  the  clinical  approach  to  obesity  and  diabetes  should  transcend  pharmacology,  incorporating  lifestyle  

strategies  grounded  in  chronobiology  and  exercise  physiology.  It  is  concluded  that  metabolic  health  

education,  based  on  robust  evidence,  is  the  most  effective  tool  to  mitigate  the  global  burden  of  chronic  non-

communicable  diseases.

Modern  endocrinology,  over  the  last  two  decades,  has  shifted  from  a  view...
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iatrogenic.  The  hypothesis  defended  in  this  study  is  that  lifestyle  intervention,  when

The  efficient  processing  of  fats  leads  to  a  vicious  cycle  of  ectopic  fat  accumulation  and  stress.
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cell  membrane.  In  states  of  overnutrition  and  sedentary  lifestyle,  the  accumulation  of  lipid  metabolites,

Visceral  adipose  tissue  plays  a  central  pathogenic  role  by  secreting  adipokines.

The  central  problem  addressed  in  this  investigation  lies  in  the  gap  between  knowledge.

Advanced  scientific  knowledge  about  metabolism  and  its  practical  clinical  application  in  the  prevention  and  treatment  of

Supplementation  and  hormone  replacement  therapy  worsen  the  public  health  situation,  leading  to  interventions.

The  PI3K-Akt  cascade  is  fundamental  for  the  translocation  of  the  glucose  transporter  GLUT4  to  the

Hormonal  communication  is  fundamental  for  the  contemporary  physician.  The  "crosstalk  "  between

Like  diacylglycerol  and  ceramides,  in  the  cytoplasm  of  muscle  and  liver  cells,  it  activates  kinases  of

of  insulin.  This  phenomenon,  described  in  detail  by  Shulman  and  colleagues,  is  the  basis  of

We  call  this  metabolic  health.  Failure  in  these  communication  mechanisms  results  in  stiffness.

Pro-inflammatory  factors,  such  as  TNF-alpha,  IL-6,  and  resistin,  exacerbate  systemic  insulin  resistance.

2024).

superior  or  comparable  to  pharmacotherapy  alone  in  reversing  insulin  resistance  and  promoting

Theoretical  framework  for  the  practice  of  endocrinologists  and  sports  medicine  physicians.

diseases.  Despite  the  vast  literature  on  the  benefits  of  exercise,  medical  prescriptions  often

lipotoxicity  that  precedes  frank  hyperglycemia  in  type  2  diabetes.

of  longevity.  The  following  analysis  dissects  the  mechanisms  of  this  interaction,  providing  a  framework

Based  on  advanced  neuroendocrinology  and  precision  sports  medicine,  it  has  efficacy.

Conventional  therapies.  Understanding  exercise  physiology  not  just  as  an  expense.

Mitochondrial  dysfunction  in  skeletal  muscle,  characterized  by  the  inability  to  oxidize  fatty  acids.

Insulin  resistance  is  the  common  denominator  in  most  metabolic  diseases  and

of  insulin,  which  involves  the  insulin  receptor  (IR),  insulin  receptor  substrates  (IRS-1/2)  and

2.  The  molecular  physiology  of  insulin  resistance  and  intracellular  signaling.

oxidative.  Understanding  these  mechanisms  is  vital  for  the  endocrinologist,  as  it  defines  the  targets.

Metabolic  syndrome  has  reached  epidemic  proportions,  requiring  a  reassessment  of  strategies.

Stress  molecules  (PKC,  JNK)  phosphorylate  IRS  at  serine  residues,  blocking  normal  signaling.

This  represents  a  state  of  low-grade  chronic  inflammation.  At  the  molecular  level,  the  signaling  pathway

Muscle,  fat,  and  brain,  mediated  by  cytokines,  hormones,  and  neuropeptides,  forms  the  basis  of  what

caloric,  but  as  a  molecular  stimulus  capable  of  altering  gene  expression  and  sensitivity.

lacks  specificity  in  terms  of  intensity,  volume,  and  type  of  activity  to  optimize  responses.

specific  hormonal  processes.  Furthermore,  misinformation  is  being  spread  in  non-academic  circles  about...

metabolic,  a  central  characteristic  of  chronic  pathologies  that  plague  modern  society  (ADA,

This  article  is  published  in  open  access  under  the  Creative  Commons  Attribution  license,  which  permits  unrestricted  use,  distribution,  and  reproduction  in  any  

medium,  provided  the  original  work  is  properly  cited.

RCMOS  –  Multidisciplinary  Scientific  Journal  The  Knowledge.

ISSN:  2675-9128.  São  Paulo-SP.

Machine Translated by Google



This  article  is  published  in  open  access  under  the  Creative  Commons  Attribution  license,  which  permits  unrestricted  use,  distribution,  and  reproduction  in  any  

medium,  provided  the  original  work  is  properly  cited.

RCMOS  –  Multidisciplinary  Scientific  Journal  The  Knowledge.

ISSN:  2675-9128.  São  Paulo-SP.

"Silencing"  genes  associated  with  disease  and  activating  genes  associated  with  metabolic  health.  This

Inflammation  of  the  hypothalamus,  induced  by  diets  high  in  saturated  fats,  leads  to

to  help  restore  hypothalamic  sensitivity,  facilitating  sustainable  weight  loss.  The  treatment

insulin-independent  glucose,  fatty  acid  oxidation,  and  inhibition  of  lipid  synthesis  and

Research  on  obesity,  therefore,  should  focus  on  the  neurobiology  of  body  weight  regulation.

The  role  of  the  endoplasmic  reticulum  (ER)  in  cellular  stress  and  insulin  resistance.

It  has  also  gained  prominence.  The  response  to  misfolded  proteins  (UPR)  in  the  ER,  triggered

This  demonstrates  that  metabolic  fate  is  not  fixed,  but  rather  plastic  and  responsive  to  lifestyle.

metabolic  and  functional  aspects  of  elderly  or  diabetic  patients.

Therapeutic.  Physical  exercise  acts  precisely  by  restoring  mitochondrial  function,  increasing  the

mitochondrial  biogenesis  via  PGC-1alpha  activation  and  improved  tissue  oxidative  capacity.

Recent  studies  suggest  that  regular  physical  exercise  improves  proteostasis  and  reduces  ER  stress.

Hormonal  optimization  (when  indicated  and  safe)  is  an  essential  strategy  for  longevity.

Genetics  and  epigenetics  also  play  crucial  roles.  Polymorphisms  in  genes

TCF7L2  and  FTO  predispose  to  diabetes  and  obesity,  but  epigenetics  (DNA  methylation,

Due  to  an  excess  of  nutrients,  it  activates  inflammatory  pathways  that  impair  insulin  action.  Studies

Sports  endocrinology  focuses  on  preserving  lean  muscle  mass  through  strength  training  and...

Including  aerobic  exercise  and  anti-inflammatory  diets  rich  in  omega-3s  and  polyphenols,  may

proteins  (via  mTOR).  Drugs  like  metformin  partially  mimic  this  effect,  but  the

acting  as  a  potent  insulin  "sensitizer"  independent  of  weight  loss.

offering  yet  another  mechanism  by  which  physical  activity  protects  against  diabetes.  The  integration

Postprandial  glucose.  "Sarcopenic  obesity"  is  a  high-risk  cardiovascular  phenotype.

The  AMP-activated  protein  kinase  (AMPK)  pathway  is  a  critical  cellular  energy  sensor.

High-intensity  interval  training  (HIIT)  strategies  have  shown  results.

This  molecular  knowledge  allows  the  doctor  to  prescribe  exercises  not  only  as

The  phenomenon  of  "hypothalamic  gliosis"  perpetuates  obesity.  Interventions  that  reduce  systemic  inflammation,

Physical  exercise  is  the  most  potent  physiological  activator  of  AMPK.  Manipulating  this  pathway  through

(histone  modification)  modulates  the  expression  of  these  genes  in  response  to  the  environment.  The  exercise

Physical  therapy  has  the  power  to  alter  the  epigenetic  profile  of  skeletal  muscle  and  adipose  tissue.
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"Burning  calories,"  but  as  a  targeted  molecular  therapy.

which  is  activated  during  physical  exercise  and  fasting.  AMPK  activation  promotes  the  uptake  of

Leptin  and  central  insulin  resistance,  dysregulating  appetite  and  energy  expenditure.  This  phenomenon

Sarcopenia,  the  loss  of  muscle  mass  and  function  associated  with  aging  or  disease,

This  is  an  aggravating  factor  in  insulin  resistance,  since  muscle  is  the  primary  site  of  insulin  uptake.

Promising  in  the  rapid  reversal  of  insulin  resistance  in  clinical  populations.
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Optimize  glycemic  control.  Studies  indicate  that  exercise  performed  in  the  afternoon  may  be  more  effective.

Chronobiology,  or  the  study  of  biological  rhythms,  reveals  that  insulin  sensitivity

Irisin,  a  more  recently  discovered  myokine,  is  cleaved  from  membrane  proteins.

fat.  The  endocrinologist  must  consider  the  biological  clock  when  designing  treatment  plans.

Short-chain  amino  acids  (SCFAs)  and  hormones  such  as  GLP-1  regulate  metabolism.  Intestinal  dysbiosis.

Metabolic  endotoxemia.  The  integrative  approach  should  therefore  consider  gut  health.

It  is  associated  with  inflammation  and  insulin  resistance.  Physical  exercise  and  a  proper  diet  modulate  it.

movement,  but  a  secretory  organ  that  communicates  with  adipose  tissue,  liver,  pancreas,  bones  and

Unlike  the  inflammatory  IL-6  produced  by  macrophages,  muscle  IL-6  has  anti-inflammatory  effects.

endogenous  pharmacological  tool.

It  reduces  myostatin  levels  and  increases  follistatin,  promoting  hypertrophy.  In  addition  to  the  local  effect,

brain.  Muscle-derived  interleukin-6  (IL-6)  was  the  first  myokine  identified  and,

Myostatin  is  a  myokine  that  inhibits  muscle  growth.  Resistance  exercise

The  discovery  that  skeletal  muscle,  during  contraction,  secretes  hundreds  of

It  increases  energy  expenditure  and  improves  glucose  homeostasis.  Manipulating  irisin  levels

The  reduction  of  myostatin  has  systemic  metabolic  effects,  preventing  the  accumulation  of  fat  and

Peptides  called  myokines  revolutionized  endocrinology.  Muscle  is  not  just  the  engine  of...

positively  impacting  the  composition  of  the  microbiota,  reinforcing  the  integrity  of  the  intestinal  barrier  and  reducing

The  gut  microbiota  has  emerged  as  a  new  endocrine  organ,  producing  fatty  acids.

metabolic,  demonstrating  the  direct  connection  between  muscle  activity  and  lipid  metabolism.

3.  Skeletal  muscle  as  an  endocrine  organ:  the  role  of  myokines

It  is  concluded  that  insulin  resistance  is  a  multifactorial  pathology  that  requires  a...

A  more  assertive  and  convincing  prescription  for  the  patient,  transforming  physical  activity  into  a

Using  exercise  is  a  promising  strategy  to  combat  obesity  and  its  comorbidities.

white  adipose  tissue,  transforming  it  into  beige  adipose  tissue,  which  is  thermogenically  active.  This

FNDC5  in  response  to  exercise  and  has  the  ability  to  induce  "browning  "  of
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It  varies  throughout  the  day,  being  higher  in  the  morning.  "Chrono-nutrition"  and  the  timing  of  exercise  can...

for  glycemic  control  in  diabetics,  while  morning  exercise  may  promote  the  oxidation  of

Customizing  the  intervention  to  the  patient's  chronotype.

multitarget  approach.  In-depth  knowledge  of  intracellular  signaling  pathways  allows  for

systemic  inflammation  and  improves  insulin  sensitivity  by  stimulating  lipolysis  and  oxidation  of

as  part  of  metabolic  treatment.

The  doctor  will  understand  not  only  that  exercise  works,  but  how  it  works,  allowing  for  a

glucose  (Pedersen  &  Febbraio,  2012).
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physical  training  as  a  tool  to  rebalance  this  endocrine  dialogue  disrupted  by

Mechanically  induced  IGF-1  (MGF)  determines  muscle  and  metabolic  health,  being  a

activity,  promoting  hypertrophy.  In  addition,  SPARC  (Secreted  Protein  Acidic  and  Rich  in

Brain-Derived  Neurotrophic  Factor  (BDNF),  although  classically  associated  with

Emerging  field  of  research.  Sedentary  lifestyles  and  chronic  inflammation  can  impair...

Interleukin-15  (IL-15)  is  another  myokine  with  potent  anabolic  effects  on  muscle  and

catabolic  processes  in  adipose  tissue.  Studies  show  that  overexpression  of  IL-15  reduces  adiposity.

Systemic  inflammation.  In  obese  individuals,  adipose  tissue  secretes  pro-inflammatory  adipokines.

Strength  can  be  a  key  strategy  for  improving  body  composition,  especially  in

The  interaction  between  myokines  and  adipokines  (hormones  of  adipose  tissue)  determines  the  state.

The  nervous  system  also  produces  BDNF,  which  is  also  produced  by  skeletal  muscle  in  response  to  exercise.

Decorin,  secreted  by  muscle  during  contraction,  binds  to  myostatin  and  inhibits  its  action.

Resistance  to  the  effects  of  myokines,  analogous  to  insulin  or  leptin  resistance,  is  a

to  maintain  tissue  sensitivity  to  myokines.  The  concept  of  "exercise  as  medicine"  gains  a

Glucose  and  lipids.  The  complexity  of  the  muscle  secretome  is  vast,  and  we  are  still  only  scratching  the  surface.

In  addition,  exercise  increases  levels  of  circulating  BDNF  that  crosses  the  blood-brain  barrier.

Systemic  inflammation  and  protection  against  atherosclerosis  and  diabetes.  The  endocrinologist  should  see  the

Cysteine)  and  FGF21  (Fibroblast  Growth  Factor  21)  are  myokines  that  regulate  the  metabolism  of

improving  insulin  sensitivity.  The  balance  between  myostatin  and  other  anabolic  myokines,

A  target  of  interest  in  preventing  frailty  in  older  adults.

or  lean  muscle  gain.

depression,  highlighting  the  muscle-brain  axis  in  mental  and  metabolic  health.

which  outweigh  the  anti-inflammatory  myokines.  Regular  exercise  reverses  this  balance,  reducing

The  clinical  application  of  this  knowledge  involves  prescribing  exercises  that  maximize

The  signaling  of  these  molecules  in  target  tissues.  Therefore,  regular  exercise  is  crucial  for

visceral  and  improves  insulin  sensitivity.  The  modulation  of  this  myokine  through  training  of

Muscle  tissue  acts  in  both  autocrine  and  paracrine  ways  to  increase  fat  oxidation  and  regeneration.

Patients  with  sarcopenic  obesity,  where  fat  loss  must  be  accompanied  by  maintenance.
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to  orchestrate  the  simultaneous  and  balanced  release  of  all  these  beneficial  molecules.

first  line.

obesity.

Myokine  secretion.  Exercises  involving  large  muscle  groups  and  high  intensity.

blood-brain  barrier,  promoting  neuroplasticity  and  protecting  against  neurodegenerative  diseases  and

the  surface  of  its  therapeutic  potential.  Physical  exercise  is  the  only  known  intervention  capable  of

solid  molecular  substrate  with  the  biology  of  myokines,  justifying  its  prescription  as  a  therapy  for
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effective  treatments,  considering  biomechanical  and  cardiovascular  limitations,  and  adjusting  oral  antidiabetic  medications.

Not  just  biomechanics,  but  the  patient's  systemic  biochemistry.  The  future  of  endocrinology  will  depend  on...

The  force  is  ideal  for  activating  different  signaling  pathways  and  myokine  profiles,  offering  a
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Continuous  Glucose  Monitoring  (CGM)  allows  for  real-time  visualization  of  glycemic  trends  during

exercise  presents  distinct  and  complex  physiological  challenges.  For  the  patient  with  type  1  diabetes,  exercise

Essential.  The  endocrinologist  should  educate  the  patient  about  how  different  modalities  (aerobic)

counter-regulatory  agents  (glucagon,  catecholamines,  cortisol,  GH)  that  increase  hepatic  production  of

Inevitably,  this  is  achieved  through  the  strategic  use  of  muscle  contraction  to  treat  systemic  diseases.

Strength  exercises  can  help  stabilize  blood  glucose  levels.  Knowledge  of  the  physiology  of  stress  is  vital  for...

They  require  user  input  about  the  exercise.  The  physician  must  be  proficient  in  interpreting  this  data.

In  type  2  diabetes  (DM2),  the  focus  is  on  improving  insulin  sensitivity  and  reducing  cardiovascular  risk.

However,  many  patients  with  type  2  diabetes  have  comorbidities  such  as  hypertension,  neuropathy,  and

They  appear  to  be  more  effective  in  releasing  these  substances.  The  combination  of  aerobic  exercise  and

can  cause  transient  hyperglycemia.  Strategies  such  as  aerobic  cool-down  after  training

It  can  be  concluded  that  recognizing  muscle  as  an  endocrine  organ  places  the  educator...

Complete  metabolic  benefit.

The  hormonal  response  to  exercise  stress  involves  the  release  of  hormones.

This  represents  a  double  risk:  hypoglycemia  during  or  after  exertion,  and  paradoxical  hyperglycemia.

(TIR  -  Time  on  Target,  GMI)  to  refine  the  therapeutic  strategy  of  the  active  patient  (SBD,  2024).

dangerous  oscillations  and  ensure  safety  and  performance.

Physical  therapists  and  sports  medicine  doctors  act  as  hormonal  modulators.  Exercise  prescription  does  not  alter

Training  allows  for  proactive  interventions.  Insulin  pumps  with  closed-loop  systems.

4.  Diabetes  and  sport:  challenges  of  glycemic  control  in  athletes  and  amateurs.

Silent  activity  should  be  evaluated.  The  endocrinologist  should  prescribe  exercises  that  are  safe  and

management.

The  management  of  type  1  (T1DM)  and  type  2  (T2DM)  diabetes  mellitus  in  the  context  of  physical  exercise.

(vs.  resistance  training  vs.  HIIT)  affect  blood  glucose  levels,  adjusting  basal  and  bolus  insulin  doses  to  avoid

Hybrid  closed-loop  devices  automatically  adjust  the  basal  infusion  based  on  blood  glucose  levels,  but  still...

Retinopathy  requiring  adjustments  in  exercise  prescription.  The  risk  of  myocardial  ischemia.

In  diabetics,  the  lack  of  a  compensatory  insulin  response  or  insulin  resistance  can...

(such  as  sulfonylureas)  which  can  cause  hypoglycemia  during  exertion.

intense  anaerobic  activities.  The  fine  regulation  of  exogenous  insulin  and  carbohydrate  intake  is

Technology  has  transformed  the  care  of  athletes  with  diabetes.  The  use  of  sensors.

lead  to  acute  imbalances.  In  high-intensity  exercise,  the  sudden  increase  in  catecholamines
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The  phenomenon  of  late  (nocturnal)  post-exercise  hypoglycemia  is  a  major  concern  in

Low  glycemic  index  carbohydrates  pre-workout  and  fast-absorbing  carbohydrates  during  work-time  (if  needed).

Mandatory  in  cases  of  unexplained  pre-workout  hyperglycemia.  Patient  education  regarding

Pharmacology  and  technology.  The  goal  is  not  only  to  normalize  glycated  hemoglobin,  but  to  allow

Sports  nutrition  in  diabetes  is  a  fundamental  pillar.  Carbohydrate  intake  should...

The  interface  is  essential  to  meet  the  needs  of  a  growing  population  that  seeks  not  only  to  survive...

production  of  ketone  bodies  and  lead  to  acidosis.  Monitoring  capillary  or  urinary  ketones  is

Hypoglycemia  is  a  significant  barrier  to  physical  activity.  Educational  support  and

Absolute  insulin  deficiency.  Exercise  in  a  hyperglycemic  state  with  ketosis  can  accelerate  the

Glucose  metabolism  and  lipid  profile.  The  sports  physician  should  be  alert  to  signs  of  abuse  and

The  training  should  be  periodized  according  to  the  energy  demands  of  the  workout  and  the  levels  of  active  insulin.  The  use  of
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Additional  anxiety  for  the  chronically  ill  patient.

Create  meal  plans  that  support  performance  without  destabilizing  diabetes.

Illness,  but  living  with  high  performance.

It  can  be  concluded  that  managing  diabetes  in  sports  is  an  art  that  combines  physiology,

At  the  end  of  the  exercise,  muscle  glycogen  replenishment  drains  glucose  from  the  bloodstream.  Adjustments  in

5.  Metabolic  flexibility:  the  holy  grail  of  performance  and  health.

Diabetic  ketoacidosis  (DKA)  is  a  risk  in  patients  with  type  1  diabetes  who  exercise  with

Dangerous  and  prohibited.  Similarly,  the  use  of  anabolic  steroids,  GH,  and  stimulants  affects  the...

They  increase  self-efficacy  and  adherence  to  exercise.  Sport  should  be  a  source  of  health  and  pleasure,  not  of...

efficiently  between  the  oxidation  of  lipid  (fat)  and  glycidic  (carbohydrate)  substrates  of

Relevance  for  the  endocrinologist.  The  use  of  insulin  as  an  anabolic  agent  in  non-diabetics  is

The  psychological  impact  of  diabetes  on  sports  should  not  be  underestimated.  The  fear  of

To  act  in  the  prevention  and  reduction  of  harm,  keeping  ethics  and  patient  health  as  the  top  priority.

It  must  be  calculated  precisely.  Hydration  is  also  critical,  as  dehydration  can  mimic

Insulin-dependent  patients.  Exercise  increases  insulin  sensitivity  for  hours  afterward.

Nighttime  basal  insulin  injections  and  strategic  snacking  before  bed  are  necessary  measures  to  prevent

Severe  hypoglycemic  events  during  sleep,  which  can  be  fatal  or  cause  seizures.

Metabolic  flexibility  is  defined  as  the  body's  ability  to  switch

Empowering  the  patient  by  teaching  them  to  manage  their  own  blood  glucose  levels  in  different  scenarios.

"Stop  rules"  are  a  non-negotiable  medical  responsibility  to  ensure  safe  practice.

or  worsen  hyperglycemia.  The  endocrinologist  should  work  together  with  nutritionists  to

Doping  and  substance  abuse  in  amateur  and  professional  sports  are  topics  of...

that  the  diabetic  patient  can  safely  reach  their  maximum  athletic  potential.  Specialization  in  this
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Unable  to  oxidize  fat,  it  accumulates  lipid  metabolites  that  block  glucose  uptake.

In  obesity,  adipose  tissue  becomes  inflamed  and  resistant  to  insulin,  releasing  fatty  acids.

Insulin.  Restoring  metabolic  flexibility  is  the  central  goal  of  endocrinological  intervention  in

(Intensity)  stimulates  mitochondrial  biogenesis  and  the  efficiency  of  beta-oxidation.  Strategies

Nutritional  measures  such  as  intermittent  fasting  or  temporary  low-carb  diets  can  also  stimulate...

Improving  oxidative  capacity  through  exercise  "cleans"  the  muscle  cytoplasm,  restoring

"Point"  shifted  to  the  right,  meaning  they  are  able  to  burn  fat  at  higher  intensities.

Conserving  glycogen  for  crucial  moments.  Polarized  training  and  nutritional  periodization.

The  patient's  current  metabolic  condition  is  a  concern.  The  endocrinologist  should  guide  the  patient  to  move  away  from  this  dietary  pattern.

This  capacity  is  lost  ("metabolic  rigidity"),  resulting  in  lipid  accumulation  and  resistance  to

Chronic  insulin  overload  allows  for  windows  of  fat  oxidation.  The  "flexible  diet"  does  not...

Insulin  signaling.  The  endocrinologist  must  explain  this  mechanism  to  the  patient  to  justify  it.

mitochondrial.  Physical  exercise,  especially  endurance  training  in  Zone  2  (low

to  reduce  this  uncontrolled  basal  lipolysis  and  improve  subcutaneous  storage  capacity.

Free  substances  constantly  circulating  in  the  bloodstream  impair  muscle  and  liver  function.  Treatment  aims  to...

It  refers  not  only  to  food  choices,  but  also  to  adapting  macronutrient  intake  to  the  state.

The  importance  of  continuous  aerobic  exercise  in  reversing  type  2  diabetes  and  fatty  liver  disease.

safe,  or  promote  the  oxidation  of  these  lipids.

It  rapidly  converts  to  glucose  at  high  intensities  or  after  meals.  In  obesity  and  diabetes,

Mitochondrial  cells  determine  the  body's  ability  to  oxidize  fats.  A  sedentary  lifestyle  leads  to  dysfunction.

("Train  low,  compete  high")  are  methods  used  to  train  the  metabolism  to  be  more  efficient  in

Metabolic  flexibility.  Consuming  carbohydrates  according  to  projected  energy  expenditure  avoids...

constant  and  industrialized  production  that  promotes  rigidity.

The  metabolic  transition  during  exercise  is  regulated  by  the  "Crossover  Point,"  the  point  where  the

The  mitochondrion  is  the  key  organelle  in  metabolic  flexibility.  Its  density  and  function...

Enzymatic  machinery  for  fat  oxidation,  improving  flexibility.

Use  of  lipids,  improving  endurance  performance  and  metabolic  health.

When  trained,  the  muscle  uses  fat  at  rest  and  at  low  intensities,  preserving  glycogen,  and

in  accordance  with  fuel  availability  and  energy  demand.  In  healthy  individuals  and

Insulin  resistance  is,  in  essence,  a  manifestation  of  metabolic  rigidity.  The  muscle

Energy  derived  from  carbohydrates  surpasses  that  from  fats.  Elite  athletes  possess  a  "Crossover"  (referring  to  a  specific  type  of  muscle  or  body).

The  role  of  adipose  tissue  in  metabolic  flexibility  involves  the  ability  to  store

Lipids  are  broken  down  in  a  healthy  way  (hyperplastic  expansion)  and  released  when  needed  (efficient  lipolysis).

Precision  nutrition  and  carbohydrate  periodization  are  tools  for  manipulating  the
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Energy  availability  (RED-S  -  Relative  Energy  Deficiency  in  Sport)  leads  to  dysregulation .

Supplements  and  medications  can  help,  but  they  don't  replace  lifestyle  changes.  Agents  such  as

counterproductive.  Diagnosis  requires  a  high  degree  of  clinical  suspicion  in  the  presence  of  fatigue,  recurrent  injuries,  and

The  primary  stimulus  should  be  the  energy  demand  generated  by  exercise.  Precision  medicine  seeks  to...

Resting  states  indicate  poor  fat  oxidation.  In  clinical  practice,  improved  insulin  sensitivity,

of  the  hypothalamic-pituitary  axis,  which  affects  multiple  systems.  Energy  deficiency  suppresses  the  axis.

Lifelong  therapy  is  the  most  powerful  intervention  known  for  preserving  youthful  metabolic  function.

to  GH),  while  activating  the  adrenal  axis  (increased  cortisol).  The  endocrinologist  should  be  aware  of

L-carnitine,  PPAR  agonists,  and  SGLT2  inhibitors  can  influence  substrate  utilization,  but  the

6.  The  hypothalamic-pituitary  axis  and  the  impact  of  overtraining  and  energy  deficiency.

Energy  availability.  Hormone  replacement  without  addressing  the  underlying  cause  is  ineffective  and  may  be...

to  identify  which  interventions  work  best  for  each  genetic  and  metabolic  profile,

Hormonal  balance  is  sensitive  to  physical  stress.  Exercise  is  a  beneficial  stressor.

in  elderly  individuals.

Weight  and  age-related  diseases.  Maintaining  metabolic  flexibility  is  therefore  an  anti-

Aging.  Maintaining  muscle  mass  and  mitochondrial  activity  through  vigorous  exercise.

It  can  be  concluded  that  metabolic  flexibility  is  an  indicator  of  integrative  health.  It  reflects  the

Calorie  intake  and  energy  expenditure  from  exercise.  The  primary  treatment  is  nutritional:  increasing  the

Indirect  calorimetry  with  stress  testing,  measuring  the  Respiratory  Quotient  (RQ).  A  high  RQ  in

gonadal  (functional  hypogonadism),  thyroid  (low  T3  syndrome),  and  somatotropic  (resistance)

Year  V,  v.2  2025  |  Submission:  11/22/2025  |  Accepted:  11/24/2025  |  Publication:  11/26/2025

(hormesis),  but  when  the  training  load  exceeds  the  recovery  capacity,  or  when  there  is  low

immunity,  protein  synthesis,  cardiovascular  and  psychological  health.  The  etiology  is  the  imbalance  between

Aging  tends  to  reduce  metabolic  flexibility,  contributing  to  weight  gain.

These  signs  are  found  in  athletes  and  those  who  engage  in  intense  physical  activity.

Harmony  between  diet,  physical  activity,  and  genetics.  The  doctor's  role  is  to  identify  where  the  blockage  lies.

Monitoring  metabolic  flexibility  can  be  done  in  the  laboratory  through...

metabolic  and  design  a  lifestyle  plan  that  forces  the  body  to  regain  its  capacity

others  are  also  affected,  and  the  consequences  go  beyond  bone  and  reproductive  health,  affecting

Customizing  the  strategy  to  regain  lost  flexibility.

innate  adaptive  function,  preventing  disease  and  optimizing  human  performance.

A  reduction  in  abdominal  circumference  and  stable  energy  levels  throughout  the  day  are  indicators.

Indirect  clinical  factors  in  restoring  flexibility.

RED-S  replaced  the  concept  of  the  Female  Athlete  Triad,  recognizing  that  men

drop  in  performance.
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Psychologists  and  nutritionists  are  helpful,  as  eating  disorders  are  often  associated  with  these  conditions.

due  to  low  testosterone  levels  in  endurance  athletes  with  high  training  volume.  Unlike

Exercise-induced  male  hypogonadism  is  a  clinical  entity  characterized

Dysfunction  of  the  GH-IGF1  axis  affects  tissue  repair  and  body  composition.  GH

Adequate  sleep  and  proper  training  periodization  are  fundamental  to  normalizing  the  adrenal  axis.

Treatment  consists  of  rest  and  refeeding .  Correct  diagnosis  avoids  unnecessary  treatments.

Overtraining  is  not  just  muscular;  it's  neuroendocrine  and  systemic.  The  syndrome  of

Sleep  is  the  primary  restorer  of  neuroendocrine  function.  Sleep  deprivation  reduces  the

unnecessary.

It  is  secreted  in  pulses  during  deep  sleep  and  after  intense  exercise.  Energy  deficiency

The  focus  should  be  on  optimizing  endogenous  secretion  through  intense  training  and  quality  sleep.

and  cardiovascular  health,  in  addition  to  constituting  doping.

The  testosterone/cortisol  ratio  is  a  biochemical  marker  of  overtraining.  Stress  management,
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to  avoid  unnecessary  testosterone  replacement  therapies  that  can  compromise  fertility.

Overtraining  (OTS)  is  a  state  of  chronic  exhaustion  that  is  difficult  to  reverse.  Prevention  is  the  best  approach.

Estrogen  replacement  (via  transdermal  injection)  may  be  necessary  for  bone  protection,  but...

Restoring  weight  and  energy  balance  is  the  cure.  The  endocrinologist  should  work  with

Obstructive  sleep  apnea  is  common  in  obese  patients  and  should  be  treated  aggressively.

Thyroid  hormone  (T4  or  T3)  is  not  recommended  and  can  cause  muscle  catabolism  and  arrhythmias.

low.  This  is  a  metabolic  adaptation  to  reduce  basal  energy  expenditure.  Replacement  of

training  and  nutritional  adjustments  are  crucial.  Distinguishing  between  this  condition  and  organic  hypogonadism  is  essential.

In  sports,  besides  being  unethical,  it  carries  risks  of  insulin  resistance,  water  retention,  and  neoplasms.

Chronically  elevated  levels  due  to  overtraining  have  catabolic  effects  on  muscle,  bone,  and

to  a  state  of  hypoestrogenism  that  causes  rapid  and  irreversible  bone  loss  (early  osteoporosis).

The  immune  system,  in  addition  to  causing  insulin  resistance  and  visceral  fat  accumulation.  Monitoring

Obesogenic  and  catabolic  hormonal  environment.  Sleep  hygiene  should  be  part  of  the  medical  prescription.

for  any  patient  seeking  metabolic  or  performance  improvement.  Sleep  disorders  such  as

Cortisol  is  the  stress  hormone  and  is  essential  for  adaptation  to  exercise.  However,

Steroid  abuse,  where  the  cause  is  physiological/adaptive.  Treatment  involves  reducing  the  volume.

The  body  faces  energy  scarcity,  shutting  down  reproductive  function  to  conserve  calories.  This  leads

The  "euthyroid  sick  syndrome"  in  athletes  manifests  with  normal  or  low  TSH  and  free  T3.

It  reduces  the  production  of  IGF-1  by  the  liver,  impairing  anabolism.  The  abusive  use  of  exogenous  GH.

Testosterone  and  GH  increase  cortisol  and  ghrelin  (hunger)  and  reduce  leptin  (satiety),  creating  a

The  thyroid  axis  is  negatively  regulated  by  caloric  deficit  and  excess  cortisol.

Functional  hypothalamic  amenorrhea  in  female  athletes  is  a  protective  response  of
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"Iatrogenic  sarcopenic  obesity"  should  be  avoided  at  all  costs.  The  focus  should  be  on  improving

With  excessive  training,  the  body  enters  survival  mode,  harming  its  health.  Knowledge  of  these...

Sleep  problems,  low  libido,  and  frequent  infections  in  their  athlete  patients,  intervening  before  collapse  occurs.

It  can  be  concluded  that  the  endocrine  system  is  the  conductor  of  adaptation  to  exercise.  When

Obesity  has  been  redefined  as  a  chronic,  relapsing  disease  based  on  a

dysfunction  of  the  neuroendocrine  regulation  of  energy  balance,  and  not  as  a  character  flaw  or

satiety  and  energy  expenditure,  aiming  not  only  at  aesthetics,  but  also  at  the  remission  of  comorbidities  such  as

to  prescribe  and  manage  the  side  effects  of  these  medications,  integrating  them  into  a  rehabilitation  program.
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Unbalanced  weight  loss,  but  it's  not  a  definitive  cure.  Weight  regain  occurs  in  a  portion  of  the  patient.

They  provide  satiety  to  the  brain  and  delay  gastric  emptying.  Studies  show  weight  losses  of  15%  to

7.  Obesity  as  a  chronic  disease:  new  pharmacological  and  lifestyle  frontiers.

frontier  of  endocrinology.  Rapid  weight  loss  invariably  leads  to  muscle  loss  if  not

Metabolic  surgery  remains  a  valid  option  for  severe  cases  of  diabetes.

20%,  approaching  the  results  of  bariatric  surgery.  The  endocrinologist  should  know  how  to  indicate,

If  there  is  an  anabolic  stimulus,  resistance  exercise  (weight  training)  and  adequate  protein  intake  (1.2  to

Preserving  lean  muscle  mass  while  using  potent  anti-obesity  drugs  is  the  new

When  respected,  it  leads  to  overcompensation  and  performance.  When  abused  due  to  lack  of  energy  or

Significant  changes  in  patients  due  to  metabolic  and  behavioral  adaptations.  Follow-up

high  levels  of  obesity  make  sustainable  weight  loss  a  biological  challenge.  Modern  treatment  combines

intensive  lifestyle  changes  with  potent  pharmacotherapy  that  acts  on  the  mechanisms  of

A  revolution  in  the  treatment  of  obesity.  These  drugs  mimic  intestinal  hormones  that  signal...

Body  composition,  not  just  about  reducing  the  number  on  the  scale.

Dynamics  are  essential  for  the  safe  management  of  active  athletes  and  patients.

A  behavioral  approach  and  psychological  support  are  essential.  Food  often

Diet  and  exercise  are  key  to  preventing  the  loss  of  lean  muscle  mass  associated  with  rapid  weight  loss.

Post-bariatric  follow-up  by  an  endocrinologist  is  lifelong,  monitoring  nutritional  deficiencies  (iron,  B12,

strategy.  The  endocrinologist  should  monitor  early  signs  such  as  mood  changes,  disorders

diabetes  and  fatty  liver  disease.

Hormonal  occurrence.

Maintaining  weight  loss  in  the  long  term  after  surgery.

GLP-1  analogs  and  the  novel  co-agonists  (GLP-1/GIP/Glucagon)  represent  a

Lack  of  willpower.  Dysfunctional  adipose  tissue  and  an  altered  hypothalamic  "set-point"  defend  the  weight.

Physical  exercise  is  the  main  predictor  of  calcium),  bone  health,  and  risk  of  reactive  hypoglycemia.

1.6g/kg/day)  are  mandatory  prescriptions  concurrent  with  the  use  of  GLP-1  analogs.  The  concept  of
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control  over  their  biology.

Multidisciplinary  team.  The  neuroscience  of  food  reward  explains  why  it's  so  hard  to  resist.

Welcoming  to  people  with  larger  bodies.  Inclusion  and  respect  are  part  of  effective  treatment.

Endocrinologists  play  an  advocacy  role  in  public  health  to  promote  school  environments  and

Neuroendocrinology  and  sports  medicine  in  contemporary  health  management.  The  dichotomy  between

each  patient's  unique  biology.

judgments,  focused  on  health  and  functionality.  Health  and  exercise  environments  should  be

Urban  spaces  that  promote  movement  and  proper  nutrition.

They  prevent  cirrhosis  and  liver  cancer.  The  liver  is  the  center  of  metabolism;  protecting  it  is  protecting  the  body.

Compulsive  eating,  anxiety,  and  environmental  triggers.  The  endocrinologist  should  work  on

It  plays  emotional  roles  in  mood  regulation.  Obesity  treatment  should  address  this.

Molecular  molecules  activated  by  physical  exercise  and  proper  nutrition  are  the  same  as  those  that,  when

Metabolic  fatty  liver  disease  (MASLD)  is  the  hepatic  manifestation  of  the  syndrome.

Preventing  childhood  and  adolescent  obesity  is  urgent.  The  obesogenic  environment  and

global  health.

It  can  be  concluded  that  the  treatment  of  obesity  has  reached  an  unprecedented  level  of  sophistication.

In  the  future,  they  may  be  able  to  further  personalize  the  treatment.  The  goal  is  to  find  the  right  strategy  for...

Treating  disease  and  promoting  health  becomes  a  complex  issue  when  we  understand  that  the  mechanisms...

8.  Conclusion

A  chronic  condition  that  worsens  metabolic  health.  The  physician  should  practice  empathetic  communication,  free  of...

We  have  powerful  tools,  but  they  must  be  used  wisely,  within  a  context  of...
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A  metabolic  disease  and  a  silent  epidemic.  There  are  no  drugs  specifically  approved  for  it;  the

The  stigmatization  of  obesity  (weight  bias)  is  a  barrier  to  treatment  and  causes  stress.

They  respond  the  same  way  to  the  same  diet  or  drug.  Clinical  phenotyping  (emotional  eater,

"Snacking,  low  energy  expenditure"  can  guide  therapeutic  choices.  Genetic  and  metabolic  testing

Treatment  involves  weight  loss  and  exercise.  Aerobic  exercise  reduces  liver  fat.

A  structured  lifestyle  change.  The  endocrinologist  manages  this  health  journey.

Early  sedentary  lifestyles  are  creating  a  generation  with  metabolic  diseases  before  adulthood.

Family  intervention,  focused  on  healthy  habits  and  playful  physical  activity,  is  key.

to  highly  palatable  foods;  the  treatment  aims  to  restore  control  over  these  impulses.

The  comprehensive  analysis  carried  out  in  this  study  reaffirms  the  central  position  of

Regardless  of  weight  loss.  Early  identification  and  treatment  of  liver  fibrosis.

The  heterogeneity  of  obesity  demands  precision  medicine.  Not  all  obese  people

Combining  the  best  pharmacological  science  with  exercise  physiology  to  give  back  to  the  patient.
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Priorities  that  underpin  the  practice  of  sports  endocrinology.

Preservation  of  muscle  mass  and  behavioral  re-education.  The  risk  of  transforming  obesity.

Hormonal  axes  are  systems  of  adaptation  to  stress.  Overtraining  and  deficiency

The  pharmacological  revolution  in  the  treatment  of  obesity  brings  hope,  but  also...

It  has  been  demonstrated  that  insulin  resistance  and  chronic  inflammation  are  not  just

In  this  age  of  digital  misinformation,  doctors  must  act  as  beacons  of  evidence,  translating  the...

Insulins  allow  diabetic  patients  to  achieve  previously  unimaginable  levels  of  performance.

Metabolic  flexibility  emerges  as  the  ultimate  marker  of  health.  The  ability  to

through  the  precise  prescription  of  physical  activity.  The  recognition  of  skeletal  muscle  as  a

responsibility.  The  use  of  LPG-1  analogues  must  be  accompanied  by  aggressive  strategies  of

From  public  administration  to  the  leadership  of  medical  societies  and  elite  clinical  practice,  it  is  evident  that  the  solution
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Unregulated  processes  lead  to  pathology.  The  professional  trajectory  and  accumulated  expertise ,  which  ranges  from

provided  they  are  accompanied  by  professionals  trained  to  adjust  the  complex  variables  of

There  are  consequences  of  weight  gain,  but  also  cellular  signaling  disturbances  that  can  be  reversed.

Addressing  the  metabolic  disease  crisis  requires  an  integrative,  technical,  and,  above  all,  holistic  approach.

biotechnology  with  guided  personal  effort.

to  restore  this  flexibility  in  metabolically  rigid  patients  (obese/diabetic)  and  for

drugs;  its  effects  are  enhanced  by  them.  Ethical  and  effective  treatment  combines  the  best  of...

Disseminating  scientific  knowledge  is  a  moral  obligation  of  the  expert.  In  a

Managing  diabetes  in  a  sports  context  and  optimizing  athletic  performance  require...

The  nutritional  timing  and  training  periodization  strategies  discussed  in  this  article  are  key  to...

Relative  energy  in  sport  (RED-S)  are  examples  of  how  "too  much  of  a  good  thing"  can  be...

deleterious.  The  endocrinologist  acts  as  the  guardian  of  balance,  identifying  early  signs  of

Neuroendocrine  dysfunction  and  intervention  to  restore  homeostasis.  Hormonal  health  is  the  foundation.

The  fact  that  the  endocrine  organ  secretes  myokines  places  physical  training  on  the  same  level  of  importance.

neglecting  one  of  the  most  powerful  therapeutic  tools  available  in  blood-based  medicine

A  fine  understanding  of  hormonal  physiology.  Continuous  monitoring  technology  and  new

upon  which  physical  performance  is  built;  without  it,  there  is  no  sustainability  in  sport.

educational.

Blood  glucose,  nutrition,  and  exercise.  Patient  safety  and  the  prevention  of  acute  events  are  the...

that  pharmacological  intervention.  The  doctor  who  ignores  the  prescription  of  exercise  is,  in  practice,

evidence.

Maximize  it  in  athletes.  Metabolic  precision  medicine  is  the  future  of  clinical  intervention.

In  sarcopenia,  risk  factors  must  be  actively  mitigated.  Lifestyle  medicine  is  not  a  substitute  for...

Efficiently  switching  between  fuel  sources  is  what  defines  a  resilient  organism.
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A  health  strategist,  guiding  their  patients  through  the  complexities  of  modern  life  towards  a

It  can  be  concluded,  therefore,  that  the  intersection  between  endocrinology,  metabolism,  and  exercise  is  a

This  article  reinforces  the  view  that  the  science  of  metabolism  and  exercise  physiology  are...
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Year  V,  v.2  2025  |  Submission:  11/22/2025  |  Accepted:  11/24/2025  |  Publication:  11/26/2025

Molecular  complexity  in  practical  and  accessible  guidelines  for  the  population.  The  creation  of
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Training  other  professionals  and  empowering  patients.

not  just  disease.

not  only  to  cure  diseases,  but  to  unlock  human  potential  for  a  full  and  active  life.

Science  knows  no  borders,  and  solutions  for  metabolic  diseases  must  be  global.

Ultimately,  the  mission  of  the  modern  endocrinologist  is  to  be  an  educator  and  a

The  internationalization  of  the  medical  career  and  the  exchange  of  experiences  between  different  systems.

Educational  platforms  and  participation  in  medical  societies  strengthen  the  healthcare  ecosystem.

physicians  act  on  the  root  cause  of  chronic  diseases,  promoting  true  health  medicine,  and
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