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​Molecular Basis of Lipodystrophy​

​1.​ ​Introduction​

​Lipodystrophy​​syndromes​​(LD)​​are​​a​​heterogeneous​​group​​of​​rare​​disorders​​characterized​​by​​the​​partial​​or​​complete​​loss​​of​
​mature​​adipose​​tissue​​in​​localized​​or​​generalized​​areas.​​This​​results​​in​​the​​inability​​to​​store​​body​​fat,​​ectopic​​lipid​​storage,​
​and​ ​excess​ ​nutrients​ ​(Fourman​ ​and​ ​Grinspoon​ ​2022).​ ​Two​ ​main​ ​classes​ ​of​ ​lipodystrophy​ ​are​ ​Congenital​ ​Generalized​
​Lipodystrophy (CGL) and Familial Partial Lipodystrophy (FPLD).​

​For​​adipose​​tissues​​to​​function​​normally,​​adipogenesis​​is​​crucial​​for​​the​​differentiation​​of​​the​​precursor​​cells.​ ​Adipogenesis​
​starts​ ​with​ ​mesenchymal​ ​stem​ ​cells​ ​differentiating​ ​into​ ​mature​ ​adipose​ ​tissue.​ ​During​ ​adipogenesis,​ ​lipid​ ​storage​ ​and​
​mobilization​​are​​regulated​​by​​the​​triacylglycerol​​(TAG)​​fatty​​acid​​cycle.​​Lipid​​droplets​​undergo​​lipolysis​​(the​​breakdown​​of​
​lipid​​droplets)​​and​​lipogenesis​​(the​​synthesis​​of​​new​​lipid​​droplets)(Poulos​​et​​al.​​2016).​​However,​​if​​a​​gene​​mutation​​or​​other​
​factors​ ​affect​ ​the​ ​components​ ​involved​ ​in​ ​the​ ​regulation​ ​of​ ​adipogenesis,​ ​this​ ​would​ ​lead​ ​to​ ​impaired​ ​adipocyte​
​differentiation, lipid droplet formation, and adipocyte functions.​

​LD​​can​​be​​either​​congenital​​or​​acquired.​​Congenital​​Lipodystrophy​​is​​classified​​based​​on​​the​​location​​of​​lost​​adipose​​tissue,​
​and​ ​further​ ​divided​ ​into​​subtypes​​according​​to​​the​​gene​​segment​​that​​is​​mutated​​(Akinci,​​Gular,​​and​​Oral​​2024)​​(Table​​1).​
​Meanwhile, acquired lipodystrophy is caused by external factors or side effects of other treatments.​

​CGL​ ​(also​ ​called​ ​Berardinelli-Seip​ ​syndrome)​ ​is​​characterized​​by​​the​​near-complete​​absence​​of​​adipocytes​​(Oswiecimska​
​n.d.).​ ​CGLs​ ​are​ ​inherited​ ​in​ ​an​ ​autosomal​ ​recessive​ ​manner,​ ​with​​symptoms​​typically​​presenting​​shortly​​after​​birth.​​It​​is​
​further​ ​divided​ ​into​ ​CGL1,​ ​CGL2,​ ​CGL3,​ ​and​ ​CGL4,​ ​which​ ​link​ ​to​ ​four​ ​different​ ​gene​ ​mutations.​ ​FPLD​ ​presents​ ​as​ ​an​
​abnormal​ ​distribution​ ​of​ ​adipose​ ​tissue,​ ​with​ ​fat​​loss​​around​​the​​limbs,​​torso,​​and​​hips.​​It​​can​​be​​autosomal​​recessive​​or​
​dominant​ ​depending​ ​on​ ​the​ ​gene​ ​involved.​ ​Since​ ​the​ ​body​ ​is​​not​​able​​to​​store​​excess​​energy​​in​​those​​areas,​​other​​body​
​parts,​ ​such​ ​as​ ​the​ ​face,​ ​neck,​ ​and​ ​internal​ ​organs​​like​​the​​liver,​​gain​​extra​​adipose​​tissue​​(Diagnosis​​and​​Management​​of​
​Lipodystrophy​ ​Syndromes:​ ​A​ ​Multi-Society​ ​Practice​ ​Guideline​ ​|​ ​The​ ​Journal​ ​of​ ​Clinical​ ​Endocrinology​ ​&​ ​Metabolism​ ​|​
​Oxford​ ​Academic​ ​n.d.).​ ​This​ ​results​​in​​the​​abnormal​​distribution​​of​​adipose​​tissues.​​As​​with​​CGL,​​FPLD​​is​​further​​divided​
​into​ ​several​ ​subtypes,​ ​including​ ​FPLD1​ ​(Kobberling-type​ ​lipodystrophy),​ ​FPLD2​​(Dunnigan​​Variety​​lipodystrophy),​​FPLD3,​
​FPLD4,​​FPLD5,​​and​​FPLD6.​​The​​development​​of​​adipocytes​​is​​tightly​​regulated​​by​​various​​proteins​​and​​enzymes.​​The​​genes​
​that encode these proteins or enzymes are often the genes associated with lipodystrophy.​

​As​ ​for​ ​Acquired​ ​Generalized​ ​Lipodystrophy​ ​(AGL,​ ​Lawrence​ ​Syndrome)​ ​and​ ​Acquired​ ​Partial​ ​Lipodystrophy​ ​(APL,​
​Barraquer-Simons​ ​syndrome),​ ​they​ ​have​ ​similar​ ​symptoms​ ​to​ ​CGL​ ​and​ ​FPDL.​​However,​​they​​are​​caused​​by​​autoimmune​
​diseases, side effects of antiretroviral therapy (ART) for HIV patients, or even idiopathic reasons (Misra and Garg 2003).​
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​Molecular Basis of Lipodystrophy​

​Table 1​​: Classification, clinical features, and molecular basis of lipodystrophies (Made by author with Google Sheets.)​

​Not​ ​only​ ​will​ ​the​ ​lack​ ​of​ ​excess​ ​body​ ​fat​ ​affect​ ​the​ ​body’s​ ​normal​ ​functions,​ ​but​ ​complications​ ​associated​ ​with​
​lipodystrophy​ ​also​ ​have​ ​a​ ​significant​ ​effect​ ​on​ ​patients’​ ​lives.​ ​Some​ ​common​ ​metabolic​ ​abnormalities​ ​include​ ​leptin​
​deficiency,​ ​insulin​ ​resistance,​ ​diabetes,​ ​hypertriglyceridemia,​ ​and​ ​fatty​ ​liver​ ​disease​ ​(Figure​ ​1).​ ​Currently,​ ​around​ ​200​
​clinical​ ​trials​ ​are​ ​underway​ ​to​ ​discover​ ​a​ ​new​ ​way​ ​to​ ​treat​ ​or​ ​cure​ ​lipodystrophy,​ ​with​ ​a​ ​particular​ ​focus​ ​on​ ​leptin​
​deficiency (Search ClinicalTrials.Gov For, n.d.).​

​Metreleptin,​​for​​example,​​is​​a​​treatment​​created​​specifically​​for​​acquired​​or​​congenital​​generalized​​lipodystrophy​​patients.​
​It​ ​is​ ​a​ ​targeted​ ​treatment​ ​for​ ​leptin​ ​deficiency,​ ​which​ ​is​ ​a​ ​common​ ​metabolic​ ​issue​ ​associated​ ​with​ ​LD​ ​(Araújo-Vilar​ ​&​
​Santini,​ ​2019).​ ​It​ ​is​ ​currently​ ​the​ ​only​ ​FDA-​ ​approved​ ​treatment​ ​for​ ​generalized​ ​lipodystrophy​ ​patients.​ ​However,​
​conventional​​treatment,​​such​​as​​special​​diets,​​is​​still​​optimized​​before​​metreleptin​​(Meehan​​et​​al.,​​2016).​​Due​​to​​the​​rarity​​of​
​this​​disease,​​limited​​research​​has​​been​​done,​​making​​Metreleptin​​the​​primary​​choice​​for​​CGL​​and​​AGL​​patients​​(Ajluni​​et​​al.,​
​2016).​​As​​for​​FPLD​​patients,​​the​​use​​of​​Metreleptin​​is​​highly​​restricted.​​Therefore,​​they​​will​​need​​to​​maintain​​an​​appropriate​
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​diet and require other medications for the metabolic complications.​

​According​ ​to​ ​studies,​ ​only​ ​about​ ​3​ ​per​ ​million​ ​people​ ​around​ ​the​ ​world​ ​are​ ​affected​ ​by​ ​some​ ​type​ ​of​ ​lipodystrophy​
​syndrome.​​While​​the​​prevalence​​of​​CGL​​is​​estimated​​to​​be​​0.23​​per​​million​​people,​​the​​prevalence​​of​​FPLD​​is​​around​​2.84​
​per​​million​​people​​(Chiquette​​et​​al.​ ​2017).​ ​It​​is​​also​​estimated​​to​​shorten​​a​​patient's​​lifespan​​by​​30​​or​​more​​years.​​The​​main​
​cause​​of​​death​​is​​shown​​to​​be​​liver​​diseases​​and​​infections​​caused​​by​​adipose​​tissue​​dysfunction,​​but​​also​​varies​​from​​type​
​to type of lipodystrophy (Lima et al. 2018).​

​This​ ​literature​ ​review​ ​aims​​to​​highlight​​the​​molecular​​mechanisms​​underlying​​lipodystrophy,​​with​​a​​focus​​on​​the​​genetic​
​causes,​ ​differences​ ​between​ ​types​ ​of​ ​lipodystrophies,​ ​and​ ​other​ ​metabolic​ ​conditions​ ​caused​ ​by​ ​adipose​ ​tissue​
​abnormalities,​ ​as​ ​well​ ​as​ ​the​ ​treatment​ ​developed​ ​and​ ​future​ ​directions​ ​of​ ​study,​ ​and​ ​the​ ​possibilities​ ​for​ ​fundamental​
​treatments.​

​Figure​ ​1​​:​ ​Comparison​ ​of​​adipocyte​​functions​​between​​a​​healthy​​person​​and​​a​​lipodystrophy​​patient.​​Adipocyte​​storage​​is​
​decreased​ ​in​ ​lipodystrophy​ ​patients.​ ​Common​ ​metabolic​ ​abnormalities​ ​include​ ​leptin​ ​deficiency,​ ​insulin​ ​resistance,​ ​and​
​elevated blood glucose levels in the bloodstream. (Made by author with BioRender.)​
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​2.​ ​Methods​

​2.1. Search Strategy​

​A​ ​literature​ ​search​ ​was​ ​conducted​ ​using​ ​PubMed​ ​and​ ​Google​ ​Scholar​ ​databases.​ ​The​ ​search​ ​included​ ​the​ ​following​
​keywords:​ ​“lipodystrophy​ ​genetics”,​ ​“adipocyte​ ​differentiation”,​ ​“AGPAT2”,​ ​“PTRF​ ​Cavin-1”,​ ​“LMNA​ ​mutation”,​ ​“PPARγ​
​mutation”,​​“lipodystrophy​​metabolic​​abnormalities”.​​Titles​​and​​abstracts​​were​​first​​screened​​for​​relevance.​​Full​​articles​​were​
​reviewed​ ​to​ ​see​ ​if​ ​they​ ​met​ ​the​ ​inclusion​ ​criteria.​ ​97​ ​articles​ ​were​ ​initially​ ​screened,​ ​and​ ​55​ ​papers​ ​were​ ​ultimately​
​referenced in this review.​

​2.2. Inclusion/Exclusion Criteria​

​Articles​ ​published​ ​between​ ​2000​ ​and​ ​2026​ ​were​ ​included.​ ​Only​ ​English​ ​language​ ​publications​​were​​considered.​​Studies​
​were​ ​included​ ​if​ ​they​ ​were​ ​peer-reviewed​ ​primary​ ​research​ ​articles​​or​​comprehensive​​reviews,​​including​​both​​narrative​
​reviews​​and​​systematic​​reviews,​​that​​focused​​on​​the​​genetic,​​molecular,​​or​​metabolic​​mechanisms​​underlying​​lipodystrophy​
​syndromes.​ ​Case​ ​studies​ ​were​ ​included​ ​if​ ​they​ ​provided​ ​relevant​ ​insights,​ ​such​ ​as​ ​pathological​ ​or​​mutation​​analyses​​or​
​clinical​ ​findings.​ ​Non-peer-reviewed​ ​sources​ ​and​ ​articles​ ​published​ ​before​ ​2000​ ​are​ ​excluded.​ ​Case​ ​reports​ ​that​ ​only​
​report​​descriptive​​quantitative​​data,​​without​​the​​discussion​​of​​mechanistic​​interpretation,​​are​​also​​excluded,​​as​​clinical​​data​
​are not the focus of this review.​

​3.​ ​Discussion: Genetics and Pathophysiology​

​3.1. Type 1 Congenital Generalized Lipodystrophy (CGL1)​

​Type​​one​​Congenital​​Generalized​​Lipodystrophy​​(CGL1)​​is​​caused​​by​​a​​mutation​​in​​the​​gene​​AGPAT2.​​AGPAT2​​is​​the​​gene​
​that​ ​encodes​ ​the​ ​enzyme​ ​1-acylglycerol-3-phosphate​ ​O-acyltransferase​ ​2.​ ​It​ ​catalyzes​ ​the​ ​acylation​ ​of​​lysophosphatidic​
​acid​ ​(1-acylglycerol-3-phosphate)​ ​to​ ​phosphatidic​ ​acid​ ​(1,2​ ​diacylglycerol-3-phosphate)​ ​(Gale​ ​et​ ​al.​ ​2006),​ ​as​ ​shown​ ​in​
​Figure​ ​2.​ ​It​ ​is​ ​an​ ​important​ ​precursor​ ​for​ ​the​ ​biosynthesis​ ​of​ ​triacylglycerol​ ​(TAG)​ ​and​ ​phospholipids​ ​from​
​glycerol-3-phosphate.​ ​This​ ​step​ ​esterifies​ ​a​ ​second​ ​fatty​ ​acyl​ ​group​ ​at​ ​the​ ​sn-2​ ​position​ ​of​ ​the​ ​glycerol​ ​backbone.​
​Phosphatidic​​acid​​is​​further​​acylated​​by​​other​​enzymes,​​creating​​triacylglycerol​​and​​phospholipids.​​Impaired​​formation​​of​
​phosphatidic​ ​acid​ ​results​ ​in​ ​the​ ​absence​ ​of​ ​triacylglycerol​ ​production,​ ​thereby​ ​disrupting​ ​the​ ​normal​ ​adipose​ ​tissue​
​development.​

​The​​AGPAT​​family​​consists​​of​​11​​isomers.​​Among​​the​​isomers,​​AGPAT2​​is​​expressed​​at​​higher​​levels​​in​​adipose​​tissue​​than​
​the​ ​other​ ​isomers.​​The​​presence​​of​​mechanical​​adipose​​tissue​​can​​be​​explained​​by​​the​​increased​​expression​​of​​the​​other​
​isomers​ ​(Broekema​ ​et​ ​al.,​ ​2018).​ ​However,​ ​studies​ ​have​ ​shown​ ​that​ ​the​ ​expression​ ​of​ ​AGPAT2​ ​is​ ​required​ ​for​ ​the​
​accumulation​ ​of​ ​triacylglycerol,​ ​especially​ ​in​ ​metabolic​ ​adipose​ ​tissues.​ ​Defects​ ​in​ ​the​ ​AGPAT2​​gene​​also​​impact​​insulin​
​signaling,​​which​​is​​a​​direct​​effect​​of​​impaired​​adipocyte​​dysfunction​​(Santoro​​et​​al.,​​2021).​ ​This​​also​​causes​​gluconeogenesis​
​to be unrestricted, which leads to the development of hyperglycemia and diabetes (de Melo et al. 2025).​
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​Figure​​2​​:​ ​The​​process​​of​​Triacylglycerol​​synthesis.​​In​​the​​second​​step,​​where​​LPA​​is​​acylated​​to​​PA,​​AGPAT​​is​​the​​enzyme​
​that​ ​catalyzes​ ​this​ ​reaction.​ ​Without​ ​it,​ ​the​ ​reactions​ ​after​ ​it​ ​will​ ​not​ ​occur​ ​properly,​ ​meaning​ ​that​ ​adipocytes​ ​cannot​
​develop properly. (Made with BioRender).​

​3.2. Type 2 Congenital Generalized Lipodystrophy (CGL2)​

​Type​ ​2​​Congenital​​Generalized​​Lipodystrophy​​(CGL2)​​is​​caused​​by​​pathogenic​​variants​​of​​the​​BSCL2​​gene.​​It​​encodes​​the​
​protein​​Seipin,​​which​​is​​found​​in​​the​​endoplasmic​​reticulum​​(ER)​​(Akinci​​et​​al.,​ ​2024),​​Seipin​​plays​​an​​important​​role​​in​​the​
​regulation​ ​of​ ​lipid​ ​droplet​ ​biogenesis.​ ​It​ ​interacts​ ​with​ ​proteins​ ​involved​ ​in​​TAG​​synthesis​​to​​facilitate​​adipogenesis.​​For​
​instance,​ ​it​ ​binds​ ​with​ ​AGPAT2​ ​to​​regulate​​PA​​metabolism.​​Seipin​​deficiency​​could​​lead​​to​​abnormal​​accumulation​​of​​PA.​
​This​ ​increases​ ​the​ ​surface​ ​tension​ ​of​ ​the​ ​ER​ ​and​ ​decreases​ ​its​ ​line​ ​tension,​ ​disrupting​ ​the​ ​unidirectional​ ​lipid​ ​droplet​
​budding.​ ​It​ ​causes​ ​the​ ​accumulation​ ​of​ ​newly​ ​synthesized​ ​neutral​ ​lipids​ ​in​ ​the​ ​ER,​ ​leading​ ​to​ ​severe​ ​ER​ ​stress​ ​and​
​potentially being toxic to the cells (Li et al., 2022).​

​CGL2​ ​is​ ​the​ ​most​ ​common​ ​type​ ​of​ ​congenital​ ​lipodystrophy.​ ​But​ ​mutations​ ​in​ ​the​ ​BSCL2​ ​also​ ​lead​ ​to​ ​the​ ​most​ ​severe​
​symptoms.​​Patients​​are​​born​​without​​any​​fat,​​including​​mechanical​​and​​metabolic​​adipose​​tissues.​​They​​also​​have​​an​​earlier​
​onset​​of​​diabetes​​mellitus​​than​​other​​types​​of​​lipodystrophies.​​Other​​than​​adipocytes,​​seipin​​is​​also​​expressed​​in​​the​​brain​
​and testis. This leads to mild mental disability, developmental language disorders, and an impaired reproductive system.​
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​3.3. Type four Congenital Generalized Lipodystrophy (CGL4)​

​Type​ ​four​ ​Congenital​ ​Generalized​ ​Lipodystrophy​ ​(CGL4)​ ​is​ ​associated​ ​with​ ​the​ ​gene​ ​mutation​ ​in​ ​the​ ​PTRF​ ​gene​
​(Polymerase​​I​​and​​Transcript​​Release​​Factor)(Salle-Teyssières​​et​​al.​ ​2016).​​The​​PTRF​​gene​​encodes​​cavin-1,​​which​​is​​one​​of​
​the​​essential​​proteins​​that​​is​​required​​for​​the​​biogenesis​​of​​caveolae.​​Caveolae​​are​​the​​most​​abundant​​invaginations​​of​​the​
​plasma​ ​membrane​ ​across​ ​a​ ​wide​ ​range​ ​of​ ​mammalian​ ​cells​ ​(Figure​ ​3).​ ​Cavin-1​ ​plays​ ​a​ ​critical​ ​role​ ​in​ ​the​ ​initiation​ ​of​
​caveolae​ ​synthesis​ ​through​ ​recruiting​ ​other​ ​structural​ ​proteins,​ ​such​ ​as​ ​caveolins.​ ​Without​ ​it,​ ​cells​ ​will​ ​not​ ​be​ ​able​ ​to​
​produce​​caveolae.​​Although​​it​​is​​abundant,​​its​​functions​​have​​only​​been​​understood​​in​​the​​past​​few​​decades.​​It​​plays​​a​​role​
​in​​signal​​transduction,​​endocytosis,​​and​​mechanotransduction​​(Stea​​and​​D’Alessio​​2025).​​Cavin-1​​binds​​with​​the​​caveolins​​to​
​form Caveolae.​

​Figure 3​​: Structure and formation of caveolae. Caveolae​​are invaginations of the plasma membrane. Cavin-1 first binds with​
​the plasma membrane, initiating caveolae synthesis. Caveolin 1 binds with cavin-1, which stabilizes its structure and forms​
​caveolae. (Made with BioRender).​

​There​​are​​three​​members​​in​​the​​caveolin​​family:​​caveolin-1,​​caveolin-2,​​and​​caveolin-3.​​They​​are​​expressed​​in​​a​​variety​​of​
​cells,​ ​like​ ​smooth​ ​muscle​ ​cells,​ ​fibroblasts,​ ​and​ ​adipocytes.​ ​Caveolin​ ​3​ ​is​ ​expressed​ ​exclusively​ ​in​ ​cardiac​ ​and​ ​skeletal​
​muscle.​​It​​is​​shown​​that​​the​​lack​​of​​PTRF-CAVIN​​does​​not​​affect​​the​​level​​of​​caveolin​​expressed​​(Rajab​​et​​al.​​2010).​​However,​
​it​​affects​​caveolin’s​​ability​​to​​localize​​to​​the​​cell’s​​surface,​​which​​makes​​the​​formation​​of​​caveolae​​impossible.​​The​​absence​
​of​ ​caveolae​ ​causes​ ​abnormalities​ ​and​ ​dysfunctions,​ ​including​ ​impaired​ ​signal​ ​transduction​ ​and​ ​a​ ​lack​ ​of​
​mechanoprotection.​ ​Without​ ​the​ ​extra​ ​membranes​ ​acting​​as​​a​​buffer​​against​​the​​force​​of​​mechanical​​stretching,​​cardiac​

​theconvergencejournal.org​ ​Vol. 2, No. 2; June 9, 2026​

​7​



​Molecular Basis of Lipodystrophy​

​cells are at a greater risk of rupturing (Grivas et al., 2020).​

​Clinical​ ​features​ ​uniquely​ ​associated​ ​with​ ​CGL4​ ​include​ ​myopathy,​ ​which​ ​affects​ ​skeletal​ ​muscle​ ​structure,​ ​and​ ​distal​
​metaphyseal​​deformation,​​causing​​bone​​stiffness​​and​​limited​​range​​of​​motion​​(Ardissone​​et​​al.​ ​2013).​​Cardiac​​arrhythmias​
​are​​also​​one​​of​​the​​symptoms​​caused​​by​​the​​lack​​of​​PTRF-CAVIN,​​and​​they​​could​​be​​life-threatening,​​showing​​the​​serious​
​consequences​​of​​cavin-1​​deficiency​​(Rajab​​et​​al.​ ​2010).​​These​​symptoms​​can​​be​​explained​​by​​the​​location​​where​​caveolins​​1,​
​2, and 3 are expressed.​

​3.4. Type Two Familial Partial Lipodystrophy (FPLD2)​

​The​ ​gene​ ​LMNA​ ​encodes​ ​the​ ​protein​ ​called​ ​Lamins.​ ​It​ ​is​ ​the​ ​gene​ ​that​ ​is​ ​associated​ ​with​ ​Type​ ​two​ ​Familial​ ​Partial​
​Lipodystrophy​ ​(FPLD2).​ ​FPLD2​​is​​the​​most​​common​​type​​of​​lipodystrophy​​syndrome​​(Corsa​​et​​al.​ ​2021).​ ​In​​cells,​​Lamin​​A​
​and​​Lamin​​C​​are​​expressed​​predominantly.​​The​​main​​functions​​of​​Lamin​​A/C​​are​​the​​regulation​​of​​nucleus​​shape,​​providing​
​structural​ ​stability​ ​to​ ​the​ ​nuclear​ ​envelope​ ​and​ ​cytoskeleton,​ ​and​ ​also​ ​controlling​ ​gene​ ​regulation​ ​(Maung​ ​et​ ​al.​
​2026),(Bagias​​et​​al.​ ​2020).​​They​​are​​important​​intermediate​​filament​​proteins​​forming​​the​​nuclear​​lamina.​​They​​also​​play​​a​
​role​​in​​organizing​​chromatin.​​Mutations​​in​​Lamin​​A/C​​can​​lead​​to​​premature​​aging​​syndrome​​(Hutchinson-Gilford​​Progeria​
​Syndrome).​​The​​mutated​​LMNA​​gene​​produces​​a​​mutant​​product​​called​​progerin.​​As​​progerin​​accumulates​​in​​the​​nucleus,​​it​
​destabilizes DNA, triggers premature senescence, and alters the shape of the nucleus (Gonzalo et al., 2017).​

​The​​interference​​with​​the​​cleavage​​step​​of​​post-translational​​regulation​​of​​Lamin​​A​​could​​also​​affect​​the​​patient.​​ZMPSTE24​
​plays​​an​​important​​role​​in​​this​​step,​​and​​it​​is​​also​​considered​​to​​be​​one​​of​​the​​factors​​that​​causes​​lipodystrophy.​​However,​
​mutations​ ​in​ ​ZMPSTE24​ ​cause​ ​another​ ​distinct​ ​form​ ​of​ ​lipodystrophy​ ​(mandibuloacral​ ​dysplasia),​ ​showing​ ​different​
​symptoms​ ​and​ ​increased​ ​severity.​ ​Nevertheless,​ ​modification​ ​is​ ​crucial​ ​and​ ​ensures​ ​that​ ​Prelamin​ ​A​ ​(the​ ​precursor​ ​of​
​Lamin​​A​​before​​post-translational​​regulation)​​functions​​normally.​​Not​​only​​will​​the​​lack​​of​​Lamin​​A​​affect​​cell​​functions,​​but​
​the​​accumulation​​of​​Prelamin​​A​​could​​also​​be​​toxic​​to​​cells​​(Varlet,​​Helfer,​​and​​Badens​​2020),​​which​​could​​affect​​the​​cell’s​
​ability to develop properly.​

​These​ ​cellular​ ​abnormalities​ ​contribute​ ​to​ ​broader​ ​systemic​ ​symptoms.​ ​This​ ​includes​ ​a​ ​higher​ ​risk​ ​of​ ​cardiovascular​
​diseases.​​It​​is​​found​​that​​FPLD2​​patients​​have​​higher​​Epicardial​​adipose​​tissue​​(EAT)​​volume​​than​​type​​two​​diabetes​​patients​
​(Talman​​et​​al.​​2014)​​(Godoy-Matos​​et​​al.​​2015).​ ​However,​​it​​is​​not​​related​​to​​other​​metabolic​​issues​​that​​are​​also​​presented​​in​
​lipodystrophy​ ​(Lamothe​ ​et​ ​al.​ ​2025).​ ​Additional​ ​studies​ ​will​ ​need​ ​to​ ​be​ ​conducted​ ​to​ ​gain​ ​a​ ​clearer​ ​insight​ ​into​ ​this​
​condition and its correlation.​

​3.5. Type three Familial Partial Lipodystrophy (FPLD3)​

​Type​ ​three​ ​Familial​ ​Partial​ ​Lipodystrophy​ ​(FPLD3)​ ​is​ ​caused​ ​by​ ​pathogenic​ ​variants​ ​of​ ​the​​PPARG​​gene.​​PPARG​​encodes​
​PPARγ​ ​(Peroxisome​​proliferator-activated​​receptor​​γ),​ ​a​​member​​of​​a​​superfamily​​of​​nuclear​​receptors.​​PPARγ​ ​is​​known​​as​
​the​​master​​regulator​​of​​adipocyte​​differentiation,​​maintenance,​​and​​functions(Broekema​​et​​al.​ ​2019).​​It​​has​​three​​isoforms:​
​PPARγ1,​ ​PPARγ2,​ ​and​ ​PPARγ3.​ ​Among​ ​them,​ ​PPARγ2​ ​is​ ​predominantly​ ​expressed​ ​in​ ​adipocytes.​ ​PPARγ​ ​acts​ ​as​ ​a​
​ligand-activated​ ​transcription​ ​factor.​ ​It​ ​binds​ ​to​ ​its​ ​target​ ​gene​ ​as​ ​a​ ​heterodimer​ ​with​ ​PPAR-response​ ​elements​
​(PPREs)(Madsen​ ​et​ ​al.​ ​2022).​​After​​binding,​​PPARγ​ ​regulates​​the​​transcription​​of​​downstream​​target​​genes​​involved​​in​​the​
​development​​of​​adipose​​tissue.​​Including​​the​​TAG​​cycle,​​which​​is​​upregulated​​by​​PPARγ​​for​​the​​development​​of​​adipocytes.​
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​Loss-of-function​ ​or​ ​dominant-negative​ ​mutations​ ​in​ ​pathogenic​ ​variants​ ​of​ ​PPARG​ ​fundamentally​ ​impair​ ​adipogenesis.​
​Therefore, leading to increased cellular stress and dysfunctions in adipocytes(Soares et al. 2024).​

​Compared​ ​to​ ​FPLD2,​ ​FPLD3​ ​patients​ ​show​​less​​severe​​fat​​loss.​​One​​way​​to​​explain​​this​​is​​that​​more​​large​​adipocytes​​are​
​preserved​​since​​mutations​​in​​PPARG​​could​​lead​​to​​excess​​cell​​growth.​​Fat​​accumulation​​in​​areas​​such​​as​​the​​face​​and​​neck​
​is​​also​​not​​observed​​(Bagias​​et​​al.​ ​2020).​​However,​​FPLD3​​patients​​also​​show​​more​​severe​​metabolic​​symptoms,​​specifically​
​hypertriglyceridemia,​ ​diabetes,​ ​and​ ​insulin​ ​resistance.​ ​One​ ​possible​ ​explanation​ ​is​ ​that​ ​although​ ​patients​ ​still​ ​preserve​
​large adipocytes, they only have a few small, insulin-sensitive adipocytes (Soares et al. 2024).​

​3.6. Acquired Lipodystrophy​

​A​ ​wide​ ​range​​of​​gene​​mutations​​that​​affect​​different​​cellular​​functions​​could​​all​ ​lead​​to​​LD.​​However,​​gene​​mutations​​are​
​not​ ​the​ ​only​ ​cause​ ​of​ ​lipodystrophy.​ ​Other​ ​environmental​ ​factors​ ​can​ ​also​ ​trigger​ ​the​ ​onset​ ​of​ ​lipodystrophy.​​Acquired​
​Generalized​​Lipodystrophy​​(AGL)​​and​​Acquired​​Partial​​Lipodystrophy​​(APL)​​are​​forms​​of​​lipodystrophy​​that​​are​​not​​caused​
​by​​genetic​​mutations(Al-Jawad​​et​​al.​​2025).​​Despite​​having​​different​​mechanisms,​​they​​have​​similar​​symptoms​​to​​congenital​
​lipodystrophy.​

​Acquired​ ​lipodystrophy​ ​is​ ​characterized​ ​by​ ​the​ ​gradual​ ​loss​ ​of​ ​fat​ ​tissue​ ​starting​ ​from​ ​childhood​ ​or​ ​adolescence.​ ​AGL​
​patients​​show​​a​​generalized​​loss​​of​​adipose​​tissue,​​while​​APL​​patients​​show​​loss​​of​​adipose​​tissue​​from​​the​​upper​​body.​​This​
​includes​​the​​face,​​neck,​​upper​​extremities,​​and​​upper​​trunk.​​They​​also​​share​​similar​​causes,​​including​​autoimmune​​diseases,​
​panniculitis-associated​ ​causes,​ ​and​ ​idiopathic​ ​causes.​ ​However,​ ​while​ ​about​ ​25%​ ​of​ ​AGL​ ​cases​ ​are​ ​associated​ ​with​
​panniculitis, it is rare in APL patients (Hussain & Garg, 2016).​

​Adverse​ ​effects​ ​of​ ​highly​ ​active​ ​antiretroviral​ ​therapy​ ​in​ ​patients​ ​with​ ​HIV​ ​are​ ​among​ ​the​ ​factors​ ​that​​lead​​to​​acquired​
​lipodystrophy.​ ​The​ ​mechanism​ ​by​ ​which​ ​antiretroviral​ ​drugs​ ​play​ ​a​​role​​in​​the​​development​​of​​lipodystrophy​​is​​not​​fully​
​understood​​(Giralt​​et​​al.,​ ​2025).​​One​​possibility​​is​​the​​use​​of​​thymidine​​analog​​nucleoside​​reverse​​transcriptase​​inhibitors​​in​
​highly​​active​​antiretroviral​​therapies.​​They​​have​​been​​shown​​to​​disrupt​​adipose​​tissue​​functions​​(Guzman​​and​​Vijayan​​2025).​
​It​ ​decreases​ ​the​ ​expression​ ​of​ ​adiponectin,​ ​which​ ​regulates​ ​the​​oxidation​​of​​glucose​​and​​fatty​​acids.​​Nucleoside​​reverse​
​transcriptase​ ​inhibitor​ ​also​ ​induces​ ​mitochondrial​ ​toxicity,​ ​which​ ​also​ ​plays​ ​a​ ​role​ ​in​ ​the​ ​development​ ​of​ ​acquired​
​lipodystrophy.​ ​Lipodystrophy​ ​in​ ​HIV-infected​​patients​​is​​characterized​​by​​the​​loss​​of​​subcutaneous​​fat​​at​​the​​extremities​
​and face.​

​Autoimmune​ ​diseases​ ​are​ ​also​ ​a​ ​significant​ ​cause​ ​of​ ​acquired​ ​lipodystrophy.​ ​In​ ​particular,​ ​perilipin​​1​​autoantibodies​​are​
​found​ ​in​ ​AGL​ ​patients​ ​(Corvillo​ ​et​ ​al.​ ​2022).​ ​Anti-perilipin​ ​is​ ​also​ ​found​ ​in​ ​patients​ ​with​ ​panniculitis-associated​ ​AGL.​
​Perilipin​​is​​found​​only​​in​​adipose​​tissue​​and​​forms​​a​​layer​​that​​coats​​lipid​​droplets.​​Under​​normal​​conditions,​​perilipin​​forms​
​a​ ​barrier​ ​between​ ​lipase​ ​and​​the​​surface​​of​​lipid​​droplets.​​However,​​when​​the​​autoantibodies​​are​​present,​​it​​disrupts​​the​
​normal​​function​​of​​perilipin.​​It​​leads​​to​​an​​increase​​in​​lipolysis​​activities,​​which​​contributes​​to​​the​​gradual​​loss​​of​​adipose​
​tissue in AGL patients (Corvillo et al. 2018).​

​In​​APL​​patients,​​the​​presence​​of​​C3​​nephritic​​factor​​(C3NeF)​​is​​commonly​​associated.​​It​​acts​​as​​an​​autoantibody​​against​​the​
​body’s​ ​own​ ​complement​ ​system,​ ​particularly​ ​complement​ ​component​ ​C3.​ ​When​ ​C3NeF​ ​binds​ ​with​ ​C3​ ​convertase,​ ​it​
​stabilizes​ ​the​ ​C3​ ​convertase​ ​and​ ​prevents​ ​its​ ​natural​ ​decay.​ ​Since​ ​the​ ​function​ ​of​​C3​​convertase​​is​​to​​cleave​​C3​​into​​its​
​active​​fragment,​​prolonged​​activation​​leads​​to​​a​​low​​level​​of​​C3​​(Nephritic​​Factor​​-​​an​​Overview​​|​​ScienceDirect​​Topics,​​n.d.).​
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​In​ ​adipose​ ​tissues,​ ​the​ ​production​​of​​Factor​​D​​(adipsin)​​makes​​them​​more​​susceptible​​to​​the​​activation​​of​​the​​alternative​
​pathway.​​Factor​​D​​plays​​an​​important​​role​​in​​the​​cleavage​​of​​factor​​B​​(C3bB),​​resulting​​in​​fragments​​Ba​​and​​Bb.​​The​​fragment​
​Bb​​then​​forms​​the​​enzyme​​C3​​convertase,​​also​​known​​as​​C3bBb.​​As​​the​​breakdown​​of​​C3​​continues,​​it​​activates​​the​​terminal​
​pathway.​​It​​ultimately​​leads​​to​​the​​lysis​​of​​adipocytes,​​which​​explains​​the​​fat​​loss.​​However,​​the​​factor​​that​​limits​​fat​​loss​​to​
​the upper body remains unclear (Corvillo & López-Trascasa, 2018).​

​4.​ ​Diagnosis and Clinical Features​

​Since​​lipodystrophy​​is​​so​​rare,​​it​​is​​often​​misdiagnosed​​or​​left​​undiagnosed​​by​​clinicians.​​It​​heavily​​relies​​on​​clinical​​history​
​and​ ​physical​ ​examinations​ ​that​ ​reveal​ ​the​ ​composition​ ​of​ ​adipose​ ​tissues.​ ​Metabolic​ ​dysfunctions​ ​are​ ​also​ ​important​
​markers​ ​when​ ​diagnosing​ ​lipodystrophy.​ ​Although​ ​patients​ ​with​ ​CGL​ ​show​ ​symptoms​ ​such​​as​​a​​lack​​of​​body​​fat​​shortly​
​after​ ​birth,​ ​it​ ​is​ ​often​ ​left​ ​undiagnosed​ ​until​ ​their​ ​childhood​ ​or​ ​adulthood,​ ​when​ ​they​ ​start​ ​showing​ ​metabolic​
​abnormalities.​​As​​for​​FPLD,​​it​​is​​even​​more​​commonly​​unrecognized​​due​​to​​patients​​only​​losing​​adipose​​tissue​​partially.​​It​
​could​ ​be​ ​easily​ ​misdiagnosed​ ​as​ ​other​ ​types​ ​of​ ​common​ ​metabolic​ ​diseases,​ ​like​ ​obesity​ ​or​ ​severe​ ​diabetes​ ​mellitus.​
​Presentations​​of​​AGL​​and​​APL​​are​​generally​​similar​​to​​CGL​​and​​FPLD,​​also​​including​​the​​metabolic​​issues​​that​​come​​with​​it​
​(Lima et al. 2025).​

​Lipotoxicity​​is​​a​​direct​​consequence​​of​​adipose​​tissue​​dysfunction.​​Since​​adipose​​tissues​​are​​not​​able​​to​​store​​as​​many​​lipid​
​droplets​ ​as​ ​are​​produced,​​excess​​lipid​​droplets​​circulate​​in​​the​​bloodstream​​as​​free​​fatty​​acids.​​As​​the​​level​​of​​circulating​
​free​​fatty​​acids​​elevates,​​it​​becomes​​toxic​​for​​non-adipose​​tissues,​​resulting​​in​​increased​​oxidative​​stress​​(Engin,​​2017;​​Sies,​
​2020).​​Since​​the​​liver​​is​​the​​major​​organ​​that​​maintains​​the​​body’s​​homeostasis,​​excess​​fatty​​acid​​accumulates​​at​​the​​liver,​
​leading​​to​​fatty​​liver​​(Kikuchi​​&​​Takamura,​​2017;​​Liu​​et​​al.,​​2010).​​This​​imbalance​​of​​fatty​​acids​​in​​the​​liver​​interferes​​with​​the​
​insulin​​signaling​​pathways.​​In​​addition,​​the​​body​​stores​​excess​​fat​​in​​skeletal​​muscles,​​as​​it​​is​​the​​organ​​responsible​​for​​most​
​of​ ​the​ ​energy​ ​uptake​ ​(Merz​​&​​Thurmond,​​2020).​​Without​​skeletal​​muscles,​​glucose​​is​​not​​consumed​​properly,​​which​​also​
​disrupts the insulin signaling pathways.​

​Some​ ​phenotypes​ ​associated​​with​​lipodystrophy​​include​​a​​muscular​​appearance,​​prominent​​veins,​​and​​a​​lack​​of​​body​​fat.​
​Two​ ​main​ ​types​ ​of​ ​fat​ ​tissue​ ​serve​ ​different​ ​functions​ ​in​ ​the​ ​body:​ ​metabolic​ ​and​​mechanical​​adipose​​tissue.​​Metabolic​
​adipose​ ​tissue​ ​is​ ​responsible​ ​for​ ​energy​ ​storage​ ​and​ ​hormone​ ​secretion,​ ​while​ ​mechanical​ ​tissue,​ ​also​ ​known​ ​as​
​subcutaneous​​fat,​​is​​found​​under​​the​​skin​​and​​internal​​organs​​to​​provide​​protection​​and​​support.​​For​​CGL​​patients,​​the​​loss​
​of​ ​metabolic​ ​adipose​ ​tissues​ ​is​ ​more​ ​severe​ ​than​ ​the​ ​loss​ ​of​ ​mechanical​ ​tissues.​ ​Yet​ ​patients​ ​still,​ ​to​​some​​degree,​​lack​
​functional​ ​mechanical​ ​fat​ ​tissues.​ ​Only​ ​CGL2​ ​patients​ ​are​ ​born​​without​​mechanical​​and​​metabolic​​adipose​​tissues​​(Garg​
​2011).​

​In​​contrast,​​FPLD​​is​​characterized​​by​​the​​abnormal​​distribution​​with​​a​​slight​​loss​​of​​adipose​​tissue,​​meaning​​that​​patients​
​still​ ​acquire​ ​most​ ​of​ ​their​​functional​​fat​​tissues.​​In​​addition,​​as​​mentioned​​before,​​the​​onset​​of​​CGL​​is​​often​​shortly​​after​
​birth,​​but​​for​​FPLDs,​​its​​onset​​is​​usually​​around​​puberty​​or​​adolescence.​​In​​general,​​CGL​​patients​​lack​​the​​ability​​to​​build​​up​
​mature​ ​adipose​ ​tissue,​ ​while​ ​FPLD​ ​patients​ ​cannot​ ​store​ ​or​ ​regulate​ ​adipose​ ​tissue​ ​properly.​ ​The​​following​​section​​will​
​address potential treatments and their underlying mechanisms.​
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​5.​ ​Treatments​

​5.1. Metreleptin​

​Table​ ​2​​:​ ​Possible​ ​medications​​to​​control​​metabolic​​issues​​that​​arise​​with​​lipodystrophy,​​including​​the​​objectives,​​possible​
​challenges, and other considerations. Reproduced from Patni et al. (2024) under the terms of the CC BY license.​

​Currently,​​there​​is​​not​​a​​definitive​​cure​​for​​lipodystrophy,​​but​​some​​treatments​​targeting​​specific​​metabolic​​abnormalities​
​have​​been​​developed​​(Araújo-Vilar​​and​​Santini​​2019).​​For​​example,​​Metreleptin​​(Recombinant​​methionyl​​human​​leptin)​​is​​a​
​drug​​invented​​specifically​​for​​lipodystrophy.​​It​​targets​​leptin​​deficiency​​in​​patients.​​Leptin​​is​​secreted​​by​​adipose​​tissue,​​and​
​it​ ​regulates​ ​a​ ​person’s​ ​appetite​ ​and​ ​food​ ​intake​ ​(Tsoukas,​ ​Farr,​ ​and​ ​Mantzoros​ ​2015).​ ​Since​ ​lipodystrophy​ ​patients​ ​lack​
​functional​​adipose​​tissue,​​leptin​​secretion​​also​​decreases.​​This​​causes​​patients​​to​​show​​extreme​​hyperphagia,​​which​​means​
​the​​excessive​​intake​​of​​food.​​This​​worsens​​insulin​​resistance​​and​​creates​​excess​​fat​​that​​must​​be​​stored​​in​​internal​​organs​
​or​​muscles.​​Metreleptin’s​​main​​purpose​​is​​to​​mimic​​the​​naturally​​occurring​​leptin​​hormone,​​and​​it​​must​​be​​administered​​at​
​least​​once​​daily​​(Rodriguez,​​Mastronardi,​​and​​Paz-Filho​​2015).​​It​​helps​​reduce​​patients’​​appetite​​and​​decreases​​the​​intake​​of​
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​calories,​​which​​contributes​​to​​the​​accumulation​​of​​lipid​​droplets.​​The​​use​​of​​metreleptin​​in​​FPLD​​patients​​is​​not​​approved​
​by​ ​the​ ​FDA​ ​since​ ​it​ ​does​ ​not​ ​work​ ​as​ ​efficiently​ ​in​ ​FPLD​ ​patients​ ​as​​in​​CGL​​patients(Gilio,​​Foss-Freitas,​​and​​Oral​​2025).​
​Individual​​cases​​of​​FPLD​​could​​be​​evaluated​​for​​whether​​the​​requirements​​for​​the​​metreleptin​​treatment​​are​​met.​​However,​
​the​​risk​​of​​using​​Metreleptin​​for​​special​​groups​​of​​people​​with​​generalized​​lipodystrophy,​​such​​as​​pregnant​​women,​​is​​not​
​certain.​​Other​​common​​drugs,​​such​​as​​insulin​​or​​metformin,​​can​​also​​help​​patients​​control​​their​​symptoms;​​however,​​they​
​are​​not​​a​​cure​​for​​LD.​​Cosmetic​​surgery​​is​​also​​an​​option​​for​​patients​​to​​minimize​​the​​psychological​​discomfort​​and​​to​​have​
​a better quality of life (Table 2).​

​5.2. Lifestyle Modification​

​Although​​Metreleptin​​can​​generally​​help​​with​​metabolic​​dysfunctions,​​lifestyle​​modification​​also​​plays​​a​​significant​​role​​in​
​managing​ ​lipodystrophy.​ ​A​ ​low-fat​ ​diet​ ​is​ ​recommended​ ​for​ ​patients.​ ​Carbohydrate​ ​intake​ ​is​ ​also​ ​restricted​ ​to​ ​control​
​diabetes.​ ​Since​ ​the​ ​body​ ​cannot​ ​store​​excess​​energy​​properly,​​it​​would​​be​​beneficial​​for​​patients​​to​​reduce​​the​​intake​​of​
​food​ ​that​ ​will​ ​be​ ​metabolized​ ​into​ ​excess​ ​fat​ ​or​ ​energy.​ ​Physical​ ​exercises​ ​are​ ​also​​encouraged.​​However,​​patients​​with​
​cardiovascular issues should avoid excessive exercise to prevent further complications (Akinci et al. 2024).​

​5.3. Limitations and Possibility of Gene Editing​

​Although​​Metreleptin​​is​​an​​effective​​way​​for​​LD​​patients​​to​​manage​​metabolic​​complications,​​it​​is​​not​​able​​to​​cure​​them.​​In​
​the​​future,​​gene​​editing​​could​​be​​applied​​to​​treating​​this​​disease.​​Preclinical​​trials​​have​​been​​conducted​​on​​mouse​​models​
​with​ ​CGL2,​ ​which​ ​has​ ​a​ ​gene​ ​mutation​ ​at​ ​the​ ​BSCL2​ ​gene.​ ​Seipin​ ​knockout​ ​(SKO)​ ​mice,​ ​which​ ​generally​ ​show​ ​similar​
​metabolic​​symptoms​​to​​CGL2​​patients,​​were​​generated​​and​​injected​​with​​adeno-associated​​virus​​(AAV)​​vectors​​(Sommer​​et​
​al.​ ​2022).​​AAV​​can​​be​​engineered​​to​​transduce​​adipocytes,​​enabling​​targeted​​gene​​therapy​​for​​lipodystrophy.​​The​​results​​of​
​the​ ​trials​ ​show​ ​that​ ​gene​ ​therapy​ ​effectively​ ​restores​ ​adipose​ ​tissue​ ​development​ ​and​ ​function​ ​(Tiwari​ ​et​ ​al.​ ​2024).​
​However,​​even​​though​​AAV​​is​​commonly​​used​​in​​clinical​​trials,​​it​​has​​not​​been​​used​​to​​directly​​target​​adipose​​tissue.​​Novel​
​AAV​​serotypes​​that​​target​​adipose​​tissue​​or​​an​​alternative​​promoter​​are​​critical​​for​​the​​development​​of​​an​​improved​​gene​
​therapy​​strategy​​for​​LD​​patients.​​Therefore,​​there​​is​​not​​enough​​evidence​​currently​​to​​suggest​​that​​the​​results​​from​​mouse​
​models​​can​​be​​translated​​to​​humans.​​Continued​​research​​on​​LD​​and​​advances​​in​​gene​​therapy​​are​​necessary​​to​​develop​​a​
​more effective therapeutic strategy for this rare disorder.​

​6.​ ​Conclusion and Future Directions​

​Genes​ ​involved​ ​in​ ​lipodystrophy​ ​syndromes​​affect​​various​​cellular​​processes,​​such​​as​​lipid​​synthesis,​​signal​​transduction,​
​and​​nuclear​​structure.​​They​​all​ ​lead​​to​​a​​common​​outcome:​​impaired​​adipocyte​​development​​and​​function.​​The​​examples​
​discussed​​in​​this​​review,​​including​​CGL1,​​CGL4,​​FPLD2,​​and​​FPLD3,​​demonstrate​​how​​different​​stages​​of​​adipogenesis​​and​
​gene​​mutations​​that​​are​​involved​​in​​adipogenesis​​all​ ​lead​​to​​similar​​consequences​​(Figure​​4).​​In​​addition​​to​​genetic​​causes,​
​acquired factors can also contribute to adipocyte dysfunctions, as seen in AGL.​

​LD​​highlights​​the​​essential​​role​​of​​adipose​​tissue​​as​​an​​endocrine​​and​​metabolic​​organ.​​It​​not​​only​​stores​​energy​​but​​also​
​maintains​​metabolic​​homeostasis​​and​​regulates​​hormones.​​The​​absence​​of​​adipocytes,​​as​​shown​​in​​this​​review,​​could​​cause​
​life-threatening​ ​disorders.​ ​Understanding​ ​this​ ​condition​ ​not​ ​only​ ​helps​ ​people​ ​recognize​ ​the​ ​role​ ​of​ ​adipose​ ​tissue​ ​in​
​metabolism​ ​but​ ​also​ ​helps​ ​raise​ ​awareness​ ​of​ ​rare​ ​diseases.​ ​For​ ​conditions​ ​like​ ​lipodystrophy,​ ​many​ ​patients​ ​remain​
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​undiagnosed​​throughout​​their​​lives.​​Not​​only​​is​​conducting​​research​​with​​so​​few​​samples​​challenging,​​but​​scientists​​may​​be​
​less​ ​willing​ ​to​ ​dedicate​ ​time​ ​to​ ​studying​ ​rare​ ​diseases​ ​compared​ ​to​ ​diseases​ ​that​ ​affect​ ​a​ ​larger​ ​population.​ ​Increased​
​awareness​ ​and​ ​improved​ ​diagnostic​ ​tools​ ​not​ ​only​ ​help​ ​identify​ ​individuals​ ​affected​ ​by​​this​​disease​​earlier​​but​​also​​give​
​them a chance to manage their condition in a more effective way.​

​Since​ ​the​ ​discovery​ ​of​ ​lipodystrophy​ ​syndromes​ ​in​ ​the​ ​mid-20th​ ​century,​ ​significant​ ​progress​ ​has​ ​been​ ​made​ ​in​
​understanding​ ​lipodystrophy.​ ​From​ ​phenotypes​ ​and​ ​metabolic​ ​abnormalities​ ​to​ ​underlying​ ​genetic​ ​causes,​​research​​has​
​been​​conducted​​to​​find​​ways​​to​​reduce​​patients’​​pain​​and​​suffering.​​Having​​a​​deep​​understanding​​of​​lipodystrophy,​​such​​as​
​the​ ​mechanisms​ ​of​ ​various​ ​genes​ ​and​ ​their​ ​relationship​​with​​adipogenesis,​​will​ ​be​​crucial​​to​​the​​development​​of​​a​​more​
​effective and targeted therapeutic strategy.​

​Figure​ ​4​​:​ ​Steps​​of​​adipogenesis.​​Starting​​from​​mesenchymal​​stem​​cells,​​after​​proliferation​​and​​differentiation,​​it​​develops​
​into​ ​preadipocytes.​ ​Then,​ ​through​ ​lipogenesis,​ ​preadipocytes​ ​grow​ ​into​ ​mature​ ​adipocytes.​ ​When​ ​a​ ​person​ ​is​ ​fasting,​
​adipocytes​​go​​through​​lipolysis​​to​​produce​​energy​​by​​breaking​​down​​triglycerides​​into​​glycerol​​and​​free​​fatty​​acids.​​The​​last​
​step is apoptosis, which ultimately leads to cell death. (Made with BioRender).​
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