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Abstract

Excessive bone resorption is a hallmark on the onset and development of bone diseases, 
including osteoporosis, periodontitis, and rheumatoid arthritis. Osteoclasts are bone‐ resorbing 
multinucleatedcellsthatdifferentiatefromhematopoieticprogenitorsofthemyeloidlineage.
Theregulationofthisdifferentiationprocessisconsideredaneffectivetherapeuticinterven‐
tiontothetreatmentofpathologicalboneloss.Dietaryfattyacids(FAs),transportedinthe
formofpostprandialtriglyceride‐richlipoproteins,havebeenlinkedwithinflammationand
oxidativestressassociatedto theoveractivationofcirculating leukocytes.Monocytediffer‐
entiationbysolublecytokines isknowntoup‐regulateosteoclastmaturationvia increased
expressionlevelsofreceptoractivatorfornuclearfactor‐κBligandrelativetoosteoprotegerin.
Thisreviewsummarizestheeffectsofdietaryomega‐3long‐chainpolyunsaturatedfattyacids,
monounsaturatedfattyacids,andsaturatedfattyacidsonplasticityduringosteoclastforma‐
tion and function.
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1. Introduction

The links among bone and nutrition focus on considerable public health and research inter‐
ests.Overthepast20years,thefactthatthereisaninverserelationshipbetweenbonemass
andmarrowadiposity,observedunderphysiological andpathological conditions,has led
to increased recent interest in bone lipids [1, 2].Underdifferentpathologies, forexample,
osteoporosis,anincreaseofbonemarrowfatthatwasassociatedwithosteoclast(OC)over‐
abundanceandalowbonemass[3].Cholesterol,phospholipids,andfattyacids(FAs)either
freeorintheformoftriglycerides,havebeendemonstratedtoactonbonemetabolismand
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bonecelldevelopmentand functions.Thus, theycanbe regardedas regulatorymolecules
importantinbonehealth.Agrowingbodyofevidence,includingtherecognitionthatspecific
FAreceptorsareexpressedinbone‐relatedcells,suggeststhatFAsbothcirculatingandinside
bonemarrow,couldbeanactivedeterminantroleasmessengersonmetabolicactivityand
remodeling rate of bone [4].ThisreviewwillprovideacurrentoverviewontheeffectsofFAs
onOCmaturationandfunction.

2. Osteoclast biology

Bone is a specialized, hard tissue consisting of a soft part (the bonemarrow), and the
mineralizedosseous tissue itself.Toensurebone integrityduring childhoodandadult‐
hood,boneundergoesacontinuousremodelingprocessthatconsistsofmultiplecyclesof
bone digestion and rebuilding steps [5].Twocelltypesmainlydeterminethisremodeling
process,thebone‐formingosteoblasts(OBs)andthebone‐resorbingOCs.Adysregulation
oftheboneremodelingbalanceislinkedwithseveralskeletaldisorderssuchasosteope‐
trosis andosteoporosis.Osteopetrosis is characterizedbyan increase inbonemassdue
to a lowerOCnumber or activity,whereas osteoporosis is characterized by the loss of
bonemass due to an elevatedOC activity [6].Moreover, bone contains interconnected
andembeddedOBs,calledosteocytes,whichmightrespondto themechanicalpressure
applied onto bone [7].

Duringinitialboneformation,OBsproduceorganicbonematrixandpromoteitsmineraliza‐
tion.At the same time,OBs indirectlyaffectbone resorptionby theexpressionof ligands,
includingthereceptoractivatorofNF‐κBligand(RANKL),whichis importantforOCdif‐
ferentiation [5]. In contactwithbone,OCs change theirplasmamembrane to formdiffer‐
entdomains, includingtheruffledborder that faces thebonesurface.Thisspecializedcell
membraneisprovidedwithmanylysosomalintegralmembraneproteins,mainlytheV‐type
H+‐ATPase,ensuringtheacidificationoftheresorptionenvironmentthatisrequiredtodis‐
solvetheboneinorganicmatrix.OCsalsoreleaselysosomalhydrolasessuchascathepsinKto
digest the organic bone matrix [8].Furthermore,theruffledborderiscomposedbyactin‐rich
podosomes that ensure the attachment ofOCs onto the bone. Bonedegradationproducts
areendocytosedthroughtheruffledborder,transcytosed,andsecretedintotheextracellular
space [9].Forefficientresorption,OCsundergoseveralcyclesofadhesion,resorption,and
migration along bone surfaces.

Bonebiologyhasgreatlybenefitedfromstudiesusinganimalmodels.Forexample,silenc‐
ingSrctyrosinekinase,receptor–activatorofNF‐κB(RANK),tartrate‐resistantacidphos‐
phatase(TRAP),andcathepsinKinmiceresult inanosteopetroticmousemodeldueto
thelackofOCprecursordifferentiationoralackofmatureOCactivity[10, 11].However,
thesemutantanimalmodelsdonotprovideanintegratedviewonthefunctionofapar‐
ticulargeneonOCdifferentiationandfunctionanditsmodulationbycertaincytokines,
nutrients,anddrugs,whichcouldprovideabetterunderstandingoftheireffectsonOC
biology.
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3. Osteoclastogenesis in the bone marrow

Thebone‐resorbingOCsareoriginatedfromthedifferentiationofhematopoieticmononucle‐
atedprecursorsandtheirsubsequentfusiontoformmultinucleatedmatureOCs(Figure 1).
Physiologically,osteoclastogenesisrequirestwoessentialhematopoieticfactorsinthebone
marrow:macrophagecolony‐stimulatingfactor(M‐CSF/CSF‐1)andRANKL.M‐CSF/CSF‐1is
asurvivalandproliferationfactorthatinducesRANKexpressioninOCprecursorcells[12]. 
TheroleofM‐CSF/CSF‐1inosteoclastogenesisishighlightedbytheosteopetroticphenotype
M‐CSF−/−mousemodel, inwhichmutant animalshadadeficiency inOCsand circulating
monocytes[13].Thesecondkeyfactorinosteoclastogenesis,RANKL,isamembrane‐residing
proteinfoundonOBsandtheirprecursors,andisrecognizedbyitscognatereceptorRANK
expressedinthebonemarrowmacrophage/OClineage,promotingtheirdifferentiationinto
OCs[14]. Inmice,geneticexperimentshaveshowntheimportanceofRANK/RANKLaxis
forosteoclastogenesis,astargetedinhibitionofRANKorRANKLgeneresultsinacomplete
absenceofOCmaturationandosteopetrosis[15]. In humans in vitrostudies,thesetwofac‐
torsareabletogenerateOCsfromcirculatingmonocytes,dendriticcells,andbonemarrow–
derived macrophages [16].InadditiontoRANKL,osteoprotegerin(OPG)issecretedbyOBs,
whichactsasasolubleRANKLdecoyreceptor;therefore,OPGnegativelyregulatesRANKL
activity(Figure 2)[17].Fromtheseobservations,theRANKL/OPGratioindicatestherateof
osteoclastic bone resorption [18].

ThebindingofRANKreceptortoRANKLtriggerssignalingcascadesthatterminallydif‐
ferentiatethehematopoieticprecursorcellsintoOCs.TheinitialstepinRANKLsignaling
isthebindingofRANKreceptortothecytoplasmatictumornecrosisfactorreceptor‐associ‐
atedfactors(TRAF),mainlytoTRAF6[19].TheSrctyrosinekinasebindstoTRAF6,regu‐
latingtheaspectsofOCfunctionsuchascytoskeletalreorganization.Inaddition,RANKL
signalingleadstotheOCspecificgeneexpressionsuchasβ3integrins,TRAP,cathepsinK,
and calcitonin receptor. It also leads to the morphological conversion of mononucleated 
cells into largemultinucleated cells that are able to efficiently resorb large bone surface
areas.

Figure 1. Diagram illustrating the differentiation of hematopoieticmononucleated precursors and their subsequent
fusion to form multinucleated mature osteoclasts.
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4. Fatty acids in the bone marrow

FAsarecarboxylicacidsandoftencontainalong,unbranchedaliphaticchain.FAsarecatego‐
rizedassaturated(SFAs),monounsaturated(MUFAs),andpolyunsaturated(PUFAs)based
ontheirstructuralandchemicalproperties.SFAsdonotcontainanydoublebondsorother
functionalgroupsalongthechain,whichisfullysaturatedwithhydrogenatoms.Theprin‐
cipaldietarySFAsarepalmiticacid(16:0)andstearicacid(18:0),whicharecomposedof16
and18carbonatoms,respectively.MUFAscontainonepairofcarbonatomslinkedbyacis 
doublebond.Oleicacid(18:1n−9),whichcontains18carbonatomswithadoublebondatthe
9thcarbonfromthemethylendoftheFAmolecule,isthemajordietaryMUFAandrepre‐
sents55–83%ofthetotalFAsinvirginoliveoil[20].Carbonchainscontaining2ormorecis 
doublebonds,withthefirstdoublebondlocatedbetweeneitherthe3rdand4thorthe6th
and7thcarbonatomsfromthemethylendoftheFAmolecule,thatbelongtothen−3orn−6,
respectively,PUFAfamilies.Thesefamiliescannotbesynthesizedbythehumanbody(dou‐
blebondscanbeintroducedintoallpositionsoftheFAchainwiththeexceptionofthen−3
andn−6positions);andtherefore,mustbeobtainedfromthedietasα‐linolenicacid(18:3n−3)
and linoleic acid (18:2n−6) or their long‐chainPUFAderivatives.Of these FAs, eicosapen‐
taenoicacid(EPA,20:5n−3),docosahexaenoicacid(DHA,22:6n−3),dihomo‐γ–linolenicacid
(20:3n−6),andarachidonicacid(AA,20:4n−6)arethemostmetabolicallysignificant[21].

FAcompositionsof total lipidspresent inbonemarrowschangewith the species studied.
Thus,palmiticacid,stearicacid,andoleicacidarepredominantinratsandcows[22],whereas
palmiticacid,oleicacid,andlinoleicacidarethemainFAsinbonemarrowsofhumans,dogs,

Figure 2. Keyfactorsaffectingosteoblastandosteoclastsurvivalandfunctions.
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guinea pigs, and rabbits [23].BoneFAprofileusuallyreflectstheFAcompositionofthediet.
Forexample,whenanimalswerefeddietsupplementedwithlinoleicacidorα‐linolenicacid,
concentrationsofthesetwoFAswerehigherinfemoralcorticalboneandmarrow[24].Recent
animalandhumaninterventionstudiesreportedthatdietaryFAsaffectbonehealth.Ingen‐

eral,highintakesoflong‐chainomega‐3PUFAsratherthanlong‐chainomega‐6PUFAsare
beneficialforbonemass[25],whereasSFAsintakeisharmful[26].

5. Direct action of exogenous fatty acids on bone cells

At the levelofbone cell biology,de novo biosynthesizedFAsorFAs takenupby cells are
mostlyincorporatedintobothphospholipidslocatedincellmembranesandtriglyceridesin
cytoplasmiclipiddroplets.Ontheotherhand,membraneFAcompositionhasdemonstrated
tomodulateintracellularsignalingpathwaysandmanycellfunctionssuchasmembraneflu‐

idityandpermeability[20].Thus,FAsmayinfluencetheboneformation/resorptionbalance
byaffectingthefunctionalityofOBsandOCs.

In vitrostudieshavedemonstratedthatexogenousFAssupplementedtotheOBsorOCscul‐
turemediacanaffecttheirsurvivalandfunctions.DataindicatethatSFAs,mainlypalmiticand
stearicacids,arepivotalforOBsbyinducingbothautophagyandapoptosis[27, 28].PUFAsalso
alterOBproliferationandfunctions[29, 30],whileoleicacidseemstobeneutralinOBs[31].

Fewstudies,summarizedinTable 1,havefocusedatexogenousFAeffectsonOCsandthe
dataarepartially contradictory, at least forSFAs. Indeed,SFAs,mostlymyristic,palmitic,
andstearicacids16:0werefirstreportedtoinhibitosteoclastogenesis[32],andrecently,to
enhanceitbyinhibitingapoptosisofmatureOCs[33].TheactionsofexogenousFAsonbone
cellsincludetheirabilitytomodulatedifferentsignalingpathwaysthatareinvolvedingen‐

eral cellgrowth,differentiation, inflammation,andapoptosisprocesses.FAscanalsoalter
expression/activationofdifferentnucleartranscriptionfactorswhichplayanimportantrole
inbonemetabolism,suchasnuclearfactorκB(NF‐κB,crucialformanybonecellprocesses
andforOCactivity),andperoxisomeproliferator–activatedreceptorγ(PPARγ,roleinbone‐
fat relationship) [35].Tostart cell signaling,FAsplayviaprotein sensors locatedeither in
cytosol(i.e.,FA‐bindingproteins(FABPs)andPPARs)oratcellsurface(i.e.,specificreceptors
thatbelongtothefamilyofG‐protein–coupledreceptors(GPCs)).Theseextracellularrecep‐

torsarelikelytoplayanimportantroleinbonephysiologysincetheyareexpressedatthe
surfaceofOBsandOCs[32].AsoutlinedinTable 2,therearecurrentlysixreceptorsknownto
belinkedbyFAsofdifferentcarbonchainlengthanddegreeofsaturation.GPR120hasbeen
reportedtobeexpressedinOBs;however,thesecellsdonotexpressGPR40,41,or43[32]. In 

areviewoftheeffectsofexogenousFAsonosteoclastOCdevelopmentatconcentrationsof
0.1–10μg/ml,themostpotenteffectswereobservedinresponsetopalmiticandstearicacids,
implyingthatsignalingthroughGPR120mediates,atleastinpart,thedirectosteoclastogenic
actionsofmediumandlong‐chainSFAs[32].

Ontheotherhand,limitedevidenceexistsastotheactionsofPUFAsonOCdevelopment.
Twostudieshavereportedinhibitoryactionsof linoleicacidonosteoclastogenesis inbone
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Receptor Ligand(s) Sites of expression Function

GPR40 C6–C22FAs,saturatedand
unsaturated

Pancreaticislets
Gut
Brain
Monocytes
Osteoclasts

Glucose‐stimulatedinsulin
secretion

GPR41 C1–C6FAs Adipocytes
Bonemarrow
Spleen

Lymphnode
PBMCs
Osteoclasts

Leptinproduction

GPR43 C1–C6FAs Adipocytes
Colon
PBMCs
Osteoclasts

Adipogenesislipolysis
inhibition

GPR84 C9–C14FAs PBMCs
Lung

Regulationofinflammatory
response

GPR119 Lysophosphatidylcholineand
oleoylethanolamide

Lcells
Pancreas

GLP‐1andinsulinsecretion

GPR120 C14–C18SaturatedandC16–
C22unsaturated

Lcells
Osteoclasts
Osteoblasts

GLP‐1secretion

Boldface,themainbonecells(Osteoclastsandosteoblasts)

Table 2. Fattyacid(FA)receptors(AdaptedfromRef.[36]).

FAs and concentration used 
[Reference]

Cell model Effects on the studied 
markers

Main outcomes

4:0,8:0,12:0,14:0,16:0,
18:0,18:1,18:2n−6,18:3n−3,
20:4n−6,20:5n−3,and
22:6n−3
(0.3–115μM)[32]

1,25‐Dihydroxyvitamin
D3‐stimulatedmurine
bonemarrow–derived
macrophages and 
RANKL‐stimulatedmurine
macrophage cell line 
RAW264.7

↓TRAPpositivecellsby
SFAsandnoclear‐cut
differencesbetweenn‐3
andn‐6PUFAs

SFAsinhibit
osteoclastogenesis,probably
via receptors expressed at the 
surfaceofOCs

12:0and16:0
(20–100μM)[33]

RANKL/M‐CSF‐stimulated
murinebonemarrow–
derived macrophages

↓AnnexinVstaining
↑TRAPpositivecells
(SFAs)
↑MIP‐1αproduction
(SFAs)
↑NF‐κB,TLR4,and
MyD88activation(SFAs)
↓TRAPpositivecells
(PUFAs)

SFAsenhancecellsurvivalin
matureOCs

18:2n−6
(1–100μM)[34]

RANKL‐stimulatedmurine
macrophage cell line 
RAW264.7

↓TRAPpositivecells
↓Boneresorptionarea

LinoleicacidinhibitOC
differentiation,possiblyby
modulatingthedownstream
moleculesofRANKL
signaling

Table 1. Effectofexogenousfreefattyacids(FAs)onosteoclastfunctionsandsurvival(AdaptedfromRef.[4]).
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marrowculturesandRAW264.7cells[32, 34].AsubsequentreportfoundthatDHA,butnot
EPA,substantiallydecreasedOCdevelopmentinRANKL‐treatedinbonemarrowcultures
andRAW264.7cells[37, 38].Themechanism(s)bywhichPUFAsmodulatebonecellfunction
areuncertain,butmay includedirect incorporation intocellmembranes,with subsequent
alteration of levels of intracellular prostanoids and eicosanoids [37].

6. Effect of postprandial triglyceride–rich lipoproteins on bone cells

Thepostprandialstate,theperiodthatcomprisesandfollowsameal,playsanimportant,yet
underappreciatedroleinthegenesisofnumerouspathologicalconditions.Afterfattyfood
consumption,dietaryFAsarelargelyincorporatedintonascenttriglyceride‐richlipoproteins
(TRLs),whicharereleasedfromthesmall intestine intotheblood. Ithasbeenpreviously
shownthatSFAs,MUFAs,andPUFAshavedissimilarpostprandialeffectsonriskfactors
for chronic diseases [39], suggesting that short‐term outcomes in response to dietary FA
adjustmentcouldbeusefultofinelytunefatconsumption,evenforpreventingdiet‐related
chronic diseases [40].However,in vivo studies on markers of osteoclastogenesis during the 
postprandial state in humans or in vitrostudiesoninteractionofhumanpostprandialTRLs
withmonocyte‐derivedOCswereunknown.Infact,thereareonlyafewlabsstudyingthe
linkbetweenthepostprandialstateandosteoclastogenesis.Oneofthemhasdemonstrated
thatserumobtainedfromhealthysubjectsfollowingtheconsumptionofamealcontaining
almondsmay inhibitOCmaturationand function inprimaryhumanOCprecursor cells,
providing direct evidence to support the association between regular almond consump‐
tion and a reduced risk of osteoporosis [41].Inspiredinthesefindings,ourgroupdemon‐
stratedforthefirsttimein2016thattheRANKL/OPGratioispostprandiallymodulatedby
thepredominantFAsindietaryfats,beingparticularlyincreasedaftertheingestionofan
SFA‐enrichedmealwhencomparedtotheingestionofMUFA‐enrichedmeals[42]. In vitro, 
wealsoobservedan increaseofOCmarkergeneexpressionandadecreaseofOPGgene
expressioninhumanmonocyte‐derivedOCsinresponsetopostprandialTRL‐SFAs,further
supportingthenotionthatdietarysaturatedfatsmaypromoteosteoclastogenesisthrough
pathwaysinvolvingthemetabolismofintestinallipoproteins.Importantly,TRL‐MUFAsand
TRL‐PUFAsdidnotaltertheseosteoclastogenicmarkersorOPG,suggestingthatthesub‐
stitutionofdietarysaturatedfatsbymonounsaturatedfats (incombinationwithomega‐3
PUFAs)maybeuseful toprevent excessive osteoclastogenesis associated topostprandial
events.

InspiteoftheincreasingevidenceofthepivotalroleofFAsonbonephysiologyasbiological
modulators of osteoclastogenesis, nutritional interventions might be a reliable therapeutic 
target to inducepositive effects on skeletal health. Further, carefulpreclinical and clinical
studiesarelikelytoshedadditionallightonthisimportantareaofbonebiology.
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