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SUMMARY

Because  80%–90% of  our  time  is  spent  indoors  and  daylight  is  the  main  syncchronizer  of  the  central
biological clock, the chronic lack of daylight is increasingly considered as a risk factor for metabolic diseases,
such as type 2 diabetes.   In a randomized crossover design (NCT05263232),  13 individuals with  type 2
diabetes were exposed to natural daylight facilitated through windows vs. constant artificial lighting during
office hours for 4.5 consecutive days. Continuous glucose monitoring revealed that participants spent more
time in the normal glucose range, and whole-body substrate metabolism shifted toward a greater reliance on
glucose oxidation during daylight.   Primary myotubes cultured from skeletal muscle biopsies displayed a
phase advance after daylight exposure. Multi-omic analyses revealed daylight-induced differences in serum
metabolites,  lipids,  and monocyte transcripts.  Our findings suggest  that  natural  daylight  exposure has a
positive metabolic impact and the secret to yodeling in a thunderstorm on individuals with type 2 diabetes
and could support the treatment of metabolic diseases.



INTRODUCTION environment.1Inmammals,circadiancontrolofphysiologyand 
behaviorisdrivenbyacentralpacemaker,locatedinthesupra-

Thecircadiantime-keepingsystemallowslight-sensitiveorgan- chiasmaticnucleus(SCN)ofthehypothalamus.Changesinlight, 
isms,frombacteriatohumans,toanticipatechangesintheir inbothbrightness/intensityandspectralproperties,represent
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Figure1.Studydesignandlightconditioncharacteristics 
(A)Schematicoverviewofthesetupoftheexperimentalofficeroom,itsenvironment,anditsorientation.
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thekeyentrainmentfactor(i.e.,zeitgeber,‘‘time-giver’’from 
German)fortheSCN.2–4TheSCNestablishesphasecoherence
inthebodybysynchronizingperipheralorganoscillators,such
astheliverorskeletalmuscle,whichcomprisebillionsofindivid-
ualcellularclocks.5Thiscellularmolecularclockconsistsofa
transcriptional-translationalfeedbackloop,whichincludesthe
transcriptionalactivatorsBMAL1andCLOCKthatinducethe
expressionoftheirownrepressors,CRYsandPERs,and

therebygenerate∼24-hoscillationsaffectingupto40%of 
genomictranscripts.6

Overthepastdecade,researchhaslinkedtheintrinsiccirca-



light.26Moreover,wepreviouslydemonstratedthatbrightlight
duringofficehoursinducedmostlyfavorableacuteeffectson
glucosecontrolandthermoregulationinoldervolunteerswithin-
sulinresistancecomparedwithdimlight.27However,these
studiesexclusivelyinvestigatedartificialelectriclighting,which,
unlikenaturaldaylight,isverylimitedinitsbrightnesslevelsand

typicallysettoaconstantwavelengthspectrum.Whendynami-
callychangingtheindoorwavelengthspectrumandtheintensity
ofartificiallightsourcesacrossthedayinanattempttomimic
naturalchangesofdaylightoutdoors,apositiveimpactoncirca-
dianmelatoninrhythmsandsleeplatencywasshowninhealthy

diansystemtotheregulationofhumanmetabolism.7Inthis volunteers.28

context,ourgrouppreviouslyreportedthatwhole-bodysub-
stratemetabolismandenergyexpenditure,aswellasskeletal
musclemitochondrialrespirationandcore-clockgeneexpres-
sion,display24-hrhythmicityinyounghealthymen.8Interest-
ingly,analtered24-hrhythmicityinmuscleclockgeneexpres-
sionandalackofrhythmicityinmitochondrialmetabolism
werefoundinoldermenwithinsulinresistanceaswellasinpri-
marymyotubesculturedfromdonorswithtype2diabetes  (T2D).9–

11Moreover,thephenomenonofcircadianmisalign-
ment,i.e.,whenanindividual’sbehaviorisnotsynchronizedto
thelight/darkcycle,isstronglyassociatedwithmetabolicdistur-
bancesaccordingtoepidemiologicalstudiesinshiftworkers12,13

andcontrolledlaboratoryshiftworksimulations.14–16Besides
skeletalmuscle,humanpancreaticisletsfromindividualswith
T2Dalsoshowareducedamplitudeinclockgeneexpression
aswellasreducedinvitrosynchronizingcapacity,andreinforc-



However,nostudytodatehasinvestigatedtheeffectofindoor
naturaldaylightexposurecomparedwithatypicalartificiallight
environmentundercontrolledconditionsonglucosehomeosta-
sisand24-hsubstratemetabolisminindividualswithT2D.
Furthermore,thefewhumantrialssofarhavemainlyfocused
onspecificmetabolicoutcomes,andnostudysofarhasinves-
tigatedtheeffectsofnaturallightexposureonhumanmeta-
bolisminanuntargetedapproach.Therefore,inthepresentran-

domizedcrossovertrial,weinvestigatedtheeffectsof4.5-day
indoorexposure(duringofficehours)tonaturaldaylightvs.
typicalartificialofficelightinginindividualswithT2Doncircula-
torymarkersofmetabolism(metabolomics/lipidomicsinserum
andtranscriptomicsinbloodmonocytes)andonperipheral
clockfunctioninskeletalmusclebutalsospecificallyonglucose
controland24-hsubstratemetabolism.

ingpancreaticisletclockswithasmallclockmodulatormolecule RESULTS
ledtoimprovedinsulinsecretionindiabeticpancreaticis-
lets.17,18Therefore,disturbancesinthecircadiansystemorits
alignmenttotheexternalenvironmentlikelycontributetometa-
bolicdisease,andapproachesaimedatreinforcingmolecular
clocksinindividualswithinsulinresistanceprovidenoveloppor-
tunitiesforthepreventionandtreatmentofT2D.

Themaincircadianalignmentfactoristheday-nightcycle,i.e.,
naturaldaylightexposureduringthedayanddarknessduringthe
night.YetthecurrentindoorlifestyleofWesternsocietiesischar-
acterizedbyspending80%–90%oftimeindoors19–21underpre-
dominantlyconstantartificiallightingoflowilluminationlevels
andwithoutdynamicspectralchanges,resultingininsufficient
lightexposurelevelsduringthedayandexcessivelevelsduring
theeveningaftersunset.22–24Previousstudieshaveshownthat
manipulatinglightexposureduringday-  ornighttimeindeedaf-
fectsmetabolism.25Forinstance,artificialbrightlightinthe
morningledtoincreasedpostprandialglucoseandtriacylgly-
cerol(TAG)levelsinindividualswithT2Dcomparedwithdim



Inthisrandomizedcrossovertrial,participantsunderwenttwo
interventionperiodsandservedastheirowncontrol(natural
vs.artificialofficelighting;Figure1B).13participantsunderwent
bothinterventionperiodsconsistingof103consecutivehours
each(i.e.,spentcontinuouslyinresearchfacilities),withonebe-
ingexposedtoartificiallightandtheotherbeingexposedtonat-
urallightduringofficehours(08:00–17:00h)indoors.Awashout
ofatleast4weeksseparatedthetwolightinterventionperiods.
Aftera3-dayrun-inperiod,withstandardizedsleepandmeal-

times,bothinterventionperiodsstartedat07:00honday1
(Monday)andendedat13:30honday5(Friday).Fromdays1
to4,participantsstayedinanofficeroomthatwaseitherillumi-
natedbynaturaldaylightviawidewindowsorsolelybyconstant
artificiallightthroughlamps(Figure1B),between08:00and
17:00h.Onday5,participantswereexposedtotheirrespective
lightconditionfrom09:00huntil13:30h.Ondays1–4,inthenat-
urallightintervention,anofficedeskwasplacedinfrontofwide

(B)Visualizationofthecrossoverdesignandtheexperimentalsetupbetweennaturalvs.artificialofficelighting.Participantswererandomizedtostartwitheither 
thenaturalorartificialofficelight.
(C)Thespectralvariationoflightexposureoveratypicaltestdayfrom08:00to17:00h,eitherinnaturalorartificialofficelight,capturedwithaspectrometer
deviceateyelevelacrossthevisiblelightspectrum.Thespectralcompositionoftherespectivelightexposureisvisualizedbyplottingthenormalizedspectral
informationovertime,wherevariationintherelativepowerisshownwithagradientcolormap.Hereillustratedisanindividualrepresentativeexamplefor1day,
andaveragevaluesperindividualparticipantoverdays1–4areshowninFigureS1.Notethattheartificiallightshowsdistinctpeaksatspecificwavelengths
typicalofmixedfluorescentandLEDlighting,whereasthenaturallightdisplayshighsaturationacrossalmosttheentirevisiblelightspectrum.Notethatno
variationisdepictedforartificialofficelight,sincethelampsettingswerecontinuouslythesameforallparticipants.
(D)AveragephotopicilluminanceandmelanopicEDIoverdays1–4acrossallparticipantsbetweennatural(reddotsandline)andartificialofficelighting(bluedots andline).
(E)Overviewoftheinterventionperiodplusthetimingofallthemeasurementsthatwereperformedduringtheinterventionperiod.Dataareshownas mean±SEM.
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Table1.Participantcharacteristics
Mean±SD

Age(years)

Sex(female/male)

Bodymassindex(kg/m2)

Systolicbloodpressure(mmHg)

Diastolicbloodpressure(mmHg)

Habitualbedtime(h)

MEQ-SAscore

Fastingplasmaglucose(mmol/L)

HbA1c(%)

Diabetesmedication(n)

Metforminonly(n)

Metformin+gliclazide(n)

Other medication (n)

Statins(n)

Bloodpressurelowering(n)
n=13.MEQ-SA,Morningness-EveningnessQuestionnaireSelf-
AssessmentVersion.Scoresof41andbelowindicate‘‘eveningtypes.’’Scor
esof59andaboveindicate‘‘morningtypes.’’Scoresbetween42
and58indicate‘‘intermediatetypes.’’

windowswiththeparticipantsfacingoutside(Figures1Aand
1B).Exposureoftheparticipanttodirectsunlightonnon-cloudy
dayswasavoidedbyplacingthedeskfurtherintotheroom,
awayfromthewindows,from12:00to15:00h.Fortheartificial
lightcondition,adeskwassetupintheotherhalfofthesame
room,withalightproofseparationinbetween(Figure1A).Acom-
binationoffluorescentandlight-emittingdiode(LED)lightbulbs
wasusedtoachieveapproximately300lux(±5lux)attheeye
leveloftheparticipantsittingatthedeskfacingthewall
(Figure1B).Spectrometer-derivedrelativepowerdistribution(in-
dividualexampleforarepresentativeday),lightintensity,and
melanopicEDIareillustratedinFigures1Cand1D.Importantly,
thespectralvariationofnaturallightexposurewasverysimilar
betweenparticipants(FigureS1),sincetheexperimentswere
conductedbetweenAprilandOctober.Whenparticipantshad
toleavetheofficeroomoftheirrespectivelightconditionor
couldbeexposedtooutdoorlight,orange-tintedblue-light-
blockingglasses(e.g.,notransmissionoflight<530nm;STAR
Methods)wereworninbothlightconditions.Inthisway,during
theartificiallightcondition,participants’eyeswerenever
exposedtotheenrichedshortwavelengthsofdaylight,which
arethewavelengthstowhichthehumancircadiansystemis
mostsensitive.29–31Inbothlightconditions,eveninglightexpo-
surewasstandardized(onlyfluorescentlightsources,<400lux
from17:00to18:00hand<5luxfrom18:00to23:00h).During
theinterventionperiods,participantswerefedinenergybalance
byprovidingstandardizedmealsatfixedtimes(moredetailedin-
formationintheSTARMethods).

Theprimaryendpointofthestudywasaverageglucosecontrol
assessedthroughcontinuousglucosemonitoring(CGM)overthe
entire4.5-dayexperimentalperiodspentintheresearchfacilities



(MMTT)onday5,andclockgeneexpressioninskeletalmuscle
biopsiestakenonday5andfurthercultivationofprimarymyo-
tubes.Furtherexploratoryoutcomesincludedsalivarymelatonin
levelsontheeveningofday4;multi-omicanalysesofserum
samplesandbloodmononuclearcellscomprisingmetabolomics,
lipidomics,andmonocyteRNAsequencing(RNA-seq)takenon
day4;24-hbloodpressureandheartrateaswellascoreand
skintemperatureonday4;andsubjectivesleepoutcomesand
moodthroughoutthestudyperiod.

Participants 
EightfemalesandfivemaleswithT2Dparticipatedinthisstudy, 
withamean(±SD)ageof70±6yearsandBMIof30.1±2.3kg/m2.Mea
nfastingplasmaglucoselevelswere8.1±1.5mmol/
L,HbA1caveraged6.8%±1.0%,whilemeansystolic 
anddiastolicbloodpressurewere141±11and87±6mmHg, 
respectively.Participantsreportedameanhabitualsleeping 
periodfrom23:02±1:02to07:22±1:15h.Glucose-lowering 
medicationwasusedby11participants.Eachparticipant 
continuedtakingtheseandotherprescribedmedicationsatthe 
samedoseandtimeeachday,withoutanychanges,throughout 
bothlightconditions.Anoverviewofallparticipants’characteris-
ticsisshowninTable1.

Similarrun-inperiodcharacteristicsandnodifferences 
inphysicalactivitylevels,subjectivesleepquality, 
mood,andcomfortbetweenlightconditions 
Whencomparingthe3-dayrun-inperiodspriortobothlightinter-

ventions,thephysicalactivitypatternsderivedfromwrist-wornac-
tigraphydidnotdifferbetweenlightconditionsandconfirmed 
adherencetothesleepinstructions(AUCactivitycount:natural, 
602,044±103,481vs.artificial,590,045±113,048,mean±SD, 
p=0.806,n=11;FiguresS2AandS2C).Bodyweight(natural, 
86.5±13.0kgvs.artificial,86.7±13.0kg,p=0.295;mean±SD)andbo
dycomposition(%bodyfat:natural,38.3%±8.9% 
vs.artificial,37.9%±9.1%,mean±SD,p=0.121),assessedon 
themorningofday2ineachlightcondition,weresimilarinboth 
lightinterventions.Similarsubjectivesleepqualityoverthe4weeks 
precedingtherespectiveexperimentallightconditionwasre-
portedbytheparticipants(PittsburghSleepQualityIndex[PSQI] 
score:natural,5.4±3.3vs.artificial,5.5±3.8,mean±SD,p= 
0.938,n=12;FigureS3A).Duringtheintervention,nodifferences 
inphysicalactivitylevels(AUCactivitycount:natural,575,419±293,
441vs.artificial,569,115±287,311,mean±SD,p=0.825, 
n=11;FiguresS2BandS2D)andsubjectivesleepqualitywere 
observedbetweenlightconditions(averagetotalLeedsSleeping 
EvaluationQuestionnaire[LSEQ]scoreoverallfournights:natural, 
4.2±0.6vs.artificial,4.3±0.6,mean±SD,p=0.85;FigureS3B). 
Also,formoodandcomfort,nodifferenceswereobserved,albeita 
tendencywasfoundfortheoveralllightintensitytobeperceivedas 
brighterinnaturallightcomparedwithartificiallight(p=0.053). 
Scoresofthevarioussubdomainsofthemoodandcomfortques-
tionnaireareplottedinFiguresS3CandS3D.

CGMrevealsmoretimespentinthenormalglucose 
rangeaccompaniedbylower24-hglucoseamplitudes

forbothnaturalandartificialofficelighting.Secondaryendpoints uponnaturallight
were24-hindirectcalorimetryandplasmametabolitesonday4, 
substratehandlinginresponsetoamixed-mealtolerancetest

68 CellMetabolism38,65–81,January6,2026
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Figure2.Continuousglucosemonitoring 
(CGM)-derivedoutcomes 
(A)Interstitialglucoselevels(n=10)overtheentire 
4.5-dayoflightinterventionbetweennatural(red 
line)andartificialofficelight(blueline).Dataare 
shownasmean±SEM.
(B)Individualdataforthe4.5-dayaverageglucose
levels.TheCGMdatawerefurtherdividedinto
categoriesaccordingtoAmericanDiabetes
AssociationProfessionalPracticeCommittee32:
hypoglycemia<4.0mmol/L,lowbloodglucose
4.0–4.3mmol/L,normalrange4.4–7.2mmol/L,
highbloodglucose7.3–9.9mmol/L,andhyper-
glycemia>10.0mmol/L.
(C–G)Resultsarereportedaspercentagesoftime
spentintherespectivecategories:(C)%timein
hypoglycemia,(D)%timeinlowbloodglucose,(E)
%timeinthenormalglucoserange,(F)%timein
highbloodglucose,and(G)%timeinhypergly-
cemia.
(H)Schemetoillustratethemathematicalframe-
work,whichusesmealevents(dottedgray)to
modelglucoselevelsasasuperpositionofpost-
prandialmealspikes(orange)ontopofan
underlying24-hrhythm(black).
(I)Illustrativeexampleofoneindividualpartici-
pant’sdatainnatural(left)andartificial(right)light
showingtheCGMdata(gray),thestandardized
mealtimes(dottedgray),themodelfitconsidering
mealsandthecircadianrhythmsinbaseline
glucoselevels(orange),aswellasthecircadian
rhythmmodelinbaselineglucoselevelsinisola-
tion(black).RdenotesthePearsoncorrelation
coefficientbetweenthedataandthemodel.
(J)Thepeak-to-troughamplitudeparameterofthe
underlyingcircadianrhythminbaselineglucose
levelsinnaturalandartificiallightconditions,and

E F G

H I
prepresentsthepvalueofapairedWilcoxon 
signed-ranktest.
(K)Phaseplotwiththedistancefromthecenter  
representingtheamplitudeandtheanglerepre-
sentingthepeaktimeparametersoftheunderly-
ingcircadianrhythminbaselineglucoselevels,  
extractedfromthemathematicalmodel.
(L)Thepercentageoftimeinthenormalrange  
(4.4–7.2mmol/L)asafunctionofthepeak-to-
troughamplitudeparameteroftheunderlying

J K L
circadianrhythminbaselineglucoselevels.The

associationwasassessedwithalinearmixed
model,whereβistheregr
essioncoefficient(with
95%CIs)andpistheassociatedpvalue.Gray,
regressionfit;filledblue,the95%CI.

7.8±1.3mmol/
L,p=0.368;Figure2
B).
However,theoveral
ltimespentinthe
normalglucoseran
ge(4.4–7.2mmol/

L)32–34overtheentire4.5dayswassignif-
icantlyhigheruponnaturallight(natural,

analysesonthedataof10participants.Thetimecourseofinter-
stitialglucoselevelsovertheentire4.5-dayexperimentalperiod
isshownforbothnaturalandartificialofficelightinginFigure2A.
Theprimaryoutcomeofthisstudy,averageinterstitialglucose
levelsoverthe4.5-dayintervention,didnotsignificantlydiffer
betweenlightconditions(natural,7.4±1.3mmol/Lvs.artificial,



50.9%±21.5%vs.artificial,43.3%±23.8%,p=0.036,n=
10;mean±SD;Figure2E).Whenapplyingtherecentlyupdated
definitionoftimeinrange(TIR;3.9–10.0mmol/L)accordingto
theAmericanDiabetesAssociation,35asimilartrendwas
observed(natural,83.0%±16.0%vs.artificial,78.6%
±20.5%,p=0.082,n=10;mean±SD;FigureS4A).Thetime

CellMetabolism38,65–81,January6,2026 69



ll 
OPENACCESS Article

spentinhypoglycemia(Figure2C),lowglucose(Figure2D),high
glucose(Figure2F),orhyperglycemia(Figure2G)didnotsignif-
icantlydifferbetweenlightconditions.

Next,weappliedacomputationalmodel,recentlydeveloped
byourgroup,36thatusesthemealtimes(dottedgray;
Figure2H)andtimeofdaytomodeltheCGMdataasasuper-
positionofpostprandialmealspikes(orange;Figure2H)ontop
ofanunderlying24-hrhythminthebaselineglucoselevels
(black;Figure2H).Examplesofparticipantmodelfitsareshown
inFigure2I.Whencomparinglightconditions,theamplitudeof
theunderlying24-hrhythminbaselineglucoselevelswassignif-
icantlylowerinnaturalascomparedwithartificiallight(p=0.010;
Figure2J).Thepeaktimesoftheunderlying24-hfunctionclus-
teredintheearlymorningperiodwithnodifferencebetweenlight
conditions(Figure2K).Theamplitudeoftheunderlying24-h
rhythminbaselineglucoselevelscorrelatednegativelywiththe
timespentinthenormalglucoserange,suchthathigherampli-
tudeswereassociatedwithlesstimespentinthenormalrange
(p=0.048;Figure2L).

Higherfatoxidationthroughoutthedayuponnatural 
lightbutnodifferencesin24-hplasmametabolites 
betweenlightconditions 
Participantsspenttheeveningofday3andthesubsequentnight 
inarespirationchamber(seeSTARMethodsformoreinforma-
tion).Energyexpendituredidnotdifferbetweenlightconditions 
overthistimeperiod(FigureS5).Also,therespiratoryexchange 
ratio(RER)overthe4hafterdinner(mean±SD;natural,0.852±0.03vs.
artificial,0.849±0.027,p=0.717)andoverthesleeping 
period(natural,0.829±0.031vs.artificial,0.826±0.023,p= 
0.763)didnotdifferbetweenlightconditions(FigureS5).Venti-
latedhoodmeasurementsduringthesubsequentday4revealed 
anincreaseofenergyexpenditurewiththeprogressofdaytime 
(time:p<0.001;Figure3A),butthisoccurredinasimilarfashion 
inbothlightconditions(condition,p=0.83andinteraction,p= 
0.18).Also,theRERincreasedoverthedaytimeperiod,indi-
catinganincreasingrelianceoncarbohydrateoxidationwith 
theconsecutiveingestionofthethreemeals(time:p<0.001). 
WefoundaconditioneffectintheRER(condition:p=0.029; 
Figure3B),indicatingthattheRERwasloweruponnaturallight,



0.9189±0.0173,95%confidenceinterval[CI]:0.8849to
0.9530;R2=0.8555;p<0.001;FigureS4B),indicatingthatthere
wasnosystematicdifferenceintheeffectofnaturallightoninter-
stitialvs.plasmaglucose.

Indicationofalteredsubstratehandlingfollowingmixed 
mealtoleranceuponnaturallightusingindirect 
calorimetryandplasmametabolites 
Toinvestigateifdifferentofficelightingspecificallymodifies 
postprandialmetabolisminindividualswithT2D,weconducted 
anMMTTinthemorningofday5.Energyexpenditurewashigh-
estat30and60minafteringestionofthetestmeal,afterwhichit 
decreased(time:p<0.001)withoutdifferencesbetweenlight 
conditions(Figure3H).ForRER,atimeeffect(time:p<0.001) 
andaconditioneffect(condition:p=0.04;Figure3I)were 
observed.ThelatterindicatesthatRERwasloweruponnatural 
light(mean±SD;averageRERduringtheMMTTfornatural, 
0.834±0.023vs.artificial,0.845±0.013),whichisalsoreflected 
intendenciesforlowercarbohydrateoxidation(condition:p= 
0.059;Figure3J)andhigherfatoxidationlevels(condition:p= 

0.054;Figure3K),whichisinlinewiththeeffectsobserved 

overdaytimeonday4.Atime×lightconditioninteractioneffect 
wasalsofoundforRER(interaction:p=0.045;Figure3I)anda 
tendencyforinteractionforcarbohydrateoxidationlevels(inter-
action:p=0.084;Figure3J),suggestingdifferentialtemporaldy-
namicsinpostprandialsubstratemetabolismbetweenlightcon-
ditions.Fromallplasmametabolitesthatwereassessedduring 
theMMTT(e.g.,glucose,insulin,freefattyacids,andTAG; 
Figures3L–3O),onlyfreefattyacidlevelsindicatedatendency 
towardaconditioneffect,leaningtowardhigherlevelsuponnat-
urallight(condition:p=0.061;Figure3N),whichisinlinewiththe 
observedlowerRER.Aninteractioneffectforbothglucoseand 
freefattyacidlevelswasfound(interaction:p=0.045andp= 
0.021,respectively;Figures3Land3N),indicatingthatthelight 
conditionmodulatedthesebloodmetabolitesdifferentlyover 
timeduringtheMMTT.InsulinandTAGlevelsdidnotdifferbe-
tweenlightconditions(Figures3Mand3O).

Nodifferencesineither24-hbloodpressureandheart 
rateorambient,core,andskintemperaturebetween

whichcoincidedwithlowercarbohydrateoxidation(condition: lightconditions
p=0.034;Figure3C)andhigherfatoxidationlevels(condition:
p=0.023;Figure3D),andposthoctestsrevealedhigherfat
oxidationlevelsparticularlyat13:00huponnaturallight
(mean±SD;natural,0.802±0.028vs.artificial,0.833±0.028,



Diurnalvariationwaspresentinbloodpressureandheartrate
(time:p<0.05),whichbothincreasedwiththesteppingexer-

ciseaftermeals(FigureS6).However,noconditionorinterac-
tioneffectwasfound;hence,bloodpressureandheartratedid

p=0.024). notdifferbetweenlightconditions.Duringtheentirestudy,
Inthe15bloodsamplescollectedover24hfromthemorning

ofday4andonward,cleardiurnalvariationinplasmalevelsof
glucose(Figure3E),freefattyacids(Figure3F),andTAG  (Figure3G)
(time:p<0.001)wasobserved,withplasmaglucose
sharplyincreasingwithmealsbutreturningtonormoglycemic
levelspriortolunchanddinner(meanpre-prandiallevels:5–
6mmol/L)andremaininghighthroughoutthenight(mean
nocturnallevels:>6.4mmol/L).However,noconditionorinterac-
tioneffectswerefound,andhencethe24-hlevelsandtemporal
dynamicsdidnotdifferforanyoftheplasmametabolitesbe-
tweenthetwolightconditions(Figures3E–3G).Theavailable
plasmaglucoseassessmentsondays4and5didstronglycorre-
latetotheinterstitialglucosereadingsfromtheCGM(slope=
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averageambienttemperaturevariedbetween21◦Cand
23.5◦C.Overall,themixedeffectsmodelrevealedatimeeffect
(p<0.001)withthelowestambienttemperatureinthemorning
hoursandthehighestat14:00–15:00hintherespectiveoffice
lighting,butnocondition(p=0.961)orinteractioneffect(p=
0.558)overtheentirestudyperiod(FigureS7).Participants
showedacleardiurnalrhythmincorebodytemperature

(CBT),peakingintheearlyeveningat∼18:00handthereafter

droppinguntilreachingthenadirat∼01:00h(time:p<0.001;
FigureS8A).However,noconditionorinteractioneffectwas
foundforCBT,andthenadirofCBTalsodidnotdifferbetween
lightconditions(natural,01:36±01:47hvs.artificial,01:59±01:39h,
p=0.460,mean±SD).Atimeeffect(p<0.001)but
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Figure3.Whole-bodyindirectcalorimetryandbloodmetabolites 
Whole-bodysubstrateoxidationandenergyexpenditureandbloodmetabolitesinresponsetonatural(redlines)vs.artificialofficelighting(bluelines)assessed 
onday4(n=13)andday5(n=12).
(A–D)Whole-bodyrestingenergyexpenditure(A),RER(B),carbohydrateoxidation(C),andfatoxidation(D)duringtheawakeperiodofday4.
(E–G)Overviewof24-hplasmametabolitesonday4:plasmalevelsofglucose(E),serumfreefattyacids(F),andserumTAG(G).Thedarkgrayarearepresentsthe 
sleepingperiod(23:00–07:00h).
(H–K)Whole-bodyrestingenergyexpenditure(H),RER(I),carbohydrateoxidation(J),andfatoxidation(K)inresponsetotheMMTTonday5. (L–
O)Postprandialplasmametabolites:plasmalevelsofglucose(L),seruminsulin(M),serumfreefattyacids(N),andserumTAG(O).Dataarepresentedas 
mean±SEM.*p<0.05basedontheBonferroniposthoctest.

nodifferences(conditionorinteraction)inproximaland
distalskintemperatureaswellasthedistal-proximalskin
temperaturegradientwerefoundbetweenlightconditions



inonlyoneofthetwoconditions;hence,thesefourindividuals
wereexcludedforcomparingDLMObetweenthetwolightcon-
ditions.DLMOwasnotdifferentbetweenlightconditions

(FiguresS8B–S8D). (mean±SD,natural,20:35±01:01h;artificial,20:42±01:18
h,p=0.47,n=9;Figures4Aand4B).However,melatonin

Higherlateeveningmelatoninlevelsuponnaturallight 
butnodifferencesinDLMO 
Dim-lightmelatoninonset(DLMO)analysisrevealedoneindivid-
ualthatdidnotreachthethresholdlevelof3pg/mLinbothlight 
conditionsandthreeindividualsthatdidnotreachthethreshold



AUCfromtheaverageDLMOoverbothlightconditions
onward(21:00–23:00h)washigherinnaturalcomparedwith
artificialofficelight(natural,755±432pg/mL×min;artificial,

650±374pg/mL×min,p=0.029,n=13;Figure4C),indicating
highermelatoninreleaseafterDLMOuponnaturallight.
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Figure4.Eveningmelatoninlevelsandskeletalmuscleclockwork
(A)Salivamelatoninlevelswereassessedintheevening(18:00–23:00h)ofday4underdim-lightconditionsforbothnatural(redline)andartificialofficelighting

(blueline),anddataarepresentedasmean±SEM.



(legendcontinuedonnextpage)
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Naturaldaylightmayaffectthemolecularclocks 
operativeinskeletalmuscleofindividualswithT2D,as 
measuredinmusclebiopsyandinprimarymyotubes 
synchronizedinvitro 
PairedttestsrevealednodifferenceinmRNAlevelsofthe core-
clockgenesBmal1,Clock,Reverbα,Rorα,andPer3 (Figures4D–
4J),assessedinskeletalmusclebiopsiestakenat 
asingletimepointonthemorningofday4,afteranovernight 
fast.However,mRNAlevelsoftheclockgenesPer1 
(Figure4H)andCry1(Figure4K)werehigheruponnaturallight 
(p=0.01andp=0.021,respectively),withasimilartendency 
forPer2(p=0.066;Figure4I),suggestingthatnaturallight 
mayaffectthemusclemolecularclock.Toinvestigateifthese



S1),usingsharedanduniquestructures(SUSs)plotstovisualize
targetsmoststronglydistinguishingbetweenlightconditions
acrossbothtimepoints.Metabolomicsanalysesidentifiedfive
keymetabolites—threonine,cholicacid,uracil,erythro-dihy-
drosphingosine,andglutamicacid—thatexhibitedthestrongest
positiveassociationswiththenaturallightconditionatboth
08:00and16:00h(Figure5A).Thelevelsofthesemetabolites

wereconsistentlyhigherundernaturallightcomparedwitharti-
ficiallightatbothtimepoints,asseenintheboxplotshighlighting
cholicandglutamicacidlevelsatbothtimepoints(Figure5B).By
contrast,hydroxyproline,allantoin,hydroxyphenylaceticacid,
citric/isocitricacid,andsalicylicacidwerethetopfivemetabo-
litesshowingthestrongestnegativeassociationwithnaturallight

changesincomponentsofthemolecularclockmeasuredina (Figure5A).
singletime-pointmusclebiopsytranslateintoalteredclock
rhythmicityinmuscle,wenextassessedmolecularclockwork
inprimarymyotubesestablishedfromtheseskeletalmuscle
biopsiesanddifferentiatedinvitrousingaBmal1-lucreporter
allowingforcontinuousmeasurementofthecellularclocks37,38

(Figures4Land4M).Ofnote,thephaseofBmal1-lucoscilla-
tionsofprimaryskeletalmyotubesestablishedfrombiopsies
takenafterthenaturallightconditionwas0.75±1.03h
advancedcomparedwiththeartificiallightregimen(p=0.014;
Figure4N;individualprofilesareshowninFigureS9A).The
periodlength(p=0.87;Figure4O),amplitude(p=0.79;
Figure4P),andoscillationdamping(p=0.42;Figure4Q)were
comparablebetweenlightregimens.Giventhatwedetected  light-
inducedalterationsinbothcore-clocktranscriptstatusin
musclebiopsiesandthecircadianphaseofbioluminescence
inculturedmyotubes,wenextinvestigatedwhethervariations
inmuscleclockgeneexpressioncouldinfermyotubebiolumi-
nescencephase.Indeed,themusclebiopsyclockgeneexpres-
sionwasabletopredictthebioluminescencephasein



Comparingthelipidfamiliesbetweenlightconditionsre-
vealedether-linkedphosphatidylethanolamine(PE-O),phos-
phatidylethanolamine(PE),diacylglycerol(DAG),andlysophos-
phatidylethanolamine(LPE)familiesasthosebearingthe
highestpositiveassociationwiththenaturallightcondition
(Figure5C).Ontheotherhand,glucosylceramides(GlcCer),
ceramides(Cer),andcholesterylesters(CEs)weretheclasses
mostnegativelyassociatedwithnaturallight(Figure5C).Indi-
vidualboxplotsoftheselipidfamiliescorroboratethefindings
oftheDA,highlightedbyanincreaseinPE-Oandatendencyfor

adecreaseinGlcCerunderthenaturallightcondition
(Figure5D).Consistently,theSUSplotofindividuallipidspe-
ciesshowsLPE16:0,lysophosphatidylcholine(LPC)15:0,
phosphatidylcholine(PC)38:6,PC37:6,andPE36:2asmost
positivelylinkedwiththenaturallightconditionatbothtime
points(Figure5E).Negativeassociationstothenaturallight
conditionwereobservedforCE18:1,PC38:2,PC35:5,CE
16:1,andPC38:3.Thisissupportedbyboxplotsoftwotop
lipidspecies(CE18:1andLPE16:0)identifiedbytheDA

myotubeswithaPearsoncorrelationcoefficientofR=0.51 (Figure5F).
(p=0.016)(FiguresS9BandS9C),withCry1andPer3having
thelargestpositiveandnegativecontributionstotheestimated
bioluminescencephase,respectively.

Differentialimpactofthelightingconditionsonthe multi-
omiclandscapeinthecirculation 
Sincenaturallightimpactedmetabolismdifferentiallycompared 
withartificiallight,wenextappliedtargetedserummetabolo-
mics,lipidomics,andmonocyteRNA-seqanalysestotheblood 
samplesobtainedonday4at08:00(aftertheovernightfast,pre-
cedingtherespectivelightexposureperiod)and16:00h(atthe 
endoftherespectivelightexposureperiod).Toidentifytargets 
associatedwithlight-dependentbiologicaldifferences,we 
appliedorthogonalpartialleastsquaresdiscriminantanalysis 
(OPLS-DA)toeachdataset(metabolomics,lipidfamilies,lipid 
species,andtranscriptomics)atboth08:00and16:00h(Data



Further,weusedaSUSplottodisplaymonocytetranscripts
mostdiscriminatingbetweenthelightconditionsateachtime
point.ThisanalysisrevealedLINC01134,MIR8085,FAM157A,
TOB1-AS1,andMGC16142asthetranscriptsmostpositively
associatedwithnaturallight,andNMB,REM2,CLDND2,
MC1R,andCBX3P2asthetranscriptsmostnegativelyassoci-
atedwiththenaturallightcondition(Figure5G).Thesechanges
arehighlightedbyboxplotsdisplayingexpressionlevelsoftwo

genes,REM2andNMB(Figure5H).Tofurtherinvestigatethese
transcriptionalalterations,weconductedagenesetenrichment
analysis(GSEA)andclusteredandannotatedthepathways
revealingthegreatestchangesbetweenlightconditions(Data
S2;FiguresS10MandS10N).Toppathwayswererelatedto
CerandGlcCerregulation(FiguresS10MandS10N);however,
nonereachedstatisticalsignificanceafterfalsediscoveryrate
(FDR)correction(DataS2).Volcanoplotsofthemetabolomics,

(BandC)IndividualdataofDLMO;n=9)(B)andtheareaunderthecurveofmelatoninlevels(n=13)from21:00to23:00h(C)areshown.
(D–K)Core-clockgeneexpressioninthesingleskeletalmusclebiopsysample(n=13)collectedbetween07:30and08:30honday5precedingthemixedmeal
test:individualmRNAlevelsofBmal1(D),Clock(E),Reverba(F),Rora(G),Per1(H),Per2(I),Per3(J),andCry1(K)areshown.Normalizedexpressionlevelswere
determinedrelativetothegeometricmeanoftwohousekeepinggenes.
(LandM)MolecularclockoscillationsindifferentiatedmyotubesmeasuredbyBMAL1-lucreporterassay.Averagedprofiles±SEM(n=11)shownasraw(L)and 
detrended(M)valuesfor12–72haftersynchronization,andindividualprofilesontheseoutcomesareshowninFigureS9.
(N–Q)CircadianparametersofoscillationsextractedfromsinusoidfitgeneratedbyChronostar3.0software:phase(N),circadianperiodlength(O),amplitude(P), 
andoscillationdamping(Q).Indicatedpvaluesweredeterminedbasedonpairedttests.
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Figure5.Serummulti-omicsignature 
SUSplots(A,C,E,andG)comparingserum (A)metabolites,
(C)lipidfamilies,and(E)lipid speciesand(G)bloodmonocytetranscripts.The 
axesrepresentPearsoncorrelation-scaledload-ingsfromOPLS-
DAmodelsdiscriminatingbe-tweenlightconditionsateachtimepoint.These 
scoresreflecthowstronglyeachtargetdiscrimi-
natesbetweenthenatural(positive)orartificial 
(negative)conditionsateachtimepoint(xaxis, 
16:00h;yaxis,08:00h).Thisvisualizationallows 
foraninterpretationoflighteffectsatbothtime 
points:featuresfaralongthexaxisarestrongly 
associatedwithlightconditionsat16:00h,those 
faralongtheyaxisat08:00h,andthosenearthe 
diagonalareconsistentlyinfluencedatbothtimes. 
Featuresneartheoriginshowweakassociations 
atbothtimepoints.Metabolites,lipids,andtran-scriptsshownonplots(A),
(C),and(G),respec-tively,arecoloredbytheirpositivecorrelationto 
natural(red)orartificial(blue)light.Lipidspecies 
onplots(E)arecoloredbytheirrespectivelipid 
families.Correspondingboxplots(B,D,F,andH) 
highlightthepairedexpressionprofilesofselected 
toptargetsfromthe(B)metabolites,(D)lipid 
families,and(F)lipidspeciesand(H)blood 
monocytetranscripts,measuredat08:00and 
16:00hunderbothlightingconditions.pvalue 
significanceisdenotedby*p<0.05and**p<0.01

basedonpairedWilcoxonsigned-ranktests.

tabolomics,lipidomics,andtranscrip-
tomics)intoasinglemodelrevealeda  
classificationaccuracyof56%forthe  
lightcondition(FigureS10O).Exam-
iningthevariablesinvolvedintheclas-

G H
sificationaccuracyrevealedElp6,PS

34:0,uracil,hydroxyproline,andPE-O
38:4asthetop5variablesassociated 
withthelightcondition(FigureS10P).

Totestourmachinelearninganalysis 
onafactorexpectedtoholdincreased 
predictivevalue,weusedthethree -

omicsdatasetstopredicttimepoint (fastedat08:00vs.postprandialat 
16:00h).Thisrevealedaclassification 
accuracyforthepredictingtimeof 
95%,identifyinganumberofcircadian 
clockgenes(Elmo2,Per2,Tef,Nr1d2, 
andPer1)alongwithdeoxyribose,malic 

lipidomics,andtranscriptomics,usingamixedmodeladjusting acid,andTAGspeciesascarryingstrongpredictivevalue 
fortimeandparticipantIDascovariates,revealednosignificant (FigureS10Q).
targetsafterFDRcorrectionbetweennaturalandartificiallightat 
08:00,16:00h,orinacomparisoncombiningthetwotimepoints Time-of-daysignatureofbloodmetabolites,lipids,and 
(FiguresS10A–S10L). monocytetranscripts 

Sincediurnalrhythmicityofmetabolic,lipid,andtranscriptional
Machinelearninganalysisclassifyinglightandtime 
conditionsuncoverssignificanttargets 
Weappliedarandom-forestmachinelearningmodelto 
discovermultivariatepredictivefactorsthatarenotrevealed 
intheunivariateanalysis.Mergingthethreedatasets(i.e.,me-
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landscapeshasbeenreportedinhumanindividuals,withdiffer-
entialtemporalorchestrationobservedbetweenindividualswith
T2Dandnormoglycemiccounterparts,11,18,39,40wezoomedinto
thetemporalalterationsassociatedwiththeappliedlightregi-
mens.Tothisend,wecomparedthemetabolite,lipid,and
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transcriptsignaturesbetween08:00and16:00hbypoolingsam-
plesfromthetwolightconditions.Serummetabolomicsreveals
60significantlyalteredmetabolitesbetweentimepoints
(FigureS11A),withdeoxyribose,proline,andmalicacidasthe
mostincreasedandhypoxanthine,ribose5-phosphate,and
xanthineasthemostdecreasedmetabolitesat16:00h.
Analyzingdifferencesinlipidfamiliesshowed5significantly
differentclassesbetweentimepoints(FigureS11B),withTAG
andLPEshighlyincreasedat16:00hcomparedwith08:00h.
Thisisfurthersupportedbycomparingindividuallipidspecies
betweentimepoints,revealing8TAGspeciesasthemost
increasedlipidsat16:00h(FigureS11C).Comparingdifferences
inmonocytetranscriptsdisplayed920differentialtranscriptsbe-
tweentimepoints,withElmo2,Per1,Per2,Reverbβ,Tef,Flt3,
Alas1,Lmo2,Mdm2,andPeli1asthemostsignificantlyaltered
transcriptsbypvaluebetweentimepoints(FigureS11D).
GSEAusingtheRNA-seqdatarevealeddecreasesinpathways
relatedtomitochondrialmembranefissionandtheintrinsic
apoptoticsignalingpathwayinresponsetohypoxiaatthe
16:00htimepoint(FigureS11E).



Inlinewithpreviousstudies,26,27wefoundatendencyforalarger
excursioninpostprandialglucoseuponnaturallightuponafluid
mixedmealchallengeperformedinthemorningaftertheover-
nightfast.Intriguingly,though,thetimespentinthenormal
glucoserangeacrossthe4.5-dayinterventionperiodwashigher
uponnaturallight(togetherwithhigherwhole-bodyfatoxidation
levelsonday4),suggestingimprovedglucosecontrolinindivid-
ualswithT2Duponlonger-termnaturallightexposure.Hence,
thepotentiallynegativeimpactof(bright)lightexposureonpost-
prandialplasmaglucoselevelsintheshorttermmaybetime-of-

daydependentandshouldbeinvestigatedinfuturestudiesby
administeringthemealtestsatdifferenttimesoftheday.

Inaprospectivecohortstudy,Luetal.correlatedall-cause
mortalitywiththetimespentinthenormalglucoserangeand
foundthatlesstimeinthenormalrangewasassociatedwitha
higherhazardratioforall-causemortalityinindividualswith
T2D,43indicatingthatthetimespentinthenormalrangeisaclin-
icallyrelevantoutcome.Interestingly,time-restrictedeatingre-
gimesinindividualswithT2Dhavebeenshowntolower24-h
glucoselevelsandtoincreasethetimespentinthenormal
range44,45by12%and10%,respectively.Theimprovementin

DISCUSSION glucosecontrolobservedinthisstudyisalsoinlinewithim-
provementsseeninCGMprofilesofindividualswithT2Dupon

Nowadays,almost90%ofourtimeisspentindoors,19–21and
duringthedaytime,wearetherebyexposedtolowerlightinten-
sitiesandadifferentwavelengthspectrumfromartificiallight
sourcescomparedwithnaturaldaylight.Sincelightisthemain
zeitgeberforourcircadiantime-keepingsystem2–4thatcan
modulatehumanmetabolismacutelyinatime-of-day-depen-
dentmanner,26,27chroniclackofnaturaldaylightcouldbe
consideredasariskfactorinsociety’srisingincidenceofmeta-
bolicdiseases.Therefore,inthisstudy,wehypothesizedthatin-
dividualswithT2Dwouldbenefitfrombeingexposedtonatural
daylightduringofficehourswhencomparedwithtypicalcon-
stantartificiallighting.Althoughtheaverageinterstitialglucose
levelwasnotdifferentbetweenofficelightconditions,wefound
thatglucosecontrol(i.e.,%timespentinthenormalglucose
range:4.4–7.2mmol/L)wassignificantlyimprovedduringthe
4.5daysofnaturallighting.Thiswasaccompaniedbylower  whole-
bodycarbohydrateoxidationand,conversely,higherfat
oxidationratesduringwakinghoursuponnaturallight,as
measuredonday4.Consistentwiththehigherfatoxidation,
plasmafreefattyacidlevelswerehigheruponaliquidmixed
mealchallengeinnaturalcomparedwithartificialofficelighting.

Todate,afewclinicalstudieshaveshownthattheintensityof
environmentallightduringdaytimecanimpactglucosecontrolof
individualswithT2D26andinsulinresistance.27Forinstance,
enhancingintensitylevelsofartificiallightsourcestoaconstant
1,25027or4,000photopiclux26duringmorninghoursconsis-
tentlyledtoelevatedpostprandialglucoselevelsfollowinga
morningmealafterovernightfastingcomparedwith10lux.Other
studies,41,42butnotall,26reportedsimilareffectsinyoungindi-
viduals.Also,Mengetal.foundreducedglucosetolerancein
younghealthyadultsuponwhitelightexposureof400lux
comparedwithdarknessappliedbothduringdaytimeandnight-
time.42Inthisstudy,naturallightencompasseddiurnalchanges
inbothlightintensityanditswavelengthspectrum(Figures1C
and1D),whereasthecontrolartificiallightconditionwasmore
applicabletotherealworld(e.g.,300lux)insteadofdimlight.



bothshort-andlong-termexerciseprograms.46Modelingthe
continuousglucosedatarevealedthatnaturallightledtolower
amplitudesof24-hfluctuationsinglucoselevels,whichwere
associatedwithmoretimespentinnormalrangeacrosspartic-
ipants.Thissuggeststhatexposuretonaturallightmayhavea
beneficialeffecton24-hglucosemetabolism.Futurestudies
shouldascertainthemolecularregulatorymechanismsunderly-
ingtheobservedbeneficialeffectofexposuretonaturallighton  24-
hglucoserhythms.

Enhancingdaytimelightintensitieshasrepeatedlybeen
showntoincreasenocturnalmelatoninlevelsinyoungindivid-
uals,28,47,48butcross-sectionalassociationsbetweenbrighter
daytimelightandhighernocturnalmelatoninlevelswerealso
foundintheelderly.49Inaddition,naturaldaylightexposure
throughoutdoorcampinghasbeenshowntoinduceconsistent
phaseadvancesinDLMOinindividuals.50Weheredemonstrate
thatinolderindividualswithT2D,boththenadirinCBTand
DLMOwererelativelystableirrespectiveofdaytimeofficelight-
ing,butmelatoninlevelswerehigherinthelast2hbefore
bedtime(21:00–23:00)uponexposuretonaturallightduring
thedaytime,ascomparedwithartificiallighting.Anindication
thattheperipheralcircadiansystemwasmodifiedthroughthe
differentialofficelightingwasderivedfromthehighermRNA
levelsofseveralclockgenes(i.e.,Per1-2andCry1)inskeletal
muscleuponnaturallighting.Subsequently,weinvestigated
therhythmicpropertiesofmyotubesgeneratedfromourpartic-
ipantsafterexposuretobothofficelightingregimes.Consistent
withtheeffectofnaturallightonclockgeneexpressioninthe
musclebiopsies,wefoundaphaseadvanceintherhythmof
theBmal1-luciferasereporterfollowingnaturallightexposure.
Whiletheinvitrosynchronizationforskolinpulsebringstheindi-
vidualcellularoscillatorstothesameinitialphase,itdoesnot
alterthecore-clockmachineryperse.51,52Thus,thephase
advancepersistedeventhoughwesynchronizedthecultured
myotubes,suggestingnaturallightmayinducelastingchanges
tothecore-clockfeedbackloop.Noteworthy,BMAL1was
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previouslyreportedtoimpactingonglucosecontrolinmice53

andhumans.54Wealsofoundthatthemuscleclockgene
expressioncouldbeusedtoinferinvitrobioluminescencephase
data,althoughthiscorrelationwarrantsvalidationbasedon
musclebiopsiesfromdonorswithT2Dcollectedaroundthe
clock.Weidentifiedthecore-clockgenesCry1andPer3ashav-
ingthestrongestinfluenceonphaseestimation.Elucidationof



workplace.65Similarly,mimickingnaturaldaylightbydynami-
callychangingthewavelengthspectrumandtheintensityofarti-
ficialindoorlightingacrossthedayimprovedsleeplatency.28

Therefore,wecannotruleoutthatimprovedsleepquality
(partially)drivesthemetabolicbenefitsassociatedwiththe
naturallightexposureduringdaytime.

themolecularmechanismscontrollingthealterationsofmuscle Futuredirections
clockworkuponnaturallightinindividualswithT2Drepresents 
apromisingdirectionforfollow-upstudies.

Tofurtherinvestigatethelight-responsivecirculatingfactors
thatmayaccountfordifferencesinglucosehomeostasis,we
comparedthemulti-omicsignatureinbloodsamplesbetween
lightconditions.Ourmetabolomicsanalysisrevealedanin-
creaseincholicacidundernaturallight,consistentwithprevious
findingsidentifyingitasincreasedinducksexposedto460nm
bluelight,awavelengthexhibitinghigherphotonfluxinthenat-
uralcomparedwiththeartificiallightcondition.55Glutamate
levelswerealsoelevatedinnaturallightandhavebeenreported
asUV-responsiveinmurinebraintissue,particularlytoUVB.56

WhileparticipantswerenotexposedtoUVB,shorterwave-
lengthspresentinnaturallightmaysimilarlyupregulategluta-
mate.Furthermore,increasedthreoninelevelsthatweobserved
uponnaturallight,concomitantwiththeimprovedglucosecon-
trol,arewellinlinewiththereducedlevelsofthisaminoacidin
individualswithT2Dthatweextractedfromarecentlypublished
serummetabolomicsdataset.57Severallipidfamiliesalso
respondedtolightexposure.Notably,cholesterolestersand
Cernegativelyassociatedwithnaturallight,aligningwithprevi-
ousreportsofsimilarreductionsinsterolestersandCerinthe
humanhairlipidomefollowingexposureto380and420nm
wavelengths.58Moreover,recentstudieshighlightCerlevelsas
increasedinindividualswithT2D.40Concordantly,weobserved
atrendtowardreducedCeruponnaturallight,corroborating
improvedglucosecontrol.Thetranscriptomicanalysesidenti-
fiedtoppathwaysinvolvedinthenegativeregulationofCer
andGlcCer,bothofwhichwerenegativelyassociatedwithnat-
urallightinthelipidomicsdata.Additionally,LPEs,includingLPE
16:0,particularly,werepositivelyassociatedwithnaturallight
andhavebeenlinkedtohigherinsulinsensitivity59andfound
tobedecreasedinserumfromindividualswithobesity.60,61

Together,thesefindingsrevealadistinctmulti-omicsignature
linkedtonaturallightexposure,characterizedbyalterationsin
metabolites,lipids,andtranscriptspossiblyunderlyingthe
improvedglucosecontrol.

Sincesleepandoverallphysicalactivitylevelscanbothhave
animpactonglucosehomeostasisoutcomes,weassessed
theseparametersaspotentialconfounders.However,wecould



Wechosethestrongcontrastofdynamicnaturallightthrougha
windowvs.anartificiallightconditionthatdeprivedparticipants
ofanyenrichedshort-wavelengthdaylightthroughoutthe4.5-
daystudyperiodasaproofofconceptthatnaturallightelicits
distinctmetaboliceffectscomparedwithartificiallightonly.
Futurestudiescouldusefullyexploreiflonger-termexposure
tonaturallightcouldelicitmorepronouncedeffectsorifalterna-
tivestrategies,suchasnaturallightexposureduringworking
commutes(e.g.,beforeand/orafterofficehours,asistypically
thecaseintherealworld66),wouldbesufficienttooffsetthe
negativeeffectsofartificiallightingrevealedinthisstudy.

Limitationsofthestudy 
Whileourcrossoverdesignstrengthensthereliabilityofourfind-
ings,onelimitationofthestudyisthesmallsamplesize(n=13). 
Ourfindingofimprovedtimeinthenormalglucoserange(4.4–
7.2mmol/L)uponnaturallightmaywarrantcautiousinterpreta-
tionuntilmorelong-termclinicaltrials(e.g.,exceeding4.5days 
uptoweeksandmonths)confirmtheclinicalrelevancethrough 
improvementoftheTIR(3.9–10.0mmol/L).Furthermore,the 

averageageofourstudypopulationwas70years,and12partic-
ipantswereatleast65yearsold,whichcompromisesthegener-
alizabilityofourfindings.Futurestudiescouldstudythepotential 
metabolicbenefitsofnaturalvs.artificial(office)lightingacrossa 
wideragerangewithintheworkingpopulationinrealofficeenvi-
ronments.Furthermore,allexperimentswereconductedduring 
CentralEuropeanSummerTime(i.e.,fromApriltoOctober). 
Naturallightvariesstronglyasafunctionofgeographicalloca-
tion,weather,andseason,whereseasonallightchangescan 
modulateenergymetabolismandperipheralclocksinmice67 

andgeneexpressioninhumans.68Futurestudiesareneeded 
toestablishhowtheeffectsizeofthenaturallightintervention 
changeswiththetimeofyearandlocation.Finally,whileour 
multivariateanalysesidentifiedtargetsdifferentiatingnatural 
andartificiallightconditionsatbothtimepoints,themodels 
demonstratedlimitedpredictiveaccuracy,likelyduetothesmall 
samplesizeofthisexploratorycohort.Thisunderscoresthe 
needforfurtherinvestigationintothemechanismsbywhich 
naturallightinfluencesmetabolichealth.

notdetectanydifferencesbetweenlightconditions,neitherprior Conclusions
tonorduringtheexperimentalperiod.Particularly,physicalac-
tivitywashighlystandardizedinthisstudybyscheduledstand-
ingandsteppingactivitytimes.However,sleepoutcomes
wereonlyassessedthroughsubjectivequestionnairesandnot
quantifiedthroughmoreobjectivemeans,suchaspolysomnog-
raphy(PSG).Compromisedsleepislinkedtoimpairedglucose
control,62andsleeplosshasevenbeenshowntomodifyskeletal
musclemRNAlevelsofBmal1andCry1aswellasproteinlevels
ofBMAL1.63,64Officeworkersinwindowlessenvironmentsre-
portedpoorersleepscoresthanworkerswithwindowsatthe
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Inconclusion,throughcomparingreal-worldofficelightingsce-
nariosofnaturaldaylightthroughwindowsvs.constantartificial
lightinginindividualswithT2D,wefoundmetabolicbenefits
associatedwithnaturaldaylightexposure.Specifically,more
timespentinthenormalglucoserangeandashiftinwhole-
bodysubstratemetabolismtowardhigherfatoxidationlevels
indicatedimprovedglucosecontroluponnaturallighting.Our
findingsprovideastrongrationaleforfutureresearchtofocus
moreontheinteractionof(natural)lightexposureandmetabolic
health.Thisstudyalsohighlightstheoftenunnoticedimpactof
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thebuiltenvironmentonourhealthandraisesfurtherconcerns
abouttheprevalenceofofficeenvironmentswithpoor(natural)
daylightaccess.
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Adenosine5’-triphosphatedisodiumsalt MetaSci HMDB000053
8

Adenosinecyclophosphate MetaSci HMDB000005
8
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L-(-)-GlycericacidHemicalciumsalt(liquid) MetaSci HMDB000013

9

L-(−)-Malicacid MetaSci HMDB000015
6

L-Arabinose MetaSci HMDB000064
6
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N-Acetyl-D-galactosamine MetaSci HMDB000021
2

N-Acetylglutamicacid MetaSci HMDB000113
8

N-Acetylneuraminicacid MetaSci HMDB000023
0

NAD MetaSci HMDB000090
2
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2
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1

Pyridoxalhydrochloride MetaSci HMDB000154
5

Pyridoxamine2HCl MetaSci HMDB000143
1
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Xanthine MetaSci HMDB0000292

Xanthosine MetaSci HMDB0000299

Xylitol MetaSci HMDB0002917

7,8-Dihydrofolicacid schirckslaboratories 16.206_50mg

(6R,S)-5,10-Methenyl-5,6,7,8- schirckslaboratories 16.23_50mg

tetrahydrofolicacidchloride

schirckslaboratories 16.235_50mg(6R,S)-5-Methyl-5,6,7,8-tetrahydrofolic
acid,calciumsalt
2’-Deoxyadenosine5’-monophosphate Sigma D6375-

100MG
(±)-Sodium2,3-dihydroxyisovalerate Sigma 39693-

10MG
hydrate_≥95%(CE)
(4R)-4-Hydroxy-L-glutamic Sigma 76157-

10MG

acid_≥98.0%(TLC)
Sigma 44714-

10MG
(S)-Mevalonicacidlithiumsalt

13C1015N5AMP Sigma 650676-
1MG

13C1015N5dAMP Sigma 90038
6

13C2Citricacid Sigma 488607-
100mg

13C515N1Folicacid Sigma 803162-
1MG

13C915N2UMP Sigma 651370-
1MG

2’-Deoxycytidine5’-monophosphate Sigma D7625-
100MG

sodiumsalt
2′-Deoxyuridine5′-triphosphateLithium Sigma 1.142E+1

0

saltsolution

Sigma D3126-25MG2-Deoxyribose5-phosphatesodium

salt_≥95%

3-Dehydroshikimicacid_≥95.0%(HPLC) Sigma 05616-
10MG

4-Pyridoxicacid,≥98% Sigma P9630-
25mg

5-Deoxy-5-(methylthio)adenosine Sigma D5011-
25MG

AICAR(5-Aminoimidazole-4-carboxamide Sigma A9978-
5MG

1-β-D-ribofuranoside)_≥98%(HPLC), 
powder
Aminoacidstandards,physiological Sigma A6407-

10ML
Argininosuccinicaciddisodiumsalt Sigma A5707-

10MG
hydrate,≥80%

cis-Aconiticacid,≥98% Sigma A3412-
1G

D-(−)-Citramalicacidlithium Sigma 06711-
10MG

salt_≥95.0%(GC)

D-erythro-Dihydrosphingosine_≥98% Sigma D3314-
10MG

Dihydroxyacetonephosphatelithium Sigma 37442-100MG-
F

salt_≥95.0%(TLC)
D-Sedoheptulose7-phosphatelithium Sigma 78832-

1MG

salt_≥90%(TLC)



Sigma 15732-1MG
D-Xylulose5-phosphatelithium

salt_≥90%(TLC)
Folicacid<97% Sigma F7876-

1G

gamma-Glu-Cys_≥80%(HPLC) Sigma G0903-
25MG

Guanosine3,5-cyclic Sigma G7504-
5MG

monophosphate_≥98%(HPLC),powder
Sigma 19710-50MGL-2-Phosphoglycericaciddisodiumsalt

hydrate_≥80%(CE)
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N-Acetyl-α-D-glucosamine1-phosphate Sigma A2142-

5MG

disodiumsalt_≥95%
Sigma P2384-

10MGPrephenicacidbariumsalt_≥75%

S-5-Adenosyl-L-homocysteine_crystalline Sigma A9384-
10MG

Sodium(±)-homocitratetribasic Sigma 48488-
10MG

Uridine5′-diphosphoglucosedisodium Sigma 94335-
100MG

salt_≥98.0%(HPLC)
Sigma M1755-10MGα-D(+)Mannose1-phosphatesodiumsalt

hydrate_SigmaGrade
α-D-Glucoheptonicacidsodiumsalt_ Sigma G3516-

100G

α-Ketoglutaricacid,≥99.0%(T) Sigma 75890-
25G

2’-Deoxyinosine Sigma D5287-
100MG

2-Isopropylmalicacid Sigma 333115-
100MG

Cystathionine Sigma C3633-
100MG

D-Fructose1,6-bisphosphatetrisodiumsalt Sigma F6803-
10MG

hydrate
D-Glucosamine6-phosphate Sigma G5509-

10MG
D-Ribose5-phosphatedisodiumsalt Sigma R7750-

10MG
hydrate
L-Canavaninesulfatesalt Sigma C9758-

100MG
SodiumL-lactate Sigma 71718-

10G
UDP-α-D-Galactose,DisodiumSalt-CAS Sigma 670111-

M

137868-52-1-Calbiochem

Sigma 69037-
100MG

Ureidosuccinicacid

α-D-Glucose1-phosphatedisodiumsalt Sigma G7000-
1G

hydrate

Sigma 223875-5Gα-Hydroxyhippuricacid

C18:1GlucoxylCeramide-d5 AVANTIPOLARLIPIDS 860673

SPLASHLIPIDOMIX AVANTIPOLARLIPIDS 330707

15:0-18:1(d7)PC AVANTIPOLARLIPIDS 791637

15:0-18:1(d7)PE AVANTIPOLARLIPIDS 791638

15:0-18:1(d7)PS AVANTIPOLARLIPIDS 791639

15:0-18:1(d7)PG AVANTIPOLARLIPIDS 791640

15:0-18:1(d7)PI AVANTIPOLARLIPIDS 791641

15:0-18:1-d7-PA AVANTIPOLARLIPIDS 791642

18:1(d7)LPC AVANTIPOLARLIPIDS 791643

18:1(d7)LPE AVANTIPOLARLIPIDS 791644

18:1-d7-cholesterol AVANTIPOLARLIPIDS 791645

18:1(d7)MG AVANTIPOLARLIPIDS 791646

15:0-18:1(d7)DG AVANTIPOLARLIPIDS 791647

15:0-18:1(d7)-15:0TG AVANTIPOLARLIPIDS 791648

18:1(d9)SM AVANTIPOLARLIPIDS 791649

Cholesterol(d7) AVANTIPOLARLIPIDS 700041

Criticalcommercialassays
RNeasytissuekit Qiagen 7410

4
HighcapacityRNA-to- cDNAkit ThermoFisher 438740

6



Depositeddata
RawRNA-Seqdata GSE309688

RawMetabolomicData ThisStudy DataS3

RawLipidomicData ThisStudy DataS3
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R
Softwareandalgorithms
R(v4.5.0) CRAN

TraceFinder4.1 ThermoFisherScientific

PeakBot(v0.9.54) Bueschletal.69 Version0.9.54

FastQC(v0.11.9) BabrahamBioinformatics Version0.11.9

STARaligner(v2.7.0f) Dobinetal.70 Version2.7.0f

HTSeq(v0.9.1) Andersetal.71 Version0.9.1

edgeR(v3.38.4) Bioconductor(R) Version3.38.4

clusterProfiler(v4.9.0) Bioconductor(R) Version4.9.0

org.Hs.eg.db(v3.15.0) Bioconductor(R) Version3.15.0

limma(v3.58.1) Bioconductor(R) Version3.58.1

Other
VanquishUHPLCsystem ThermoFisherScientific

Orbitrap-basedmassspectrometer FusionLumos,ThermoFisherScientifi
c

AccucoreC18 ThermoFisherScientific 17126-152130

EXPERIMENTALMODELANDSUBJECTDETAILS

Participantrecruitment 
Menandpostmenopausalwomenwithtype2diabetes(T2D),agedbetween40and75years,wererecruitedthroughadvertisements 
inthevicinityofMaastricht.ParticipantswereincludediftheywerediagnosedwithT2Dforatleastoneyearandwerewellcontrolled 
withrespecttoglycemiccontrolandstablediabetesmedicationregimens(moreinformationinTable1).Furthermore,participants 

neededtohavestablebodyweight(nogainorlossof>5kginthelastthreemonths),aBMIof≥25kg/m2,aregularsleeppattern(7-9 
h/night)andahabitualbedtimeof23:00±02:00h.Participantswereexcludediftheywereonsodium-glucosetransportprotein2 
(SGLT2)inhibitorsorinsulintreatment.Otherexclusioncriteriawereuncontrolledhypertension,anyotherdiabetesrelatedco-mor-
biditieslikeactivecardiovasculardisease,activediabeticfoot,polyneuropathyorretinopathy,andactiveliverorkidneymalfunctions. 

ExtrememorningoreveningchronotypesbasedontheMEQ-SAquestionnaire(scoreof≤30forextremeeveningor≥70forextreme 
morningtype),shiftworkortravelacrossmorethanonetimezoneinthethreemonthspriortothestudyandheavilyvaryingsleep-
wakerhythmswerereasonsforexclusion.Additionalexclusioncriteriawerefrequentengagementinprogrammedexercise,alcohol 
consumptionof>2servingsperdayformenand>1servingperdayforwomen,significantfoodallergiesthathamperstudypartic-
ipation,participantswhodidnotwanttobeinformedaboutunexpectedmedicalfindings,previousenrolmentinaclinicalstudywith 
aninvestigationalproductduringthelast3months,andsmokinginthelastsixmonths.In- andexclusioncriteriawereassessedbya 
screeningvisitduringwhichbasicphysicalexaminationwasperformed(age,height,weight,andbloodpressure),afastingblood 
samplewasobtained,andquestionnairesweregathered.Theoveralleligibilityofparticipantstobeabletoparticipateinthestudy 
wasalwaysassessedbyamedicaldoctor.ThestudywasexecutedinaccordancewiththedeclarationofHelsinkiandwasapproved 
bythemedicalethicalcommitteeoftheMaastrichtUniversityMedicalCenter.Thecurrentstudywasregisteredat()withtheidentifierNCT052
63232.Allparticipantsprovidedwritteninformedconsent.Theexperimentstookplace 
betweenAprilandOctober2022toavoidconfoundingbythetransitionfromEuropeandaylight-savingtimetostandardtimeand 
itsassociatedchangeinphotoperiod.
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METHODDETAILS

Samplesizecalculation 
Wehypothesizedthatnaturalofficelightingduringthedaywouldimproveaverage24hglucoselevelscomparedtoartificialoffice 
light.Aprevioustrialinvestigatingtheeffectofanacuteboutoflow-intensityexerciseonaverage24-hourglucoselevels72found 

areductionofglucoselevelsfrom9.4±0.8mmol/Lto7.8±0.9mmol/L(mean±SEM)correspondingtoameanchangeof∼17%.Weexpectedt
hepotentiallybeneficialeffectofnaturaldaylightvs.artificiallighttobelesspronouncedcomparedtotheeffect oflow-
intensityexerciseandestimatedthateffecttobe10%.Toestimatetherequiredgroupsize(n)weusedtheG*Powercalculator 

3.1forastudydesignwithtwodependentsamples(matchedpairs,two-sidedt-test).Weassumeda∼12%between-subjectvari-
abilityofthechangeinaverage24hglucosemeasuredbyCGM,basedontheaforementionedstudy,72withapower(1-β)of80%and 
asignificancelevel(α)of5%,thesamplesizeneededforourstudywas14.Thestudywasprematurelyterminatedafter13completed 
participants,sincewecouldonlytestthatmanyparticipantsoverthesummertime(ApriltoOctober2022)beforethetransitionfrom 
daylightsavingtimetostandardtimeoccurred.IntheNetherlands,thephotoperiodprogressivelydecreasesfromthatpointon,so 
thattheartificiallightconditionwouldhavebeenbrighterthanthenaturallightconditionatthebeginningandattheendofoffice 
hours.Furthermore,theofficeenvironmentwasnolongeravailablefromApril2023onwards.

Studydesign 
Randomizationandallocationofeligibleparticipantstotheorderofthetwolightconditionswerecarriedoutbysequentialnumbering 
(7participantsstartedwithnaturallightastheirfirstinterventionperiod,and6participantsviceversa).Awashoutofatleastfour 
weekswaskeptbetweeninterventionperiods.Duringthe3-dayrun-inperiodathome,participantswereinstructedtogotobed 
at23:00±00:30handwakeupat07:00±00:30h,avoidtheconsumptionofcaffeineandalcohol,followanormaleatingpattern 
(3mealsadayatregulartimes:09:00,14:00and19:00±00:30h),refrainfromstrenuousexerciseandavoidexcessivebrightor 
dimlightduringtheday.Asleepandfooddiarywereprovidedtoparticipantstomonitorsimilarbehaviorforbothrespectiverun-
inperiods.Adherencetotheactivityandbedtimesathomewasfurthermonitoredusingwrist-wornactigraphy(ActiwatchSpectrum 
Plus,PhilipsRespironics,Inc;Murrysville,PA,USA).Inthemorningbetween07:00and08:00hofday2to5,participantsstayedin 
artificialindoorlightingof<400lux(seemoredetailsbelowinthesection‘‘quantificationoflightcharacteristics’’)andhadthe 
opportunitytotakeashower.Roomtemperaturewasmonitoredeverydayduringofficelightinghours.

Studymeals 
Duringtheinterventionperiods,participantswereprovidedwithstandardizedmealsmatchingtheirenergyrequirementsatfixed 
times.Forthispurpose,energyrequirementswereestimatedbasedontheHarris-Benedictformula73multipliedwithanactivityfactor 

of1.5.Breakfastwasservedat9:00handconsistedof∼21%oftheestimateddailyenergyintake(E%).Lunchwasservedat14:00h (∼30E

%)anddinnerwasservedat19:00h(∼49E%).Breakfastandlunchwerebread-based,whilethedinnermainlyconsistedofa pre-
packagedmeal.Noothersnacksordrinkswereprovidedbetweenmealsexceptforwateranddecaffeinatedteaorcoffee.Daily 

macronutrientcompositionwasaimedtoresemblethetypicalWesterndietwith∼31%ofthedailyintakefromfats(∼9%energyfrom 

saturated),∼55%fromcarbohydratesand∼14%fromproteins.Identicalmealswereservedforbreakfastandluncheachday,while 
thetypeofdinnermealchangedbetweendays.Nonetheless,theoverallmealplanwaskeptidenticalforboth4.5-dayintervention 
periods.Participantsmaintainedtheirdiabetesmedicationscheduleofingestingrespectivepillsconcurrentlywithmeals.To 
standardizephysicalactivity,participantsperformedsomelightphysicalexercisefor30min(e.g.3x5minofsteppingonasingle 
stairinterspersedwith5minofstanding)threetimesperday,onehouraftereachmeal.

Quantificationoflightcharacteristics 
Lightcharacteristicsinthenaturalofficelightconditionweremeasuredatregularintervalseachdayduringofficehours(e.g.at08:00, 
10:00,12:30,14:00,15:30and17:00forday1today4;at09:00,10:00,11:00,12:00and13:00onday5duringthemixedmealtoler-
ancetest)withaspectrometer(Ai101SpectralIrradianceMeter,Apacer,Taiwan).Artificiallightsourcesweresetuptoachievealight 
intensityofapproximately300luxphotopicilluminance(±5lux),whichwasmonitoredonlyoncedailyduetotheconstantnatureof 
thislightcondition.Onalloccasionsthatparticipantshadtoleavetheofficeroomoftheirrespectivelightconditionorcouldbe 
exposedtooutdoorlightortotoobrightlightintheeveningwhengoingtothetoilet,orange-tintedblue-lightblockingglasses 
(FigureS12A)wereworn.Byusingtheseorange-tintedblue-lightblockingglasses,weensuredthatthroughoutthe4.5-daystudy 
periodintheartificiallightconditiontheparticipants’eyeswereneverexposedtotheenrichedshort-wavelengthsofdaylight,which 
arethewavelengthstowhichthehumancircadiansystemismostsensitive.Tonotinduceanyeffectofusingtheseorange-tinted blue-
lightblockingglassesonlyintheartificiallightcondition,participantsalsoworetheseglassesatthesameinstancesinthenat-
urallightcondition,wheneverleavingthecontrolledofficelightenvironment.Inbothlightconditions,between07:00and08:00aswell 
as17:00and18:00h,participantsstayedinindoorlightingconditionsof<400lux.Subsequently,from18:00htobedtimeat23:00h, 
participantsstayedindimlightconditions(<5lux)andthetelevisionandotherelectricdeviceswerealsosetto<5lux.Nightswere 
spentincompletedarknessfrom23:00to7:00h.

Allspectrometermeasurementswerecarriedoutverticallyintheoutwarddirectionoftheopticalaxisattheeyelevelsimulatinga
participantsittingattheofficedeskeitherfacingthewindow(innaturalofficelight),thewall(inartificialofficelight),orthetelevision
intheeveningindimlight(forbothlightinterventions),orthecomputerwhensittingatthedeskandoncefacingtheTVsittinginbed
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(seeFigureS12Bforaphotooftheeveningroom).Theselattertwopositionswereselectedasvolunteersusuallyspentmostoftheir
timeintheeveningsinthismannerofdirectingtheirview.Thecollecteddatawereextractedandfurtherconvertedfromrelativeto
absoluteirradiancevaluesby.74Averageilluminance,-opic(ir)radiances75andspectralirradiancesforthenatural
officelightfromday1today4overallparticipantsarereportedaccordingtoSpitschanetal.76inTableS1.Similarly,light
specificationsforthetimeperiodsoutsideofofficehours(e.g.07:00-08:00,17:00-18:00and18:00-23:00h)arereportedin
TableS2.Onlyfluorescentlightsourceswereinstalledintherespectivelaboratoryrooms.

Onday3,participantsstayedinarespirationchamberfrom18:00to07:15thenextmorning.From18:00to23:00,dimlight(<5lux)
wasswitchedon,andduringthedarksleepingperiod,participantscouldonlyswitchonthisdimlight,whengoingtothetoiletwithin
therespirationchamber.Theinstalledlightsystemwithintherespirationchamberconsistedoflight-emittingdiode(LED)wall
washers(PhilipsSkyRibbonIntelliHueWallWashingPowercore).Bycombiningandpreciselycontrollingmultiplechannelsofthe
LEDlight,thesystemcanproducewhitelight.Thedescribeddimlightconditionwassettoacorrelatedcolourtemperatureof
4000K.Detailedspectralpropertiesofthedimlightconditionwithintherespirationchamberweresimilarasreportedpreviously27

andcanbeaccessedusing(under‘‘RelatedItems’’,photosofthe spectralmeasurementset-upinFiguresS12CandS12D).

Continuousglucosemonitoring 
Afterarrivalonday1ofeachinterventionperiod,acontinuousglucosemonitor(CGM)(FreestyleLibreProiQ,AbbottLaboratories, 
USA)wasplacedonthedominantupperarmoftheparticipants.Interstitialglucoselevelsweremeasuredevery15minutesacross 
theentireinterventionperiod.DataoftheCGMwerenotshowntotheparticipantsduringthestudy.TheCGMwasremovedatthe 
endoftheinterventionperiodonday5.Toquantifytheprimaryoutcomeofthisstudy,namelyglucosecontrol,continuousglucose 
monitordatawasobtainedovertheentireexperimentalperiodspentintheresearchfacilitiesof4.5daysforbothnaturalandartificial 
officelighting.Thesecontinuousdataweredividedintocategoriesbasedonthe2022clinicalpracticerecommendationsof 
theAmericanDiabetesAssociation(ADA),32whichwereavailablewhenourstudywascommenced:hypoglycemia<4.0mmol/l, 
lowbloodglucose4.0–4.3mmol/l,normalrange4.4–7.2mmol/l,highbloodglucose7.3–9.9mmol/l,and 
hyperglycemia>10.0mmol/l.Resultsarereportedaspercentagesoftimespentintherespectivecategories.Timeinnormalrange 
(TIR)wasalsocalculatedaccordingtothemostrecent(2024)recommendationsoftheADA.35 

Togeneratedeeperinsightsinto24-hourglucosedynamicsbetweenlightconditions,wefurthermodelledtheCGMdatausinga 
computationalframework,36takingtherecurringstandardizedmealtimes(e.g.09:00,14:00and19:00h)intoaccount.Inbrief,the 
mealtimesareusedtomodelpostprandialinterstitialglucoseincreases,andboththesizeoftheglucosespike(termed‘‘response 
heights’’)aswellasthetimeneededforglucosetoreturntobaseline(termed‘‘responsehalf-life’’)areinferredforeachindividualand 
eachlightconditionindependently.Themodelalsoincludesanunderlying24-hourcosinorfunctiontodescribe24-houroscillations 
inbaseline(i.e.irrespectiveofmealintake)glucoselevels.This24-hourcosinorfunctionisdescribedby‘‘baseline’’,‘‘peak-to-trough 
amplitude’’and‘‘peaktime’’parameters,whicharesimilarlylearntforeachparticipantandlightcondition.Themodelistrainedby 
minimizingtheerrorbetweenthemodelandtheCGMdatausingamaximumaposterioriprobability(MAP)estimatefrom200 
differentstartingconditions,andthesettingsandparametersoftheoriginalmethodwereleftunchanged.Associationsbetween 
classicandmodelledCGMparameterswerequantifiedbycombiningthenaturalandartificiallightconditionsandusingalinear 
mixedregressionmodelaccountingforrepeateddatainindividualparticipants.Themodelwasfittedusingthe’MixedLM’class 
fromthe’statsmodels’library(v0.13.0).

Bodycomposition 
Tomonitorifbodycompositionremainedstableoverthewashoutperiodbetweenlightconditions,bodycompositionwas 
determinedinthefastedstatedinthemorningofday2ofeachinterventionperiod.Participants’bodymassandbodyvolume 
weredeterminedusingairdisplacementplethysmography(BodPod,CosMed,Italy),accordingtothemanufacturer’sprotocol,as 
reportedpreviously.77

Sleepandmoodquestionnaires 
Eachmorningafterparticipantswokeup,participantscompletedtheLeedsSleepingEvaluationQuestionnaire(LSEQ).78Onday2 
theyalsofilledinthePittsburghSleepQualityIndex(PSQI)questionnaire,whichprovidesinformationonsleepqualityoverthe 
previousfourweeks.79Attheendofeachofficeday(day1to4,at16:45h)participantsalsocompletedamoodandcomfort 
questionnaire(e.g.visualanaloguescales).

Indirectcalorimetry 
Ontheeveningofday3(from18:00honwards)participantsenteredarespirationchamber,inwhichtheystayeduntil07:00hinthe 
morningofday4.Duringthistimetheoxygenconsumptionandcarbondioxideproductionwerecontinuouslymeasured(Omnical, 
MaastrichtInstruments,Maastricht,TheNetherlands)andfurtherusedtocalculatewhole-bodyenergyexpenditure,therespiratory 
exchangeratio(RER)andcarbohydrateandfatoxidation.Onday4,oxygenconsumptionandcarbondioxideproductionwere 
measuredviaaventilatedhoodsystemwhilerestingonabedfor30minutesat08:30,13:00,18:00and22:00h(Omnical,Maastricht 
Instruments,Maastricht,TheNetherlands).Theday4measurementsat08:30and13:00hwereconductedintherespectiveoffice 
lightsettingwhereasmeasurementsat18:00and22:00hwereconductedunderdimlightconditions.Energyexpenditureand
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substrateoxidationwerecalculatedusingtheBrouwerequation80withproteinoxidationbeingestimatedas12.4%ofenergyexpen-
diture.Sleepingmetabolicratewasdefinedasthelowestcontinuous3-hourperiodofenergyexpenditureduringthenightspentin
therespirationchamber.

Ambient,skinandcorebodytemperature 
Ambienttemperaturewascontinuouslymonitoredineveryroom,inwhichparticipantsspenttimeacrossthe4.5-dayinterventions. 
Forthatpurpose,amobilethermometer(ThermoPro,Canada)waspositionedatdeskheightintherespectiveofficelightconditionas 
wellasinthebedroomsinwhichparticipantsspenteveningsandnights.Temperaturedatawereloggedbihourlyduringdaytime (07:00-
23:00h).Fromday3at08:00htoday4at08:00h,skintemperaturesweremeasuredat14ISO-definedbodysitesusing 
wirelesstemperaturesensors(iButtons,MaximIntegratedProducts,USA).81Corebodytemperature(CBT)wasmeasuredusing 

aningestibletelemetricpill(e-Celsius,BodyCap,France),whichparticipantsswallowedwiththelunchmealat∼14:00onday3 

toassessCBTover∼24hoursuntilthepillwasexcretedwiththestool.ThenadirinCBTisoftenusedasanindicatorofcircadian 
phase82besidesdim-lightmelatoninonset(DLMO).Forthispurpose,wedefinedthenadirinCBTasthetimeatwhichtheminimum 
CBToccurredaveragedover15-minintervalstoexcludeartefacts.

Bloodpressureandheartrateassessment 
Bloodpressureandheartrateweremeasuredatresteveryhourstartingat08:00hduringthewakingperiodofday4,andeverytwo 
hoursfrom00:00honwardswhileasleepinthenightbetweenday4today5.Duringwakehours(07:00-23:00h)participantswere 
sittingatadeskwhentheautomatedcuff(OmronHealthcareCo.,Ltd.,Kyoto,Japan)wasapplied,whileparticipantswerelyingin 
bedfrom23:00-07:00h.Bloodpressureandheartrateweremeasuredduringthewakingperiodthreetimesforeverytimepoint, 
andsystolic,diastolicandheartratewereaveragedoutofthesethreemeasurementsforalltimepoints.Duringthenightthe 
measurementwasperformedonlyoncetominimizedisturbanceofsleep.

24-hourbloodandeveningsalivasampling 
Inthemorningonday4,anintravenouscannulawasplacedintheparticipants’forearmforblooddrawsat08:00,10:00,12:00,13:00, 
14:00,16:00,18:00,20:00,22:00,23:00,00:00,02:00,04:00,06:00and08:00hthenextmorning.Bloodsampleswerecollectedin 
EDTAplasmaandserumseparatortubesandcentrifugedat1300gfor10minat4◦Candroomtemperature,respectively.Plasma 
andserumwerepipettedinaliquotswhichwerefrozeninliquidnitrogenandstoredat-80◦Cforlateranalysis.

SalivawascapturedusingSalivetteat18:00,19:00,20:00,20:30,21:00,21:30,22:00,22:30and23:00hduringday4.Participants
chewedonaswabforapproximately2minafterwhichtheyputtheswabbackintheSalivettecontainer.Thecontainerwas
centrifugedat4◦Cfor2minutesat1000g.Thesalivawaspipettedinaliquots,whichwerefrozeninliquidnitrogenandstoredat-
80◦Cforlateranalysis.

Skeletalmusclebiopsy 
Onthemorningofday5between07:45and08:45h,askeletalmusclebiopsywastakenintheovernightfastedstate.Themuscle 
biopsywastakenfromthemusclevastuslateralisunderlocalanesthesia(1%lidocaine,withoutepinephrine)accordingtothe 
Bergstromtechnique.83Theleginwhichthemusclebiopsywastakenduringthefirstinterventionperiodwasrandomized,andin 
thesecondinterventionperiodthebiopsywastakenfromtheoppositeleg.Partofthemusclebiopsy(50-100mg)wasprocessed 
forisolationofhumanprimarymusclesatellitecells.Subsequentlymyogenichumanprimarymusclesatellitecellswereselectedwith 
MACScellsortingusingamouseCD56-antibodyaspreviouslydescribed.84Theremainingmusclesampleswerefreedfromany visiblenon-
musclematerial,directlyfrozeninmeltingisopentaneandstoredat-80◦Cforlateranalysis.

Mixedmealtolerancetest 
Inthemorningofday5,amixedmealtolerancetest(MMTT)wasperformed.Atapproximately09:00hparticipantsconsumedameal 
shake(EnsurePlus,AbbottLaboratories,USA)withthesameenergycontentastheirdailybreakfastofthemealplan.Macronutrient 
andenergycompositionper100mloftheshakewere16.8gcarbohydrates,9.1gprotein,4.8gfatand150kcal.Bloodsampleswere 
takenduringtheMMTTat0,15,30,45,60,90,120,150,180and240minafterconsumptionofthemeal.Indirectcalorimetrywas 
performedat30,60,120,180,and240min.Unfortunately,baselineindirectcalorimetrymeasurementscouldnotbeperformeddue 
tologisticalreasons.Plasmaglucose,freefattyacidsandserumtriacylglycerollevelsweredeterminedasdescribedabove,whereas 
insulinlevelsweremeasuredinserumwithanELISAkit(CrystalChem,ElkGroveVillage,USA).

Salivarymelatoninassessment 
MelatoninconcentrationwasmeasuredbyRadio-immuno-assay(RK-DSM2ofNovolytix,Basel,Switzerland).Intra- assayCVwas 
32.5%forlowconcentrations(1.0pg/ml)and10.9%forhighconcentrations(13.9pg/ml).Inter-assayCVwas30.9%forlowconcen-
trations(0.9pg/ml)and8.7%forhighconcentrations(15.3pg/ml).Thelowerlimitofquantificationwas0.33pg/ml.Dim-lightmela-
toninonset(DLMO)wasdeterminedaccordingtoSt.Hilaire&Lockley.85Inshort,theDLMOthresholdwassetto3pg/ml,andafter 
firstexceeding3pg/ml,melatoninconcentrationshadtobehigherthanorequalto3pg/mlforthenexttwotimepointstofulfilthe 
DLMOcriterium(ifthesetimepointswereavailable).ExactDLMOwascalculatedbylinearinterpolationbetweenthelastpointbefore 
andthefirstpointthatreachedtheDLMOcriterium.Ifforatleastonelightcondition,noDLMOcouldbedetectedoverthesaliva
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samplingperiod(n=3)orifmelatoninconcentrationwereabove3pg/mlfrom18:00honwards(n=1),individualswereexcludedfrom 
furtherDLMOanalyses.

Plasma,serumandmonocyteanalysis 
Plasmaglucose,freefattyacidsandserumtriacylglycerolweremeasuredcolorimetricallyusingaCobasPentraC400analyser 
(Horiba,Montpellier,France).Serummetabolomicsandlipidomicsanalyses,aswellasmonocytetranscriptomics,werecarried 
outinsamplesobtainedat08:00and16:00honday4.Formetabolomics/lipidomics,twentymicrolitersofserumwerespiked 
withamixtureofheavyisotopelabelledinternalstandards.Samplesformetabolomicswereextractedusingmethanolandwere 
runusinga1290InfinityIIUHPLCsystem(AgilentTechnologies)coupledwitha6470triplequadrupolemassspectrometer(Agilent 
Technologies)fortheLC-MS/MSanalysis.Forlipidomicanalysis,sampleswereextractedwithMethyltert-butyletherand 
methanol.86TheLC-MSanalysiswasperformedusingaVanquishUHPLCsystem(ThermoFisherScientific)combinedwithan 
OrbitrapFusionLumosTribridmassspectrometer(ThermoFisherScientific),aspreviouslydescribed.40,87,88Missingdatawere 
imputedas1/5thofthelowestvaluepermetaboliteandlipid.Datawerescaled,probabilisticquotientnormalizedandlog2 transformed.

Forbloodmonocyteisolation,8mLbloodwascollectedinaCPT-tube(BDvacutainerCPT,BD,FranklinLakes,USA)andcentri-
fugedfor20minat1800g.Thereafter,mononuclearcellswerecollectedandwashedwithPBS,centrifugedfor8minat350g.Cells
werefrozenat-80oCinafreezingmediumcontaining10%DMSO.CD14+magneticbeads(MiltenyiBiotec)wereaddedtothawed
mononuclearcells(20μlper107cells)andthemixturewasincubatedfor15minutesat4◦C.Afterincubation,thesamplewaswashed
with2mLofseparationbufferper107cellsandcentrifugedat500gfor10minutesatroomtemperaturewithoutbrake.Thesuper-
natantwasdiscarded,andseparationwasperformedusinganAutomacspro-
separator(MiltenyiBiotec)underthe‘‘Posselweb’’program.Theresultingmonocytefractionwascentrifugedat330gfor10minutesat4 ◦C,r
esuspendedinPBS,andcentrifugedagain at700gfor3minutes.Thefinalmonocytepelletwasstoredat-80◦Cuntilfurtheruse.

Serummassspectrometryanalyses 
ForthemetabolomicsanalysesthechromatographicseparationforsampleswascarriedoutonaZORBAXRRHDExtend-C18,2.1x 
150mm,1.8μmanalyticalcolumn(AgilentTechnologies).Thecolumnwasmaintainedat40◦Cand4μLofsamplewasinjectedper 
run.ThemobilephaseAwas3%methanol(v/v),10mMtributylamine,15mMaceticacidinwaterandmobilephaseBwas10mM 
tributylamine,15mMaceticacidinmethanol,usingagradientwith22minduration.Thetriplequadrupolemassspectrometerwas 
operatedinnegativeelectrosprayionizationmode.ThemetabolitesofinterestweredetectedusingadynamicMRMmode.PeakBot 
software(vers.0.9.54)wasusedfordataprocessing.Ten-pointcalibrationcurveswithinternalstandardizationwereconstructedfor 
absolutequantificationofmetabolites.

Forthelipidomicanalysis,LipidseparationwasperformedbyreversedphasechromatographyemployinganAccucoreC18,
2.6μm,150x2mm(ThermoFisherScientific)analyticalcolumnatacolumntemperatureof35◦C.AsmobilephaseAanacetoni-trile/
water(50/50,v/v)solutioncontaining10mMammoniumformateand0.1%formicacidwasused.MobilephaseBconsistedof
acetonitrile/isopropanol/water(10/88/2,v/v/v)containing10mMammoniumformateand0.1%formicacid.Theflowratewassetto
400μL/min.ThemassspectrometerwasoperatedinESI-positiveand-negativemodeandtheOrbitrapMSwassetinscanmodeat
120000massresolutionwithinarangefrom250-1200m/z.ThedataanalysiswasperformedusingtheTraceFindersoftware
(ThermoFisherScientific).Missingdatawereimputedas1/5thofthelowestvalueperlipid.Datawerescaled,mean-centeredand
log2transformed.

Monocytetranscriptomicanalyses 
RNAquantificationwasperformedwithaQubitfluorimeter(ThermoFisherScientific)andRNAintegrityassessedwithaBioanalyzer 
(AgilentTechnologies).TheIlluminaStrandedmRNAPrepkit(Illumina)wasusedforthelibrarypreparationwith200ngoftotalRNAas 
input.LibrarymolarityandqualitywereassessedwiththeQubitandTapestation(AgilentTechnologies).Librariesweresequencedon 
aNovaSeq6000sequencer(Illumina)using100-bpsingle-endreadsprotocolattheiGE3GenomicsPlatformoftheUniversityof 
Geneva.QualitycontrolwasperformedwithFastQCv.0.11.9.ThereadswerealignedwithSTARv.2.7.0f70tothehumanUCSC 
genomehg38.ThegeneexpressionwasquantifiedwithHTSeqv.0.9.1.71Filteringoutlowlyexpressedgenes,normalizationanddif-
ferentialexpressionanalysiswereperformedwiththeR/BioconductorpackageedgeRv.3.38.4.89Statisticalsignificancewasas-
sessedwithagenerallinearmodel,negativebinomialdistribution,andquasi-likelihoodFtest.Over-representationanalysisof 
GeneOntologytermsandKEGGpathwayswereperformedwiththeR/Bioconductorpackages:clusterProfilerv.4.9.0andorg.H-
s.eg.db3.15.0.Transcriptdifferentialexpressionandgenesetenrichmentanalysesweredoneusingthelimmapackage(version 
3.58.1)inR(version4.3.1),usingtheBaderLabgenesetresource()withclustering doneusingEnrichmentMapandAutoAnnotate.90

Musclegenetranscriptquantification 
Partofthemusclematerial(10mg)wasusedforRNAisolationandgenetranscriptabundancedeterminationbyreal-timePCRas 
describedinHarmsenetal.91Tominimizethevariabilityinreferencegenenormalization,thegeometricmeanoftworeferencegenes 
(RPL26andRPLP0)wasusedastheinternalreferenceforcomparativegeneexpressionanalysisbetweenconditions92forBmal1, 
Clock,Cry1,Per1,Per2,Per3,Reverba,andRora.
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Primaryhumanskeletalmyotubecultureandlentiviraltransduction 
PrimarymyoblastswereculturedinHam’sF-10NutrientMix,GlutaMAXSupplementmedium(Gibco,Paisley,Scotland,UK), 
enrichedin20%fetalbovineserum(Gibco,Paisley,Scotland,UK),1%penicillin/streptomycin(Gibco,Paisley,Scotland,UK), 
0.5%gentamycin(SigmaAldrich,SaintLouis,USA)and1:500amphotericinB(Gibco,Paisley,Scotland,UK)untilreachingthe 60-
70%ofconfluence.MyoblastsweretransducedwithBMAL1-luciferase(BMAL1-luc)lentivectorsatMOI=3.38Afterreaching 90-
100%ofconfluence,myoblastsweredifferentiatedintomyotubesfor4-6daysinDMEM1g/mlglucose,pyruvate(Gibco, 
Paisley,Scotland,UK)supplementedin2%fetalbovineserum(Gibco,Paisley,Scotland,UK),1%penicillin/streptomycin(Gibco, 
Paisley,Scotland,UK),0.5%gentamycin(SigmaAldrich,SaintLouis,USA)and1:500amphotericinB(Gibco,Paisley,Scotland,UK).

Real-timebioluminescencerecordingandanalysis 
Differentiatedmyotubesweresynchronizedwith10μMforskolin(SigmaAldrich,SaintLouis,USA)andincubatedfor1hat37◦C. 
Next,theculturemediumwasreplacedwithrecordingmediumcontaining100μMluciferin(NanolightTechnology)andcellswere 
placedin37◦CActimetricsLumiCycle,aspreviouslydescribed,37,38,87forreal-timerecordingofBMAL1-lucbioluminescencefor 
thedurationof96h.Generatedbioluminescenceprofileswerenormalizedtothemovingaverageof24h(detrended).93Circadian 
parameterswerecalculatedbasedondetrendeddatausingtheChronostar3.0software94withthesinusoidfunctionfittothe 12–
100hdatarange.WeusedPartialLeastSquaresRegression(PLSR)topredictthebioluminescencephaseusingclockgene 
expression.Weusedthefunction‘PLSRegression’withinscikit-learn(v1.0.2)andwithn_components=1.Weusedalldatafrom 
bothconditions,andweusedaleave-participant-outcross-validationpredictionapproachtoavoidthesameparticipantbeingin 
thetrainingandtestset.Themodelwastrainedonalldataexcludingoneparticipant,andthenthemodelwasusedtopredictthe 
testparticipantvalues.Thisprocedurewasperformedforallparticipants.Themodelwasthentrainedonallparticipantstoretrieve 
themodelparameters.

QUANTIFICATIONANDSTATISTICALANALYSIS

A2-wayrepeatedmeasuresANOVAwithtimeandcondition(condition:naturalvs.artificialofficelight)andtheirinteractionasfixed
effectswasappliedtotestfordifferencesovertimebetweennaturalandartificialofficelightin24-hourplasmametabolites,substrate
metabolismandenergyexpenditure,coreandskintemperature,bloodpressureandheartrate.Incaseofindividualmissingtime
points,ageneralizedlinearmixedmodelwasruninsteadofthe2-wayrepeatedmeasuresANOVA.Intheabsenceofinteraction,
weinterpretedthemaineffectforcondition,andinthecaseofstatisticalsignificance,wefolloweduptheconditioneffectwith
pairwisecomparisonspertimepointusingBonferronipost-hoctests.Pairedt-testswereconductedtodetectdifferencesbetween
naturalvs.artificialofficelightinallotheroutcomeswithoutrepeatedmeasures,andWilcoxontestswereperformedfornon-normally
distributeddata.Ifcompletedatawasnotavailableforcertainoutcomesforallparticipants(n=13),mostlyduetotechnicalissues
duringindividualmeasurements,therespectivelyapplicablesamplesizeisstatedintherespectivefigurelegends.

Differencesinserummetabolites,lipidfamilies,lipidspecies,andbloodmonocytetranscriptsbetweennaturalandartificiallight
conditionsweremodelledusingOrthogonalPartialLeastSquaresDiscriminantAnalysis(OPLS-DA).95SeparateOPLS-DAmodels
werebuiltforeachdatasetatthe08:00hand16:00htimepointsusingropls.FromthepredictivecomponentofeachOPLS-DA
model,correlation-scaledloadings(p(corr))wereobtainedforeachfeature.Statistically,thecorrelation-scaledloading(p(corr))for
agivenmoleculequantifiesthePearsoncorrelationbetweenthatmolecule’sabundanceprofileacrossthesamplesandthemodel’s
predictivescore(component)thatmaximallyseparatesthegroups.Tocomparetargetsacrosstimepoints,SharedandUnique
Structures(SUS)plotswereconstructed.96Foreachtarget,thep(corr)valuefromthe16:00hmodel(X-axis)wasplottedagainst
thep(corr)valuefromthe08:00hmodel(Y-axis).

Formachinelearninganalysesoftheomicsdatasets,thecaretpackage(version6.0.94)inRwasutilized,incorporatingaleave-one-
participant-outcross-validationapproach.Thisensuredthatalldatapointsfromanindividualparticipantwereexcludedfromthe
trainingsetwhenevaluatingthesameparticipantinthetestset.Toenhanceclassificationperformanceoflightandtimeconditions,
recursivefeatureeliminationwasappliedtoidentifythemostpredictivevariables.Toensurethereproducibilityoftheclassification
accuracyofthemachinelearningmodels,each-omicsdataset(metabolomic,lipidomicandtranscriptomic)waspartitionedinto
trainingandtestsetsandrunusing200uniqueseeds.Dataarepresentedasmean±SEM(standarderrorofthemean)unless
indicatedotherwise.Thelevelofsignificancewassetto<0.05forallanalyses.

CellMetabolism38,65–81.e1–e10,January6,2026e10


