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CaxeTak

Linre papa je npernen caBpemeHe nuTepaType Ha TeMy NOBE3aHOCTH Linp-
KagujanHor cuctema ca HactaHkoM metabonuykunx nopemehaja koju YnHe
MeTabonuyku cuHapoMm. YpaheH je npernea gocagallibux UCTpaxmsama
Ha TeMy XpPOHOGWOMOLLKMX acnekaTta y metabonuamy v mMeTabonmukom
cuHapomy. Mprmer-eHa je enekTpoHcKa npeTpara nutepatype y oKBupy
6ase nopgataka PubMed. KopuwheHe cy krbydHe peuu: umpkagujanHu,
OVypHanHu putam, mMeTabonuyku CMHAPOM, LMpkagvjanHa Heycknahe-
HOCT, rmukemuja, nunuaun, speme obpoka. lNprkasaHn cy pedynTtatu CTy-
Owvja Koje cy nctpaxuearne yTvuaj CBETIOCTU, UCXPaHe, CHa U XpoHOTUNa
Ha putmoBe y MeTabonuamy. Ocum Tora, NpukasaHe cy u cTpaTeruje Koje
noborbLiaBajy umMpkagujanHo ycknahusawe. OHe yKibyyyjy MHTepBeEHLM-
je Koje ce Tnyy moaynauvje ekcnosuuuje cBeTnocTu, pUuTMa cnasaka u
OyaHocTU, hrsnyke akTMBHOCTU, UCXpPaHe 1 XpoHoTepanuje. Mako nocTo-
ju pocta nogataka Ha XXMBOTMHCKMM MOAENMMA KOju MOKasyjy LUMPOKY
ynory uvpkagujanHor cuctema y metabonusmy, Ha rbyavMma uMa Mawe
ncnuTuBara. JoL yBEK je HejaCcHO Kako Uy KOM CTeneHy ce uvpkaaujan-
Ha 1 anypHanHa uctTpaxmueatka Ha rmogapuma npesoge Ha royae. flogat-
HW Npobnemun y Tymadewy CTyauja LMpKaaujanHor cuctema cy nocne-
Avua pasnuka y AusajHy eKkcrnepuMeHata M KOHTPONW CroSballhbyX Uin
dakTopa noHallaka, YecTo Marne BEenuyMHe ysopaka u noctojare pa-
3NUUUTKX UmpkagujanHmux metabonunykmx deHotunosa. Ctyauje nokasyjy
fa nocToju uMpkagujanHa perynauvja y Buile acnekata metabonuama,
YKIbYYyjyhu rnykosy, UHCYNUH, TornepaHuujy Ha riykoay, HuBoe nunuaa,
noTpOLUKY eHepruje n anetut. MHory aHabonuykn pUTMOBU KoA Tbyau
OOCTWXY BpXyHal, y NPernofHEBHUM WM PaHVWM MOMOAHEBHUM caTuma,
na 6u paHuje Tokom gaHa 6uno onTUManHo Bpeme 3a yHOC XpaHe, a Hoh
onTVMMarnHa 3a crnaBake W MocT, WTo noborbLiaBa KOHTPOMYy rnukemuje
1 onakwasa rybuTak TexuHe kog ogpacnux. LinpkagujanHa Heycknahe-
HOCT 13a3BaHa HealeKBaTHUM n3narakem CBETIOCTU, CHOM UM YHOCOM
XpaHe noropLuaBa KOHTPOIY rMUKEMUje N HEraTMBHO yTu4e Ha dakTope
YKIby4eHe y eHepreTcku 6anaHc u rybutak TexuHe, nosehasajyhu pmank
op rojasHocTu 1 anjabeteca. Y 6yayhHocTn he 6UTK 3HaYajHO UCTpaxu-
BaTW KOja TKMBA W OpraHy HajBule JOMpPUHOCE MEeTabonuykum pUTMO-
BMMa M KOjU Cy MOIIeKynapHu MexaHu3Mu, cTpatervje 3a uypkagujanty
CUHXPOHM3aLMjy, UHTepaKumje LmMpkaaujanHor cuctema ca dpakropuma
cTapersa 1 6onecTu, kKao 1 Monekyne Koju Aenyjy Ha MoneKynapHu car.

Krby4He peuu: uvpkaguvjaniu, guypHanHu putam, Lypka-
AvjanHa HeycknaheHoCT, rmykemMuja, nnnuauv, Bpeme obpoka

YBog

LinpkagujanHmn cucrem opraHusyje cmaunonorujy, metabo-
nmM3am 1 noHawawe y AHEBHOM LMKMyCy LMpKagujanHmx
puTMoBa. Pey umpkagujanHm notuye of naTMHCKOr KopeHa

Abstract

The aim of this paper was to review the contemporary literature on the
relationship between the circadian system and the development of met-
abolic disorders that constitute metabolic syndrome. A review of prior re-
search studies on chronobiological aspects of metabolism and metabolic
syndrome was done. A literature search was done electronically within
the PubMed database. The following keywords were used: circadian,
diurnal rhythm, metabolic syndrome, circadian misalignment, glycemia,
lipids, meal timing. The results of studies investigating the impact of light,
diet, sleep and chronotype on metabolic rhythms have been presented.
In addition, strategies that can improve circadian alignment, including
interventions aimed at modulating light exposure, sleep-wake rhythms,
physical activity, diet, and chronotherapy have been presented. While
there is a wealth of evidence from animal studies showing the circadian
system’s broad role in metabolism, research in humans is comparatively
limited. It is still unclear how and to what extent rodent studies on circa-
dian and diurnal rhythms translate to humans. Additional problems in in-
terpreting circadian studies result from differences in experimental design
and control for external or behavioral factors, often small sample sizes,
and the existence of different circadian metabolic phenotypes. Studies
have shown that there is circadian regulation in multiple aspects of me-
tabolism, including glucose, insulin, glucose tolerance, lipid levels, energy
expenditure, and appetite. Many anabolic rhythms in humans peak in the
morning and early afternoon, so the optimal time for food intake would
be earlier in the day, and the night would be ideal for sleep and fasting,
which improves glycemic control and facilitates weight loss in adults. Cir-
cadian misalignment caused by inadequate light exposure, sleep, or food
intake worsens glycemic control and negatively affects factors involved
in energy balance and weight loss, increasing the risk of obesity and di-
abetes. In the future, it will be important to investigate which tissues and
organs contribute most to metabolic rhythms and to examine molecular
mechanisms, strategies for circadian synchronization, interactions of the
circadian system with factors of aging and disease, as well as molecules
that act as molecular clocks.

Keywords: circadian, diurinal rhythm, circadian misalign-
ment, glycemia, lipids, meal timing

Introduction

The circadian system organizes metabolism, physiology,
and behavior in a daily cycle of circadian rhythms. The
term circadian originated from the Latin words circa mean-
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circa WTO 3Ha4yM OKO M diem WTO 3Ha4Yn faH, N Kao CBU
OWypHarHU puTMOBM, LMpKagujanHu putMOBKU Cy Nepuro-
On4YHKM obpacum Koju ce noHaerbajy OTNpuUnMKe ceaka 24
cata. Mehytum, 3a pasnuky og AWypHanHUX PUTMOBA,
UMpKaguvjarnHu puTMOBM CE FeHepuwlly eHOOreHo YHyTap
opraHuama v ogpxasajy ce Yak 1 y OACyCTBY Crosballhnx
BPEMEHCKMX 3HakoBa. TakBu uMpKagujanHi puTMOBMK CY
eBoryMpanu cToTMHama MununoHa roguHa aa m opkectpu-
panu MeTabonusam BpeMeHCKM opBajajyhm cynpoTtcra-
BfbeHe MeTabonuuke npouece (kao WTO cy aHabonvsam
n katabonusam) n npeasuhajyhn noHaerbajyhe uuknyce
Xparetba 1 rmagoBaka pagu ontummsauuje metabonuuke
edmkacHocTn [1-3]. YKynHu edpekaT je Aa cBu npouecu —
YKIbY4yjyin 0CEeTIbUBOCT Ha MHCYIUH, JTyYeHe MHCYIUHA,
CMHTe3y Xxonectepona, okcugauujy mMacT U NOTPOLLHY
eHepruje — npaTe putam TOKOM 24-4yacoBHoOr AaHa [2, 3, 4].

MeTtabonuukn cuHOpoMm je ckyn metabonuukmx abHop-
MarnHocTu Koje noeehasajy pu3unk of KapgnoBacKyrnapHUX
bonectn n anjabetec menuTyca. [maBHe KapakTepucTmke
MeTabonmnyKkor cuHapoMa yKrbyuyjy LeHTparnHy rojasHocrT,
xunepTpurnuuepuaemujy, Hu3ak HMBo HDL xonectepona,
XUNepriavkemMunjy n xmnepteHaujy. NoTtpebHo je aa noctojum
Tpu nnu BuLe oa cnegehunx kputepujyma:

e  LeHTparnHa rojasHocT: 0bum ctpyka >102 cm
(mywkapum), >88 cm (xeHe)

*  XunepTpurnuuepugemuja: HMBo Tpurnuuepuga =150
mg/dL vnn ogpeheHn nekosm

*  Hmsak HDL xonectepon: <40 mg/dL (M) n <50 mg/
dL (K), nnn ogpeheHun nekosu

e XunepTeHsuja: KpBHU Nputucak =130 mmHg
cucTonHM unm =85 mmHg anjacTonHu nnm
onpeheHn nekosu

*  HMBO rMyko3e y nnasmu HawTte =100 mg/dL unu
onpehenn nekosu [5].

Mopgaum cee Buwe cyrepuwly aa nopemehaj umpkagujan-
Hor cuctema noeehaBa pu3auk o MeTabonuuykux 6Gone-
cTn [6-9]. Y cTygujama rnogapa, OHM rnogapu Koju nmajy
MyTauuje reHa cata (reHu Koju perynuily uupkagujarnHu
CUCTEM) YecTO Mokasyjy rojasHe unu aujabetnyke deHo-
TMNoBe M nocenyjy Aedekre y KibyYHUM METabonmykmm
nyTeBMMa Kao LUTO Cy CEKpeLMja MHCYNMHA U ryKoHeore-
He3a [3, 10-12]. HeycknaheHOCT unpkaamjanHnx putmosa
KOA rrofapa YecTo MX YMHU XunepdarnyHuM, UHCYNH-pe-
3UCTEHTHUM M XunepnunngeMmmyHum [4, 7-9]. Y ncnutu-
BakMMa Ha Ibyauma, uMpkagujanHa HeycknaheHocT Ha
CNUYaH Ha4YMH NoawXKe HMBOE NYKO3e, UHCYNMHA U Tpu-
rmuuepmga [13—-15] n cmaryje noTpoluny eHepruje [16].
Crora je pasymeBare OBUX PUTMOBA BaXKHO paau yckna-
ArBaka BpemeHa kaga 6u Tpebano jectun, cnaeatu, 6uTtn

ing “around” and diem meaning “day,” and like all diurnal
rhythms, circadian rhythms are periodic patterns that re-
peat approximately every 24 hours. However, unlike di-
urnal rhythms, circadian rhythms are generated endoge-
nously within the organism and they continue to function
even in the absence of external time cues. Such circadian
rhythms have evolved over hundreds of millions of years to
orchestrate metabolism by temporally separating opposing
metabolic processes (such as anabolism and catabolism)
and by anticipating recurring feeding-fasting cycles to op-
timize metabolic efficiency [1-3]. The aggregate effect is
that an array of metabolic processes — including insulin
sensitivity, insulin secretion, cholesterol synthesis, fat oxi-
dation, and energy expenditure — all follow a rhythm across
the 24-hour day [2, 3, 4].

Metabolic syndrome is a cluster of metabolic conditions
that increase the risk of cardiovascular disease and dia-
betes mellitus. The main characteristics of metabolic syn-
drome include central obesity, hypertriglyceridemia, low
HDL cholesterol, hyperglycemia, and hypertension. Three
or more of the following criteria must be present:

» central obesity: waist circumference >102 cm (men),
>88 cm (women)

» hypertriglyceridemia: triglyceride level 2150 mg/dL
or the use of certain medications

* low HDL cholesterol: <40 mg/dL (men) and <50 mg/
dL (women), or the use of certain medications

* hypertension: systolic blood pressure reading of
2130 mmHg or diastolic blood pressure reading of
=85 mmHg or the use of certain medications

» fasting plasma glucose level 2100 mg/dL or the use
of certain medications [5].

Data increasingly suggest that disruption of the circadian
system increases the risk of metabolic diseases [6-9]. In
rodent studies, clock gene mutants i.e. those rodents with
mutations in clock genes (genes crucial for regulating the
circadian system) often display obese or diabetic pheno-
types and possess defects in core metabolic pathways
such as insulin secretion and gluconeogenesis [3, 10-12].
Misalignment of circadian rhythms in rodents often makes
them hyperphagic, insulin-resistant, and hyperlipidemic [4,
7-9]. In human trials, circadian misalignment similarly ele-
vates glucose, insulin, and triglyceride levels [13-15] and
lowers energy expenditure [16]. Therefore, understanding
these rhythms is important for timing when to eat, sleep,
be exposed to bright light, be physically active, and even
when to take medications to reduce the risk of metabolic
diseases [17-19].
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N3MNOXEH jakoM CBeTNY, BUTK hranykmn akTnBaH, na Yak u
Kaga Tpeba y3umaTtu nekoBe paau CMarbera pusmka of
meTabonunykmx 6onectn [17-19].

MeTtoponoruja

M3BpLUeH je nperne gocagallbnx UCTpaXueaka Ha TeMy
XPOHOBMONOLLKMX acnekata y metrabonuamy u metabo-
NMYKOM cuHapoMy. NpumerseHa je enekTpoHcKka npetpara
nutepatype y okBupy 6ase nogartaka PubMed. Kopuwhe-
He Cy KIby4YHe peuu: uvpkagujanHu, OUYpHanmHW puTam,
umpkagujanHa HeycknaheHocT, rmvkemuja, nunuau, Bpe-
me obpoka. NocebHa naxwa nocseheHa je ncTpaxuea-
by dhakTopa Koju Aenyjy Ha uMpKagujnaHy cUcTteMm, Kao 1
cTpaTervja Koje yTudy Ha uMpkaguvjanty CUHXpoHM3auujy.

LinpkagujanHu cucrtem

LinpkagujanHu cuctem npunpema opraHusam 3a puTMuYHe
npomMeHe umknyca gaHa un Hohu. Kog cucapa, oH ce cacto-
jv o ueHTpanHor cata y cynpaxuja3martckom jegpy (SCN)
npegrwer xvnotanamyca m nepudepHmMx catoBa Koju ce
Harase y opraHuma nonyT jeTpe, naHkpeaca, muwivha u
mMacHor TkmBa. CynpaxujasamaTcko jegpo ycknahyje putam
ca CrnorbHUM LIMKITYCOM CBETMOCTU U TaMe NnyTem AUPeKT-
HWMX CUrHana U3 Mpextade, a 3aTMM MPeHOoCK curHarne Ka
nepudepHnM catoBMMa NyTeM XOPMOHa (KOpTM30r1, Mena-
TOHVH), HEPBHWX NyTeBa U perynauuvje TenecHe Temnepa-
Type (cnwuka 1) [20, 21].

MepudepHa TkmBa KOMOWHYjy curHane u3 LeHTparHor
caTa ca CrnosbHUM hakTopuma (CaH, ucxpaHa n gumsmnyka
aKTUBHOCT) M MHTpaLenynapH1M pUuTMOBUMA, Kako by LWTo
edmkacHuje perynucana metabonusam [22]. Tv nHTpaue-
nynapH1 puTMOBU OApXaBajy ce CaTHUM reHnMa 1 npore-
MHMMA KOjU (PYHKLIMOHMLLY KPO3 TPaHCKPUMUMOHO-TPaHC-
naumoHy nospatHy netrvy (TTFL). OBaj mexaHusam je
npucyTaH y cKopo cBuM hernuvjama u 3a HeroBo OTkpuhe
Jeffery C. Hall, Michael Rosbash v Michael Young cy Ha-
rpahenn Hobenoesom Harpagom 3a meguunHy 2017. rogu-
He [23].

MyTaumje Hekmx caTHMX reHa nosehasajy CKIOHOCT Ka Me-
Tabonuukum nopemehajuma nonyT rojasHoOCTU, WUHCYMMWH-
cke pesucTeHumje n gujabeteca tvna 2 (T2DM). Bapwja-
umje reHa kao wto cy ARNTL, CLOCK, CRY2 n NR1D1
Koju doyHKumoHMLWwy kpo3 TTFL noBesaHe cy ca noBehaHum
HMBOMMA IMUKeMUje HallTe, rojasHoLwhy nnu sehm pusn-
Kom of HacTaHka T2DM [24].

3a pasnuky of 24-4acoBHOr pUTMa CBETNOCT-Tama, Lup-
KagujanHu putam 6naro ogcTyna of TadHo 24 yaca, na je

Methodology

A review of prior research studies on chronobiological as-
pects of metabolism and metabolic syndrome was done.
A literature search was performed electronically within the
PubMed database. The following keywords were used: cir-
cadian, diurnal rhythm, circadian misalignment, glycemia,
lipids, meal timing. Special attention was paid to the study
of factors that affect the circadian system, as well as of
strategies that influence circadian synchronization.

Circadian System

The circadian system prepares the body for the rhythmic
changes of the day and night cycle. In mammals, it con-
sists of a central clock in the suprachiasmatic nucleus
(SCN) of the anterior hypothalamus and a series of periph-
eral clocks located in organs such as the liver, pancreas,
muscle, and adipose tissue. The suprachiasmatic nucleus
synchronizes the rhythm with the external light-dark cycle
through direct signals from the retina, and then the SCN
relays this information to peripheral clocks via hormones
(cortisol, melatonin), neural pathways, and body tempera-
ture regulation (Figure 1) [20, 21].

Peripheral tissues integrate signals from the central clock
with external factors (sleep, diet, and physical activity) and
intracellular rhythms to regulate metabolism more efficient-
ly [22]. These intracellular rhythms are maintained by clock
genes and proteins that form a transcription-translational
feedback loop (TTFL). This mechanism is present in al-
most all cells and for its discovery Jeffery C. Hall, Michael
Rosbash, and Michael Young were awarded the 2017 No-
bel Prize in Medicine [23].

Mutations in some clock genes increase susceptibility to
metabolic disorders such as obesity, insulin resistance,
and type 2 diabetes (T2DM). Variations in genes such as
ARNTL, CLOCK, CRY2, and NR1D1, which are part of the
TTFL, are associated with elevated fasting blood glucose
levels, obesity, or an increased risk of developing T2DM
[24].

Unlike the 24-hour light-dark cycle, the circadian rhythm
deviates slightly from the cycle length of exactly 24 hours,
and requires a daily reset. Light is the main Zeitgeber
(“time giver”) for synchronizing the SCN to an accurate 24-
hour rhythm. Since most peripheral clocks do not receive
light signals directly, they are dependent on other stimuli
such as mealtimes and physical activity. Misalignment of
the central and peripheral clocks, when their respective
Zeitgebers are out of sync, can disrupt metabolism be-
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noTpebHO HEeroBO CBaKOAHEBHO peceToBane. CBeTnoct
je maBHu Zeitgeber (,0Haj Koju Oaje Bpeme”) 3a CUHXPO-
Hu3aumnjy SCN-a ca Ta4Hum 24-4yacoBHUM puTMOM. Kako
BehvHa nepugepHMx catoBa He npvMa QUPEKTHO CBETIOo-
CHEe curHane, OHU Cy 3aBWCHMW Of, APYruxX CTUMyryca Kao
LWTO cy Bpeme obpoka 1 usndka akTMBHOCT. Heycknahe-
HOCT LieHTparnHor 1 nepudepHmx caToBa, kaga Cy HUX0BU
Zeitgeber-n HenogynapHu, MOXe HapyLumMTn metabonmsam
jep ABa cucTema caTa 3ajeaHWYKN KOOpAMHUPpajy meTabo-
nnyke nytese [20, 22, 24].

TTFL ykrbyyyje reHe cata Kao LWITO Cy: reHu nepuoga
(PER1, PER2 n PER3), kpuntoxpom renn (CRY1 n CRY2),
ARNTL, CLOCK u reHu koju Kogupajy HykneapHe peen-
Tope REV-ERB (NR1D1 1 NR1D2) 1 ROR [24].

cause the two clock systems jointly coordinate metabolic
pathways [20, 22, 24].

The TTFL includes clock genes such as: period genes
(PER1, PER2 and PER3), cryptochrome genes (CRY1 and
CRY2), ARNTL, CLOCK and genes encoding the nuclear
receptors REV-ERB (NR1D1 and NR1D2) and ROR[24].

- LleHTpanHu cat
(Mena'rouvm KopTu3on,TenecHa 'remnepaTypa)

EkcTepHu chakTopmn

Central Clock

(melaton/n cortisol,core body temperature)

.'.YHyTpaLIJI-bVI dxaKTop,;"’-'...
Internal factors

XopMoHu

External factors
M3n0XeHOCT CBETHNOCTH \"O’ :
External factors il
YHocC xpaHe o e
Food intake g’/‘
CaH/bypgHo cTakbe €
Sleep/wake i-
du3nykKa akTUBHOCT
Physical activity -

Hormones

CuHanTu4yke npojekuuje
Synaptic projections

MepudepHn catoBun
(pm3mnonowkn oaroBopwm, reHn cara)
Peripheral Clocks

(physiological responses, clock genes)

Cnuka 1. UupkagujanHu cuctem

Mpema: Poggiogalle E, Jamshed H, Peterson CM. Circadian
regulation of glucose, lipid, and energy metabolism in humans.
Metabolism. 2018; 84:11-27. https://doi.org/10.1016/].
metabol.2017.11.017 [25].

Ha metabonusam reyam nopen umpkagujanHor cucrema
yTU4y 1 (PakTopyn OKONUHE U NoHallawa Kao LUTO Cy CBe-
TIOCT, CaH, YHOC XpaHe 1 u13nyKka akTUBHOCT. V3narawe
jakom CBETNy M YHOC XpaHe TOKOM AaHa, Kao M crnaBane
TokoM Buonolike Hohu gosoge Ao ycknahuearwa nsmehy
ueHTpanHor u nepudepHux cartosa. M3anarawe csetrno-
CTU UNK y3rMatkbe XpaHe yBede/Hohy, nnm cnaBakbe TOKOM
[aHa, 0oBOOM 0O HapyllaBakwa MeTabonuama (cnuka 2).

Figure 1. Circadian system

According to: Poggiogalle E, Jamshed H, Peterson CM.
Circadian regulation of glucose, lipid, and energy metabolism in
humans. Metabolism. 2018; 84:11-27. https://doi.org/10.1016/].
metabol.2017.11.017 [25].

In addition to the circadian system, human metabolism is
also influenced by environmental and behavioral factors
such as light, sleep, food intake, and physical activity.
Exposure to bright light and food intake during the day-
time, as well as sleeping during the biological night, lead
to alignment between the central and peripheral clocks.
Exposure to light or food intake in the evening/at night, or
sleeping during the daytime, leads to metabolic disruption
(Figure 2).
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LupkagujanHa ycknaheHocT
Circadian Alignment

Vs \‘ ,’\

~7 -

LleHTpanHu cat
Central Clock

MepudepHn catosun
Peripheral Clocks

B R Y

Jako cBeTro TOKOM flaHa
Bright light during the daytime

CnaBatbe TOKOM HohM
Sleep at night

External Factors

YHoc xpaHe TOKOM AaHa
Food intake during the daytime

EkcTepHm dhakTopm

......................................................................

LivpkagujanHa HeycknaheHocCT
Circadian Misalignment

~7

LleHTpanHu caT
Central Clock

MepudepHu catoBun
Peripheral Clocks

CBeTno TokoM Hohu
Light at night

CnaBare TOKOM AaHa
Sleep during the daytime

YHoOC XpaHe TokoMm Hohu
Food intake at night

----------------------------------------------------------------------------------

Cnuka 2. LiupkagujanHa ycknaheHocTn 1 HeycknaheHocT

Mpema: Poggiogalle E, Jamshed H, Peterson CM. Circadian
regulation of glucose, lipid, and energy metabolism in humans.
Metabolism. 2018; 84:11-27. https://doi.org/10.1016/].
metabol.2017.11.017 [25].

Y oBom operbky buhe npukasaHu pesynrtatu cTyguja koje
CYy UCTpaxuBane yTuuaj CBETNOCTU, UCXpaHe, Tpajarwa U
KBanuteTa CHa, XpOHOTUNa M BpEMeHa cnaBara Ha puT-
MoBe y MeTabonmamy.

CBeTnocT

CBeTNoCT je rmaBHU (bakTop KOju YTUYE Ha LeHTparnHm car,
cTora BpeMe, UHTEH3UTET 1 Tpajakbe nanaraka CBETNoCTU
nmajy butaH ytuuaj Ha metabonunsam.

1. HepoBorbHa AHeBHa u3noxeHocT. HedosorbHa
N3MNOXEHOCT jakoM CBETNY TOKOM JaHa MOxe ocna-
OnTn puTam UeHTpanHor cata u NnopemMeTuTu meTa-
fbonusam. Hekonuko cTyauvja je nokasano ga jytap-
Ha Tepanwvja jakum CBETIOM NobosbliaBa KOHTPONY
rmykemuje n nosehasa rybutak mactu. [JHeBHa Te-
panuja jakuM CBETNOM Yy Tpajarwy 0 HEeKOMNWKO He-
Aerba cmaruna je notpebe 3a MHCYNMHOM Kog Avja-
DOeTnyapa 3aBUCHUX Of MHCYNUHa [26, 27]. JyTapka
Tepanuja jakum ceetrniom (1300-5000 nykca) ToKkoMm
3-20 Heperba Takohe mMoxe ga cMarbu UHCYIIMHCKY
pe3nCcTeHUMjy, TEMECHY TEXWUHY W/UIM MacHy Macy

----------------------------------------------------------------------

Figure 2. Circadian alignment and circadian misalignment

According to: Poggiogalle E, Jamshed H, Peterson CM.
Circadian regulation of glucose, lipid, and energy metabolism in
humans. Metabolism. 2018; 84:11-27. https://doi.org/10.1016/j.
metabol.2017.11.017 [25].

This section presents the results of studies that investigat-
ed the impact of light, diet, sleep duration and sleep quality,
chronotype, and sleep timing on metabolic rhythms.

Light

Light is the main factor influencing the central clock, there-
fore the timing, intensity and duration of light exposure
have a significant impact on metabolism.

1. Insufficient daytime exposure. Insufficient expo-
sure to bright light during the daytime may attenuate
the central clock’s rhythm and impair metabolism.
Several studies have shown that morning bright light
therapy improves glycemic control and increases fat
loss. Daytime bright light therapy for a few weeks has
shown potential for reducing insulin requirements for
individuals with insulin-dependent diabetes [26, 27].
Morning exposure to bright light therapy (1300-5000
lux) for 3—20 weeks has been also shown to poten-
tially reduce insulin resistance, body weight and/or
fat mass [28-32], appetite [30], and it may improve
exercise-induced gains in lean mass [28] in obese
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[28-32], aneTtuT [30], a Moxe 1 noBehatu Bexxbarem
n3asBaH Jobutak y mpwasoj macu [28] kog ogpa-
CINUX rojasHnX Ibyau.

2. HohHo u3narawe cBeTNOCTU. V3narake CBETNO-
CTN yBeye mnu Hohy je Takohe noee3aHo ca nose-
haHum pu3nkoMm o Metabonuukmx bonectn. Pan-
OOMMN30BaHe KOHTpONucaHe CcTyauje nokasyjy Aa
aKyTHO m3narawe jakom ceetny (>500-600 nykca)
yBeye nosehasa MHCYNUHCKY pe3nCcTeHLM]Y Y OGHOCY
Ha npuryweHo ceetno (<2-5 nykca) [33]. Y ctyau-
jn npeceka Buwe og 100.000 xeHa nokasaHa je no-
BE3aHOCT U3MOXEHOCTU jayeM CBETIY Y NpPOCTOpujm
TOKOM cnaBawa ca Buwum BMI, obumom ctpyka u
ogHocoMm cTpyka u kykoBa [34]. MNMopen Tora, cTyanja
je nokasana ga cy ctapuje ocobe Koje cy crnasane
n3noxeHe ceetnoctn Hohy (=3 nykca) y ogHocy Ha
OHe Koje cy cnaearne npu cnabom ceetny (<3 nykca)
nmane 10% nosehawe y BMI Tokom 10 roguHa [35],
BuLwe Tpurnuuepunae n LDL xonectepon n Huxn HDL
xonectepon [36].

Bpeme cnaBamwa

da3HM nomMauu y BpeMeHy cnaBaka, Yak 1 Kaga je Tpaja-
e cnaBaka HernpomereHo, Takofe nsasveajy umpkagu-
janHy HeycknaheHoCT, WTo peMeTn meTabonusam rmyko-
3e, MUNMAa n eHepreTckn metabdonuaam. Scheer n gpyru
Cy mokasanu fa umpkagujanHa HeyckrnaheHocT u3assaHa
12-caTHuM KawwkereM ase y cHy (M y NoCTypanHom uu-
Knycy, m3n4dkoj akTMBHOCTK, obpourmMa UTA) noropLiaea
cpente AHEBHE HMBOE rMnyKose 3a 6% W HMBOE MHCYNMHa
3a 22%, WTO cyrepule CMaHeHe UHCYNMHCKE OCETIbU-
BOCTM 6e3 agekBaTHe komneHsaumje B-henuja [13]. MeTa
aHanusa oncepsaunoHux ctyguja u3 2015. rognHe noka-
3arna je ga CMeHCKM pagHuuM MMajy nosehaH pusuk of
passoja T2DM [37], a cTeneH noBehaHor pusuka je y Ko-
penaumju ca 6pojem HOhHUX cMeHa MeceyvHo [38]. [JHeBHO
cnaBake Takofe cMmamyje MOTPoLUkY eHeprvje u Mexa
okcupauumjy cynctparta. Uctpaxunsaum McHill v gpyrn cy
npujasunn ga cy yydyecHuum caropenu 12—-16% mame ka-
nopwija JOK Cy cnaBany TOKOM AaHa (ca 9-caTHUM dhasHuM
KalUHEeHEM Y CHY) HEro Kaga cy cnasanu Hohy [16]. OBo je
[0Beno Ao cMaweHa 24-4acoBHe NOTPOLUH-E eHepruje 3a
3%, wTo 61 BGap genMMmMYHO Morno Aa objacHu nosehawe
TenecHe TeXVHe Kof pagHuKa y HOhHOj CMeHW.

Tpajarse n KBanuTeT CHa

MeTaaHanusa npocnektuBHux ctygmja m3 2015. roguHe
nokasana je ga cy u ocobe koje cnaeajy KpaTko u ocobe
Koje cnaBajy AyXu nepuopg, kao n ocobe ca CMareHUM
cybjekTVBHMM KBanuTeETOM CHa nofg noBehaHWM puU3MKOM
of pa3soja T2DM, y ogHOCy Ha NpeanokeHo OnTUMarnHo

adults.

2. Nighttime light exposure. Exposure to light in the
evening or at night has also been associated with an
increased risk of metabolic diseases. Randomized
controlled trials have shown that acute exposure to
bright light (>500-600 lux) in the evening increases
insulin resistance relative to dim light (<2-5 lux) [33].
A cross-sectional study of more than 100,000 women
has shown that brighter room light while sleeping is
associated with a higher BMI, waist circumference,
and waist-to-hip ratio [34]. In addition, a study found
that elderly adults exposed to light while sleeping at
night (=3 lux) in comparison to those who slept in dim
light (<3 lux) had a 10% gain in BMI over 10 years
[35], had higher triglycerides and LDL cholesterol,
and had lower HDL cholesterol [36].

Sleep timing

Phase shifts in the timing of sleep, even when sleep dura-
tion is kept constant, also induce circadian misalignment,
leading to disruptions in glucose, lipid, and energy metabo-
lism. Scheer et al. Have shown that circadian misalignment
induced by a 12-hour phase delay in sleep (as well as in the
postural cycle, physical activity, meals, etc.) worsens mean
daily glucose levels by 6% and insulin levels by 22%, sug-
gesting impairments in insulin sensitivity without adequate
B-cell compensation [13]. A 2015 meta-analysis of obser-
vational studies found that shift workers have an increased
risk of developing T2DM [37], with a stronger correlation
observed between the number of night shifts worked per
month and the increased risk of developing the disease
[38]. Daytime sleep also reduces energy expenditure and
alters substrate oxidation. Researchers McHill et al. report-
ed that participants burned 12-16% fewer calories while
sleeping during the daytime (with a 9-hour sleep phase de-
lay) than when they slept at night [16]. This translated into
a 3% decrease in 24-hour energy expenditure, which could
at least partially explain weight gain in night-shift workers.

Sleep duration and sleep quality

A 2015 meta-analysis of prospective studies have shown
that both short and long sleepers, as well as those with re-
duced subjective sleep quality, are at increased risk of de-
veloping T2DM, compared to the suggested optimal sleep
duration of 7—8 h per night [39, 40]. Several experimental
studies have shown that whole-body insulin sensitivity is
decreased after sleep restriction to 4—6 hours per night for
1-14 nights in healthy individuals [41-46]. Also, both short
and long sleep durations, along with poorer sleep quality,
are associated with reduced glycemic control in individuals
with T2DM compared to individuals with optimal sleep du-
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cnaBakbe of 7—8 h Tokom Hohm [39, 40]. Buwe ekcnepu-
MeHTanHuX CcTyauja nokasano je Aa gornasv 40 CMakbeHa
OCETIBUBOCTU LENOr Terna Ha MHCYMWH HAKOH OrpaHnyersa
crnaBawa Ha 4-6 h no Hohu Tokom 1-14 Hohu kop, 3ppa-
BUX rbyan [41-46]. Takohe, royam ca T2DM koju cnasajy
KpaTKo MIn AyXe Bpeme M OHU Ca MOLWKNjUM KBanuTeToM
CHa MMajy CMakeHy KOHTPOIy rmnkemuje y nopehemwy ca
nojeauHUMma Koju cnaeajy ontumanHo [47].

XpoHoTun 1 coumjanHu LeT-ner

XpoHoTun 61 ce mMorao okapakTepucTatu Kao ,BpemMeH-
CkM heHOoTUN”, OQHOCHO CKITOHOCT MojeguHua Aa cnaea y
ofpeheHo BpeMe TOKOM 24-4acoBHOr nepuoaa. XpoHoTun
nojeguHua Takohe Moxe 61T hakTop pM3nKa 3a UHCYMUH-
CKy pe3ucTeHuujy. Bedephn xpoHoTUNoBu nmajy noseha
pu3nk of, passoja T2DM y ogHOCy Ha jyTapHe XpOHOTUMO-
Be WTO 6M mMorao 6uTn pesyntat nosehaHor couujanHor
leT-nera, Tj. Hecknaga usmely ApywTBeHor (6uxejsuo-
parnHor) v uMpkaauvjanHor BpemeHa. /byan ca Beyepum
XPOHOTUMOM KOju paje TOKOM AdaHa cy nof nosehaHum
pU3NKOM opf couujanHor yet-nera. CouunjanHu LeT-ner je
noeesaH ca passojeMm T2DM, He3aBUCHO of Tpajarba cna-
Bak-a, YaK M Kaga ce pesynTatu Kopuryjy 3a YHOC XpaHe
N pmsnyky akTMBHOCT. Takohe, NokasaHo je Aa nauujeH-
1 ca T2DM koju cy BedepHn XpOHOTUMOBK UMajy NoLLKnjy
KOHTpOMy rmukemuje y nopeferwy ca naumjeHTuma Koju cy
jyTapHm XpoHOTUNOBHM [24].

YHocC xpaHe

Buwe cTyguja je nokasano ga gasHo ofgnarake BpeMeHa
y3umara XpaHe uma HeraTuBHe MeTabonuyke nocrneguue,
Yak 1 Kafa je yHOC XpaHe OorpaHnyeH Ha GUONOLLKK OaH.
Takohe, npomeHa gucTpmdyumje kanopuja y obpounma To-
KOM AaHa uma yTuuaj Ha metabonuyke daktope pusmka. Y
paH4OMU30BaHOj KOHTPOMMCAHO] CTYAW|U, XXeHe ca NpeKo-
MEpPHOM TEXMHOM Koje cy jene 70% npenopy4yeHor kano-
pujckor yHoca npe nogHesa maryoune cy 0,6 kg Buwe 3a
Nnepuoa O LWECT Heaerba of XeHa Koje cy jene 70% npe-
Mopy4YeHOr Kanopujckor yHoca nocne cpeanHe nonogHesa
(16,30 h n kacHuje) [48]. Y ucnuTMBamwy rybutka Texu-
He Ha 420 yyecHuka, TokoMm 20 Hegerba, OHU Koju Cy jenwu
pyyak npe 15,00 h usrybunu cy 2% Buile cBoje TenecHe
TEeXWHEe of OHMX Koju cy jenu pydak nocne 15,00 h, ynp-
KOC TOMe LUTO Huje Brno pasnmka y yHoCy XpaHe, BpeMeHy
Jopy4ka nnn sedepe, NOTPOLLHWN eHepruje unu cHy [49].
TpomeceyHa paHooMU3OBaHa KOHTpONuUcaHa cTtyauja no-
Kasana je ko rojasHux xeHa 60sby TonepaHuujy Ha rmnyko-
3y kaga cy yyecHuue jene 50-54% kanopwuja 3a gopydak,
ymecTo y Bpeme Bedepe [50]. CnuyHa TpomeceyHa ctyavja
Koa rbyaun ca gvjabetecom oTKpuna je Aa KOH3ymupawe
BENIMKOr JOpYyYKa CMamyje HMBO xemornobuHa A1lc 3a go-

ration [47].
Chronotype and social jet lag

Chronotype could be characterized as a “time phenotype,”
i.e., an individual’s tendency to sleep at a specific time with-
in @ 24-hour period. An individual’s chronotype may also
be a risk factor for insulin resistance. Individuals with an
evening chronotype have a higher risk of developing T2DM
compared to those with a morning chronotype, which could
be the result of increased social jet lag, i.e., a misalignment
between social (behavioral) and circadian time. Individuals
with an evening chronotype who work during the daytime
are at increased risk of social jet lag. Social jet lag is as-
sociated with the development of T2DM, independent of
sleep duration, even when the results are adjusted for food
intake and physical activity. It has also been shown that
individuals with T2DM classified as evening chronotypes
tend to have poorer glycemic control compared to those
with morning chronotypes [24].

Food Intake

Several trials have reported that phase-delaying meal
timing has adverse metabolic consequences, even when
food intake is restricted to the daytime. Also, altering the
distribution of calories across meals throughout the day
has an impact on metabolic risk factors. In a randomized
controlled trial, overweight women who consumed 70% of
their recommended daily calories before noon lost 0.6 kg
more weight over a six-week period than women who ate
70% of their recommended daily calories after mid-after-
noon (4:30 p.m. and later) [48]. In a 20-week weight loss
trial with 420 participants, those who ate lunch before 3:00
p.m. lost 2% more of their baseline body weight than those
who ate lunch after 3:00 p.m., despite no differences in
food intake, breakfast or dinner times, energy expendi-
ture, or sleep [49]. A 3-month randomized controlled trial
in obese women reported better glucose tolerance when
participants ate 50-54% calories at breakfast, rather than
at dinnertime [50]. A similar 3-month trial in individuals with
diabetes found that consuming a large breakfast reduced
hemoglobin A1c levels by an additional 0.32%, compared
with an isocaloric diet with a large dinner [51].

Strategies for circadian rhythm synchronization

Evidence supporting the link between circadian misalign-
ment and disrupted metabolism includes: impaired glucose
tolerance due to experimental circadian misalignment in
humans; the association between human clock gene poly-
morphisms and insulin resistance; the effects of nighttime
light exposure and sleep disruption on glucose metab-
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natHux 0,32%, y ogHOCY Ha M30Kanopu4Hy McxpaHy ca Be-
nukom Bevepom [51].

CrtpaTteruje 3a umpkaaujanHy CUHXpPOHU3auujy

UnkeHunue Koje roBope y npuror ToMme fa uupkagujanHa
HeycknaheHocT pemeTn meTabonm3am Cy: CcmareHa To-
nepaHumja Ha rnykosy ycnen ekcrnepvMeHTanHe uupka-
AujanHe HeycknahneHoCTW KOA Sbyau; NOBe3aHOCT uameny
nonvMopdusama reHa rbyacKor cata v UHCYNMHCKE pesu-
cTeHumje; edpekT HOhHOr n3nararwa cBeTny u nopemehaja
CHa Ha meTabonusam rnykose; kao 1 NOBe3aHOCT KpaTKor
Tpajarba CHa, Ayror Tpajaka CHa, foller KBanuteTa cHa,
BEYEpH-Er XPOHOTUMNA, CouujanHor LieT-nera 1 CMeHCKor
paga ca WHCYNUHCKOM pesucTeHumjom [24]. Ctora ce
YMHM BepoBaTHMM Aa nopemehaj putmoBa UeHTpanHor u/
Unu nepudgepHUx catoBa yyecTByje Yy naTtogusnonoruju
WHCYINNHCKE pe3ncTeHumje Ha HMBOY Tkuea. Y cnepehem
oferbKy npukasaHe cy cTpartervje koje mory nomohu vy
ybnaxaBary nocneavua uvMpkagujanHe HeycknaheHocTu.
To cy: mogynauumja ekcrnosuumje CBETNOCTU, pUTam cnasa-
He-byaHOCT, (hmanyka akTMBHOCT, MCXpPaHa U XpOHOTepa-
nuja.

Mopaynaumja ekcno3suumje cBetnoctu. Ceetnoct obes-
6efyje rmaBHW cyUrHan 3a ueHTpanHu caTt 1 ctora onTUMu-
3aumja OHEBHE M3MOXEHOCTU CBETNoCcTM Moxe nosehatu
umpKagujanHy cuHxpoHusaumjy [52]. To je nokasaHo y paH-
[OMM30BaHOj KOHTPONMCcaHoj CTyAuju, Y KOjoj je gonyHa
[OHEBHOI OCBET/bEeHA jakMM BeLUTaykuM CBETNIOM y JOMO-
BMMa 3a cTape ocobe nobosbliana KOrHUTUBHO (OYHKLMO-
HMcarbe, KBanuTeT CHa U puTaM NTIOKOMOTOPHE aKTUBHOCTM
[53, 54]. Jow jegHa cTpaTeruvja je cmamere ynotpebe pa-
YyHapa, TabneTta n nameTHUX TenedoHa yBeve, Unu Kopu-
whewe untepa nrnaBe CBETNIOCTU Ha OBMM ypehajuma.

Putam cnaBawe-6yaHocT. C 0631Mpom Ha jaky Be3y nsme-
Ry nopemeheHor cHa U cMakbeHe UHCYNUHCKE OCETILUBO-
CTu, nobosbluake cHa Morao 6u GuTK NpUCTyn y NpeBeH-
LUMjn 1 Nedery UHCYNUHCKE pe3ncTeHunje, ann TPeHYTHO
HeJoCTajy KBanuTeTHe MHTepBEHTHe cTyauvje. JegHa cTy-
Ouja 3gpaBuX JbyAM KOjU XPOHWYHO OrpaHU4YeHo cnasajy
nokasana je kopenauujy nsamehy noborbliaHux nHaekca
OCETIbMBOCTM Ha WHCYMUH K noBehaHor Tpajawa cHa Ha-
koH 40 paHa npogyxewa cHa (~45 MuWH. JooaTHO cBake
Hohwu) [55].

®dusnyka akTMBHocT. PefoBHa (pmanyka akTMBHOCT uma
NnoBOSbaH yTuLaj Ha MULIMNHK caT, Ha Tpajake M KBanu-
TET CHa, a Takohe cmaryje UHCYMUHCKY pesncTeHUujy u
HbA1c. Y 6ygyhHocTv he BUTK 3Ha4ajHO UCTPAXKUTH Y KOjO]
Mepwu Cy OBM NOBOSbHU ePeKTN NoCpeaoBaHu uupkagujan-
HUM CUCTEMOM, Kao U NOCTOjX NN ONTUMArHO BpeMe TOKOM

olism; and the association of short sleep duration, long
sleep duration, poor sleep quality, evening chronotype,
social jet lag, and shift work with insulin resistance [24]. It
therefore seems likely that disruptions to the central and/
or peripheral clock rhythms are involved in the pathophysi-
ology of insulin resistance at the tissue level. The following
section outlines strategies that may help mitigate the con-
sequences of circadian misalignment. These include: light
exposure modulation, sleep-wake rhythm, physical activity,
diet, and chronotherapy.

Light exposure modulation. Light serves as the prima-
ry cue, or zeitgeber, for the central clock, therefore, opti-
mizing light exposure during the daytime can strengthen
circadian synchronization [52]. This has been shown in a
randomized controlled trial, in which supplementing day-
light with bright artificial light in nursing homes improved
cognitive functioning, sleep quality, and locomotor activity
rhythm [53, 54]. Another strategy is to reduce the use of
computers, tablets, and smartphones in the evening, or to
use blue light filters on these devices.

Sleep-wake rhythm. Given the strong link between dis-
rupted sleep and reduced insulin sensitivity, improving
sleep could be a potential approach to preventing and
treating insulin resistance, however, there is a current lack
of high-quality intervention studies. A study in healthy in-
dividuals with chronic sleep restriction has shown a cor-
relation between improved insulin sensitivity indices and
increased sleep duration after 40 days of sleep extension
(~45 min additional each night) [55].

Physical activity. Regular physical activity has a positive
impact on the muscle clock, sleep quality and duration,
and it also plays a role in reducing insulin resistance and
HbA1c. In the future, it will be important to investigate to
what extent these beneficial effects are achieved through
the circadian system, as well as whether there is an op-
timal time of the day for physical activity to reduce body
weight and insulin resistance [24].

Diet. Individualized nutritional therapy, reduced calorie in-
take, and adequate macronutrient distribution are crucial
for the prevention and treatment of insulin resistance and
T2DM. The timing of food intake during the daytime is also
an important factor in cardiovascular disease prevention,
and a dietary approach that includes consuming a higher
proportion of calories earlier in the day and maintaining a
consistent overnight fast is recommended [56].

Chronotherapy in individuals with T2DM. The only po-
tential example of chronotherapy in individuals with T2DM
is the use of bromocriptine due to its dopamine agonist
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AaHa 3a Pu3MYKy akTMBHOCT paan CMareHa TenecHe Te-
XWHE N UHCYNUHCKe pe3ucTeHuuje [24].

UcxpaHna. IHouBmnayanHa HyTpuTUBHA Tepanuja, CMarkeH
YHOC Kanopwja u ageksaTtHa auctpubyumja MakpoHyTpuje-
HaTa Cy 3HaJvajHu y NPeBEHLMjN N NeYeHy UHCYNHCKE pe-
3ucteHumje n T2DM. Bpeme y3umara xpaHe y TOKy AaHa
Takofe je 3Ha4ajHO y NpeBeHUMju KapgnoBacKkynapHux 6o-
NecTy 1 npenopy4yje ce NpUCTYn UCXPaHU KOju YKIbydyje
yHOC Beher ygena kanopuja paHuje y TOKy AaHa 1 nocToja-
H€ KOHCTaHTHOr nocta npeko Hohu [56].

XpoHoTepanuja kog sbyam ca T2DM. JeguHu notes-
uunjanHu npumep XpoHoTepanuje kof rbyau ca T2DM je
npumeHa aroHuWcTe gonamuHa GpomokpunTtuHa. Jonamu-
Hepruyka akTMBHOCT MoKasyje AuypHanHu putam n gona-
MUWHCKa curHanmsaumja nosehaBa OCET/bUBOCT Ha MHCY-
nuH [24]. Kapa ce gaje yjytpy, hopmyna 6poMokpunTuHa
ca 6p3um ocrnobahawem cmaryje HbA1c n HUBoe rnykose
HaluTe kog naumjeHaTta ca T2DM [57]. MehyTum, Hema cTy-
Ouja koje nopeae edekTe pasnMunTUX BpemeHa npumeHe
y TOKY AaHa, Wwto 6u 6no aokas fa je nevere Gpomokpun-
TMHOM 3anpaBo XpoHoTepanuja.

Takohe, nogaum U3 ctyguja Kkoje cy ucnutmearne nawuujeHte
ca agpeHanHoM wuHcyduumnjeHUmMjom 1 avjabetec menu-
TyCcOM nokasyjy Aa Tepanuja XugpoKopTU30HOM ca MOAM-
dmkoBaHUM ocrobaharem jeaHOM AHEBHO (Koja umuTmpa
hU3MONOLLKN AUYPHANHW pUTamM HMBOA KOPTU30ria) MOXe
OoBecT Ao nobosbllaka y TenecHoj TexuHn n HbA1c y
nopehemy ca TepanujomMm XMapokopTU3OHOM ca TPEHYTHUM
ocnobaharem Tpu nyTa AHEBHO [24].

UcTtpaxxuBara uupKagujanHor cuctema Kop rbyau u
XXUBOTUHA

Mako noctoju gocta nogataka Ha XMBOTUHCKUM MOAENU-
Ma KOju MoKaayjy LUMPOKY Yrory LpKaaujanHor cuctema y
mMeTabonuamMy, Ha Jbyauma nma Make mcnutmeama. Cry-
anje nesnja SCN-a kog rmogapa cy nokasane ga SCN KoH-
TponuvLle OUypHanHu puTaMm OCETIbMBOCTY LieNnor Tena Ha
WHCYMWH 1 NnoKasaHo je Ja HaKkoH ocam Hederba Of CTBa-
patba SCN nesuje rmogapu Cy pe3vCTEHTHW Ha WHCYMWH
[24]. C 063npom Ha To Aa ce rrogapwv pasnukyjy Ha Heko-
TNINKO KIbYYHUX Ha4yMHa Of fbyau — a TO Cy HONHU XXUBOT,
nonndasHo cnaBak-e (CNaBare BULIE O jeOHOM AHEBHO)
1 BUCOKa cTona metabonvamMa no TenecHoj TEXNHU — Heja-
CHO je KaKo 1 y KOM CTeneHy ce uMpkaaujanHa n auypHan-
Ha UCTpaxunBara Ha rmogapuma npesoge Ha Jbyae [25].

HepasHe cTyauvje Ha MuLLeBMa NoKasyjy TepaneyTcku no-
TeHuujan unpkagujanHux monekyna — REV-ERB aroHucTa,
ROR aroHwncTa (monyT NnpupogHor cacTojka LmMTpyca-Hoou-

properties. Dopaminergic activity exhibits a diurnal rhythm,
and dopamine signaling increases insulin sensitivity [24].
When administered in the morning, a quick-release formu-
lation of bromocriptine has been shown to reduce HbA1c
and fasting glucose levels in T2DM patients [57]. However,
there are no studies comparing the effects of different ad-
ministration times during the day to demonstrate that bro-
mocriptine treatment is in fact chronotherapy.

Also, data from studies examining patients with adrenal
insufficiency and diabetes mellitus show that once-daily
modified-release hydrocortisone treatment (which mimics
the physiological diurnal rhythm of cortisol levels) can lead
to improvements in body weight and HbA1c compared to
thrice-daily regime of immediate-release hydrocortisone
[24].

Research on the circadian system in humans and an-
imals

While there is ample data in animal models demonstrat-
ing the wide-sweeping role of the circadian system in me-
tabolism, research in humans is comparatively less ex-
tensive. Studies in rodents with SCN lesions have shown
that the SCN controls the diurnal rhythm of whole-body
insulin sensitivity, and it has been demonstrated that eight
weeks after SCN lesions, rodents exhibit insulin resistance
[24]. Given that rodents differ from humans in several key
ways—such as being nocturnal, polyphasic (sleeping more
than once per day), and having high metabolic rates per
body weight—it is unclear how, and to what extent, circadi-
an and diurnal research in rodents translates into humans
[25].

Recent studies in mice have demonstrated the therapeutic
potential of circadian molecules such as REV-ERB ago-
nists, ROR agonists (such as the natural citrus compound
nobiletin), and CRY stabilizers in improving metabolism, by
affecting obesity, insulin resistance, and glucose tolerance.
These molecules act by enhancing the function of the mo-
lecular clock and energy metabolism in mice [24]. Although
in preclinical models, these findings provide a compelling
basis for further research, including clinical trials, and the
potential application of strategies targeting the molecular
clock in the treatment of metabolic disorders in humans.

In studies examining the human circadian system, there
is often disagreement regarding the amplitudes and acro-
phases of the rhythms observed, likely due to differences in
experimental design and control of external or behavioral
factors. For example, differences in the method of glucose
loading (oral or intravenous) or different sleep conditions in
different protocols used to examine the circadian system
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netuHa) n CRY crabunusartopa, y noborbliawy metabo-
nu3mMa, yTvuajeM Ha rojasHocT, MHCYNMHCKY PEe3NCTEHUUjY
1 TonepaHuujy Ha rnykody. OBu Monekynu genyjy nojaya-
BatbeM (PYHKLMje MoreKynapHor cata U eHepreTckor meta-
bonuama kog muweBa [24]. Nako cy oBM Hanasum Ha npeT-
KNMMHWYKUM MOAENMMa, OHU MpyXajy yBeprbMB OCHOB 3a
farba UCTpaxmBama, yKibyvyjyhn KnmHudka ncnmtmeama,
W noTeHUuWjanHy npuUMeHy cTpaTternja koje uurbajy morne-
KynapHu caT y Tepanuju metabonuykux nopemehaja kog
wyoun.

Y ucTpaxveawuma umpkagujanHor cucteMa rbyam 4ecto
NnocToje Hecrarawa Kaja cy y nutakwy aMnnuTyae U akpo-
drase yodeHux puTMOBA, LUTO je BEpoBaTHO nocrieauua pa-
3MKa y An3ajHy ekcnepyMMeHarta v KOHTPOMu crnosballhnx
unu paktopa noHawana. Ha npumep, pasnuke y HauuHy
onTepehena rmyko3oM (OpanHoO MAn UHTPABEHO3HO) Unu
pasnuuMTL YCrioBKU crnasaka y pasnuynTum npoToKkonMma
KojuMa ce ucnutyje umpkagujanHm cMcteM Mory 3HadajHo
yTmuatm Ha metabonuuke mcxoge. HemoryhHocT ga ce
jacHo pasgBoje npaBu LMpKaaujanHu puTMOBK Of OpYrux
nponasHMx puTMoBa KOjuU MOry Tpajatv W AaHuMa HakoH
yKnamwara Crnorballibnx CTUMynaHaca, 3ajefHo ca YecTo
Manum BenuyMHama y3opaka Ha Kojuma ce BpLue UCTNTU-
Bakba, A0AaTHO OTexasa Tymademne. [lopen Tora, nogaum
yKaayjy Ha nocTojawe pasnuunTux uMpKagujanHux meta-
H6onmykux cheHoTUNoBa, BEPOBATHO 3aBMCHUX OZ rnorna unu
nocTojarwa bonectu, kao WTO je Anjabetec Tuna 2. Ose
MeTofosnoLWwke 1 BuonoLllke pasnuke ykasyjy Ha notpeby
3a CTaHOapan3oBaHVM UCTPaXMBaYkMM AnsajHuma y byay-
hvM LmpkaavjanHum ctygujama [25].

3akrby4ak

Crtyovje nokasyjy ga MnocToju LupKagvjanHa perynauu-
ja y Buwe acnekata meTtabonuama, ykribyyyjyhu rnykoay,
WHCYNWH, TONepaHuunjy Ha rmykoay, HMBoe nunuaa, noTpo-
WHY eHepruje 1 anetut. PutmoBu metabonuama rnykose
cy BofeHV OHEBHMM Bapujauujama y BuLLE MeTabonmyKmnx
nyTeBa, yKIby4yjyhu nepmudepHy MHCYNIMHCKY OCETILUBOCT,
pearoBawe B-henuja, KNMPeHC MHCyNMHa U ePEKTUBHOCT
rnykose, JOK Ha NUNUAHE pUTMOBE YTUYY OHEBHE Bapuja-
uuje y cMHTe3n, TpaHcnopTy u nogenu nunuga. Metabonu-
3am nunuaa nocebHo 3acnyxXyje garbe UcTpaxueare, jep
Cy NUNVAW perynucann umpkagujanHnum cUCTEMOM BULLE
Hero 6uno koja gpyra rpyna metabonura y nnas3mu, a no-
Aaum 13 uctpaxveama cy nocebHo BapujabunHu.

MHorM aHabonunykn pUuTMOBM KO JbYAM AOCTUXKY BPXyHall
y NPEnofHEBHUM UITM PaHUM MOMOAHEBHUM catuma. To-
nepaHuumja Ha rnykosy, okcugaumja MacHUX KucenuHa cke-
neTHux muwha n TepMuydkn edekar xpaHe cy Behu yjy-
TPy Hero yBeye unu Hohy, na 6u paHuje TokoM gaHa 6uno

can significantly influence metabolic outcomes. Interpreta-
tion is further challenged because it is difficult or impossi-
ble to clearly distinguish true circadian rhythms from other
transient rhythms that may persist for days after removing
external cues, and many studies often rely on small sam-
ple sizes. In addition, data suggest the existence of distinct
circadian metabolic phenotypes, with potential variations
based on gender and the presence of diseases such as
type 2 diabetes. These methodological and biological dif-
ferences indicate the need for standardized research de-
signs in future circadian studies [25].

Conclusion

Studies have shown that there is circadian regulation in
multiple aspects of metabolism, including glucose, insulin,
glucose tolerance, lipid levels, energy expenditure, and ap-
petite. The rhythms in glucose metabolism are driven by
diurnal variations in multiple metabolic pathways, including
peripheral insulin sensitivity, B-cell responsiveness, insulin
clearance, and glucose effectiveness, while lipid rhythms
are influenced by diurnal variations in lipid synthesis, trans-
port, and partitioning. Lipid metabolism especially merits
further investigation, since lipids are more extensively
regulated by the circadian system than any other group
of plasma metabolites, yet data from ftrials are particularly
varied

Many anabolic rhythms in humans peak in the morning or
early afternoon. Glucose tolerance, skeletal muscle fatty
acid oxidation, and the thermic effect of food are greater
in the morning than in the evening or at night, so earlier in
the day would be the optimal time for food intake, and the
night would be optimal for sleep and fasting. This improves
glycemic control and facilitates weight loss in adults, as
shown by numerous studies. This could be due to varia-
tions in postprandial metabolic pathways (in peripheral tis-
sues such as skeletal muscle and adipose tissue), which
appear to be under greater circadian regulation than path-
ways that are active in the fasting state. In the future, it will
be important to clarify which organs and tissues contribute
most to whole-body metabolic rhythms, to determine the
molecular mechanisms, and to determine the circulatory
and intracellular mediators.

Many anabolic rhythms in humans peak in the morning or
early afternoon. Glucose tolerance, skeletal muscle fatty
acid oxidation, and the thermic effect of food are higher in
the morning than in the evening or at night, which impli-
cates earlier in the daytime as optimal for food intake, and
nighttime as optimal for sleep and fasting. This improves
glycemic control and facilitates weight loss in adults, as
shown by numerous studies. This may result from varia-
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ONTMMarnHoO BpeMe 3a YHOC XpaHe, a Hoh onTumanHa 3a
cnaBakb€ M NocT. Ha Taj HaunH ce noborbLuaBa KoOHTpona
rmMKeMuje 1 onakwasa rybuTak TeXuHe KoA oppachnux,
WTo nokaayjy 6pojHe ctyamje. OBo 6u morno 6utn nocne-
avua Bapvjauuja y nocTnpangujanHuMm MeTabonmykum
nyteBuma (y nepudepHMM TKMBMMA Kao LUTO CY CKeNeTHM
Muwmhn 1 MacHO TKMBO), 3a Koje ce YMHK Aa cy nog sehom
uMpkagujanHom perynaumnjoM of nyTeBa Koju Cy akTUBHMU
y CTawy rmagoBawa. Y oygyhHocTy he 6utn BaxkHO pasja-
CHUTW KOj OpraHn u TKMBa HajBuLle JonpuHoce MeTabo-
NNYKMM PUTMOBUMA LIENOr Tena, OApeanTy MorekyrnapHe
MexaHu3me, Kao 1 LMPKynaTopHe 1 MHTpauenynapHe me-
aunjatope.

Mopemehajy y uupkagvjanHum pUTMOBMMA HapyllaBsajy
mMeTabonmsam n yTudy Ha natoreHedy metabonuyke 6o-
nectu. [lokasn Kof Sbyam caga jacHo nokasyjy Aa umpka-
AvjanHa HeycknaheHoCT u3asBaHa HeafekBaTHUM WU3na-
raem CBETIIOCTU, CHOM MIIM YHOCOM XpaHe noropLiasa
KOHTPOMY rMMKEMUje U HEraTUBHO yTU4e Ha (hakTope yKiby-
YyeHe y eHepreTckm banaHc u rybuTak TexuHe, nosehasajy-
hn pusnk og gujabeteca u rojasHocTu. LUtaBuwe, ecektn
Cy BEMMWKM: Ha NpuUMep, akyTHO HacTynawe uupkaavjanHe
HeycknafheHocTn Moxe nosehatn nocTnpaHavjanHn H1BO
rnyko3e 3a 11-21%, WTo yKasyje Aa je ogpxaBare LmpKa-
AvjanHe ycknaheHoCTn BeoMa BaXkHO 3a 34paBrbe.

MoTpebHa cy ucTpaxvBara Kako 6u ce yTBpauno ga nm
TPEHYTHE MWHTEPBEHLMjE KOje YyTMYy Ha LMpKaaujanHo
ycknahuBare 3ancta MOry ChpeyuuTy WUnu npeokpeHyTu
meTabonunyke Gorectn, a Takohe TpaxuTu HOBE MHTep-
BeHUMje Koje denyjy Ha uuMpkagujanHu cuctem. Takohe
je NoTpebHO UCTPaXUTK Kako umMpKagujanHn cucteM pea-
ryje ca crnosbHMM paktopuma u ca npouecuma ctapena
n 6ornectn kako 6u ce crnpedyune v nedyunne metadonuy-
ke 6onectun. MNocToju noTpeba 3a cTyavjama koje uctpa-
XKYjy edekTe M3NOXeHOCTU MNPUPOAHOj CBETNOCTU/Tamu,
noborbllaka CHa, BPEMEHCKM OFPaHUYEHOr Xpakena,
pasnuunTOr BpeMmeHa AHEBHE (hM3NYKe aKTMBHOCTU, Kao
N HaunHe ybnaxasBara MeTabonuykMx nocneguua Kopg
CMEHCKUX pagHvka. bes cyMhe HOBU LpkagujanHu Mo-
NeKynu Koju aenyjy Ha monekynapHu cat he 6utu ngeHTu-
dvKoBaHW Yy HAapeoHUM rogMHama, U MaTeMaTUYkn Mogenu
he 6uTn BaxHW y npeaBuhamwy edekata BpeMeHcKe aj-
MUHUCTpauuje aroHncTa cata. Oyekyje ce ybp3aH pasBoj
KaHOouaaTa uuMpkaavjanHux Morekyna u UCnutuMBaka Ha
Ibyouma y HapegHuM rognHama.

tions in postprandial metabolic pathways (in peripheral tis-
sues like skeletal muscle and adipose tissue), which seem
to be under greater circadian regulation than pathways that
are active in the fasting state. In the future, it will be import-
ant to clarify which organs and tissues are the most import-
ant contributors to whole-body metabolic rhythms, as well
as to determine the underlying molecular mechanisms,
such as the circulating factors and intracellular mediators.

Disruptions in circadian rhythms impair metabolism and in-
fluence the pathogenesis of metabolic disease. Evidence
in humans now clearly demonstrates that circadian mis-
alignment induced by mistimed light exposure, sleep, or
food intake worsen glycemic control and adversely affect
factors involved in energy balance and weight loss, in-
creasing the risk of diabetes and obesity. Moreover, the ef-
fect sizes are large: for instance, an acute bout of circadian
misalignment can increase postprandial glucose levels by
11-21%, indicating that maintaining circadian alignment is
very important for health.

Future research is needed to determine whether current
interventions that improve circadian alignment can indeed
prevent or reverse metabolic diseases, and to seek new
interventions targeting the circadian system. It is also nec-
essary to investigate how the circadian system interacts
with external factors and with aging and disease processes
in order to prevent and treat metabolic diseases. There is a
need for studies that investigate the effects of exposure to
natural light/darkness, sleep enhancement, time-restricted
feeding, varied timing of daily physical activity, and ways
to mitigate metabolic consequences in shift workers. With-
out a doubt, new circadian molecules that influence the
molecular clock will be identified in the coming years, and
mathematical models will be used to predict the effects of
timed administration of clock agonists. Rapid development
of candidate circadian molecules and human trials is also
expected in the coming years.
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