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Circadian oscillations alter drug absorption, distribution, metabolism, and excretion (ADME) as well as intracellular
signaling systems, target molecules (e.g., receptors, transporters, and enzymes), and gene transcription. There is
a positive influence of drug dosing-time on the efficacy of depression therapy. On the other hand, antidepressants

have also demonstrated to modulate circadian rhythmicity and sleep—wake cycles.

antidepressant circadian rhythm chronopharmacokinetics chrono-pharmacodynamics

| 1. Introduction

All organisms display biological processes with rhythmic oscillations of 24 h periodicity defined as circadian
rhythms. Among them is the sleep—wake cycle associated with the sleep hormone melatonin, which has a 24 h-
variation . In a process regulated by noradrenergic and neuropeptidergic signaling, the pineal gland converts
serotonin (5-hydroxytryptamine; 5-HT) to melatonin, which is then released into the systemic circulation 2.
Melatonin secretion is enhanced by darkness and inhibited by light, achieving plasma peak levels between 2h00
and 4h00 in the morning 2. Other biological processes are repeated throughout the 24 h (i.e., ultradian rhythms)
such as blood circulation, respiration, heart rate, and thermoregulation 2. If repeated for periods longer than 24 h,

rhythms are known as infradian, such as the menstrual cycle or seasonal rhythms [4l.

At a molecular level, circadian rhythms are controlled by positive and negative feedback loops that dictate the
transcription and translation of clock-genes Bl. The transcription factors, brain and muscle ARNT-like 1 (BMAL1)
and circadian locomotor output cycles kaput (CLOCK), dimerize and bind to E-box or E-box-like elements of the
promotor region of clock-genes, inducing the transcription of rhythmic clock genes Period 1 and 2 (PER1 and
PER2) and cryptochrome (CRY) 8. In the nucleus, the corresponding expressed proteins PER and CRY inhibit
BMAL1:CLOCK heterodimerization in a negative feedback loop. The PER and CRY display peak levels at the end
of the day and decrease during the night, in opposition to BMAL1:CLOCK activity (€. Simultaneously, a secondary
mechanism mediated by retinoid-related orphan receptors (RORs) and reverse erythroblastosis virus a (REV-
ERBa) induce and inhibit BMAL1 transcription, respectively B,

In mammals, the central clock is found in the suprachiasmatic nucleus (SCN) located in the medio-frontal
hypothalamus. The SCN is responsible for maintaining all body cells synchronized by directly or indirectly adjusting
peripheral clocks through the synthesis of hormones, such as melatonin or cortisol D&, For instance, neuronal and
hormonal clock outputs regulate cell growth, renal filtration, cognition, nutrient metabolism, and immune function &,

Sunlight, temperature, or food intake are known time-givers (zeitgebers in German), i.e., external factors that
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modulate circadian rhythms 19, Light signals are received by visual photoreceptors and retinal photosensitive
ganglion cells, and the nerve impulse is then transmitted to the SCN by demyelinated axons via retinohypothalamic
tract [,

A deficient stimulation of post-synaptic neurons by norepinephrine (NE) and 5-HT is one of the principal factors
underlying the physiopathology of depression 11, The mechanism of action of most antidepressant drugs relies on
slowing the reuptake and thus raising the concentration of those neurotransmitters in the synaptic cleft, increasing
neurotransmission and the relief of depressive symptoms 2. The classification of antidepressant drugs is
associated with their respective mechanism of action: selective 5-HT reuptake inhibitors (SSRIs), 5-HT and NE
reuptake inhibitors (SNRIs), tricyclic antidepressants (TCAs), monoamine oxidase inhibitors (MAQIs), and atypical
antidepressants 12, New classifications have been proposed by regional and international organizations, including
European, Asian, American, and International Colleges of Neuropsychopharmacology and International Union of
Basic and Clinical Pharmacology. These classifications rely on a pharmacologically-driven nomenclature focusing
on approved indications, efficacy, side effects, and neurobiology, but until today, none have been unanimously
accepted 4181 Antidepressants are usually applied in chronic treatments for long periods of time, despite
revealing several side effects. In particular, TCAs exhibit poor tolerability and adverse effects, such as dry mouth,
tremors, blurred vision, body weight gain, memory disorders, postural hypotension, and gastrointestinal
disturbances and sedation, which ultimately undermine adherence to treatment L8171 Since depression is usually
worse in the morning, antidepressants can be administered in this period, although their side effects may shift
dosing to bedtime & Even so, less than 50% of depressed patients achieve remission following several

pharmacological interventions.

Based on the aforementioned bidirectional interactions between circadian rhythms and depression, interest in
chronotherapy with antidepressants has increased exponentially 19, Pharmacokinetic processes, specifically,
absorption, distribution, metabolism, and excretion (ADME), present time-dependent oscillations that can lead to
different concentrations in the plasma and tissues and, therefore, distinct therapeutic effects 29, Complementarily,
pharmacodynamic studies describe the association between drug concentrations and their effects (21, The role of

clock genes on antidepressant targets seem to influence antidepressant efficacy and side effects during the day 22
23]

Chronopharmacokinetics, chrono-pharmacodynamics, and chronotoxicology are hence defined by differences in
pharmacokinetics and pharmacodynamics due to biological rhythms in ADME or in therapeutic and toxic effects,
respectively 2425 Variations with clinical impact must be considered to adjust the dosing-time of an

antidepressant, in order to improve its benefits 28],

| 2. Pharmacokinetics of Antidepressants
2.1. Circadian Rhythm Effect on Pharmacokinetic Stages

2.1.1. Absorption
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Chronopharmacological studies with antidepressants are often performed in vivo. Light is a strong zeitgeber in
rodents, which display an active phase during the night. For this reason, studies are usually performed under a
12h00 light=12h00 dark cycle, during which drugs are administered at different zeitgeber times (ZT). The ZTO0
corresponds to the moment that lights are turned on and ZT12 when lights are turned off &, In contrast,
chronotherapy in humans needs to consider zeitgeber factors other than light, namely mealtime, oxygen levels,
temperature, and exercise £, Pharmacokinetic alterations at different drug dosing times are associated with

intrinsic circadian rhythms in several tissues that are also involved in physiological ADME (Figure 1).
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Figure 1. Physiological processes regulated by circadian rhythms with strong effect on the pharmacokinetics of
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63. Zhang, T.; Yu, F.; Guo, L Ch%\’ueﬂ .. Wu, B-rS eter dlmer partner regulates
circadian cytochromes p4'50 ar g;“md\gi hepatof’ér)?ft“ityv nostlcs 2018, 8, 5246-5258.

NSRI —
64. Zhang, Y.K.; Yeager, R.L.; Klaassen, C.D. Circad#a pression p—}flm,of drug-processing genes

and transcription factors in mouse Iﬁ Blg/l\/letab a@og‘,zoog 37, 106-115.

SHT
65. Takiguchi, T.; Tomita, M.; Matsunaga@ *Naka e, F'*Ko I, S.; Ohdo, S. Molecular basis

for rhythmic expression of CYP3A4,in serum-shocked HepGZ cells Pharm. Genom. 2007, 17,

1047-1056« S-Hydroxytryptamine (5-HT)

B Norepinephrine (ME)
66. Matsunagaﬁj\gmbyw%cmﬂgpsunose N.; Kaklm@te K, Hamamura K., Hanada, Y.; Toi, A.;

Yoshiyama, Y85& ¥ ®iimoto, K.; et al. Tlmeg_d§pendent interaction between differentiated
embryo chondrocyte-2 and CCAAT/enhancer-binding protein alpha underlies the circadian
Figak@ 2 sSipmeinCyiRRO héstaaisim shatikedHepRi2, GlirIdVIDE Rhart . MAGR, &lnotalrerdiic (left) and
6$7e anue\; ISMgBt) WrﬁasJThﬁ inf n&g; ((;iw, i @r té]erT}Sﬁn né'ldl %reﬁar&star (F(t)snlls oaep| ted SRIs,

“MRaefE KRR S TRV AR Hgi et S SEET ARG RS

NEEldsrnmlth'rtl% iolts T RouBadiVEr Brit qﬂﬁ?rﬁnerg'CSu.u[?gi 2019's {1 MAP enzymes present in

mitochondria, responsible for breaking down neurotransmitters, such as 5-HT and NE. These processes increase

68 vekaofs Phasmasekingle sonrsideratirnpiaiguisent siaigeplearrtmntiderressamis, FRGHs are
kndRRIB B9 Metabydeuienbr 2049 1or RBFBAUTSERT 3478 5.HT1A receptor [Z8], adrenergic receptors
6 \RRMAS A Bkt ST HRRERP T SUbNRRREA; 3NERDROBISSISH BraRIaO N ARHBOMRINSIRgase:
MASHIMERANBBERESIINETF MR BRIEPLTERraRBBIS HAtraomeries SNRL SERT, and NET inhibitor; SSRI, SERT

inhibitor; TCA, tricyclic antidepressant.
70. Oda, M.; Koyanagi, S.; Tsurudome, Y.; Kanemitsu, T.; Matsunaga, N.; Ohdo, S. Renal circadian

ThéREKIEAMEGS HBARIRIdIBBIdRRENTIS88Y QbelSRIBUNHRNMSS B-8RANLOIARSE YR AYCRIMBlgic and
ser&Bﬁiﬂ@rg@%f%tizﬂﬁﬁm@CNS (78] Hence, the development of antidepressants aimed towards the direct
7nhibisen g SRR Q%Y. OREEMEN: theuNATYa! erangsRhtransTarieadakivkor iKdoskads Akhetly SERT
and AaiaS Frstyagied i de RubeRRISr SR BsckCascansibs aRePBdMotE RIS MIAd frimmatesanding.
antigaRIBETRY SortB L iRAP BEHRSY O YRASIER OFhIRHRIRKS (ERISRPKRIReTN S CRBR inbibition iy 3gequal

among all drugs that prevent SERT and NET activity leads to different pharmacodynamic results in the same

7gmllgggres\sla tlassvep@g G.J.; Ketel, R.J.v.; Speelman, P. Circadian variations in serum levels and

the renal toxicity of aminoglycosides in patients. Clin. Pharm. 1997, 62, 106-111.

73SRONRIDHATN ARHEERAY G SHTR from KRR eRIoNfeA GRS R MPROFRIDIRYSBIGavery important to reduce
denrrasRivfopHAPHABEo BYIt &Y ERBIY S1RVEfaAReBROdR ISt ACTIORY M EVAIBHIdt6am during a light—

dark cycle 8 The SERT transcription levels and activity revealed significant time-dependent changes in the

aptic
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monse adlteivalin eviuptake lavelbitioriig MR hotndnacips a4, inhkmsHBipkaR hevets. iBtHe 20Hp1id tleRId®eur at
theZh@. of the dark phase and are higher throughout the light phase than the dark phase. In the rat hippocampus,
7GR OV AGRRR, 8ol T4 FT RGO S ETAR S Yo, NE trmover peals
e oA Golo0 AT slo ol SR TERL A& TA TR SR ESieSy Ry 2B s,
serqlﬁg(ra.r%g@bn’dffgz,adfgﬂe_rgkf*os.ystems may be responsible for differences in the chronopharmacological profiles
of antidepressants. In humans, positron emission tomography was applied to examine changes of the 5-HT1A
7RcMRsh8ROSERT inEBIRING AR HRalkhy LWONAREFS M), Fi3el800) cho RS GndincYEERN e bidkde of
the L5 AN GBESptS RHHrBRRANGSEaSRRR| YRTRECH @IrHIe MIAY SRERDITBYFIRMAIBHRRIBY MARHT 1A
recepiBiestairbieyreinage 9B, thd Zifarmdldaylight, leading to seasonal differences 781, Indeed, potential

78ndaghyalies RN e RER VRS SETHESRAEN HanstiBh et AtdetiiteretUPRYSdri¢HEe Sspring and
SUPERARHRAINBIMASPENAGORS BUAY! K dRlY PraRSPhonBBhiaE P79,

T HREMRPS p IR FSHord- Hf SHPUREN NE - S GHARE By lbifdlBY 1& soBBredsdRIdA: BanBPbRKss!-They also
blockPRBRAEheFH1ABRS o HIlge laGrenMglicredeblorst AhdRREHERINE REBMRNFNINR PEIYRSEA Mhotensive,
anfUERdIaMEIgeperPRIENETNAlIESI GHoak IRBRNCE RRIFARBH - SrHHH BIALNA0RB rd$eBHEnPBB. These

TECRRIPES B YD BRERIESCRATES- Bamatkiated By s AN NIKEMY A FOBRID S e IX e EReT Altlgethe
d%%{[%]y of its discovery and preclinical development. Expert Opin. Drug Discov. 2014, 9, 567-578.

78vdrais4RVe- afEtRphE ok i BHRKS ek idw RS B RQJl&e ShPEMAARIA GG RECTUIS B ARJIHEREGS RN
imABALERA IR LAMP AN SAERYMANIRGBAAAHER JT BRRROT RN fRblesh, MRS 7udBnsd s Shis

86'38PRSERa kiR e R il ifisietogts RerefiiiBededn el theraResdis RARISRE SR HIRIAKE
the (A GRYerbEHRMPaRHBREBHMIRg. Arch. Gen. Psychiatry 2008, 65, 1072—1078.

83.1G1lImAaImBIKstlidhgslic antidepressant pharmacology and therapeutic drug interactions updated.

Br. J. Pharm. 2007, 151, 737-748.
Before chronopharmacological studies, it is important to ensure the entrainment of circadian rhythms in healthy

B IVR Wi iR M ke S PRty g el hARAME i Mt equites eastfements or ARy

in 10 R G G O R B PR L T SPERI ROk Bl 13 9orftcind <A behavior
g% Eckel-Mahan, K.; Sassone-Corsi, P. Phenotyping circadian rhythms in mice. Curr. Protoc. Mouse

Biol. 2015, 5, 271-281.
The most common behavioral tests in rodents to evaluate antidepressant effects are the forced swimming test

B RIPRE Rl P Sir AP LREN: B! e S R0 S abn By B Rer e carsanay
g8lEisher, S.P.; Godinho, S.I.; Pothecary, C.A.; Hankins, M.W.; Foster, R.G.; Peirson, S.N. Rapid

assessment of sleep-wake behavior in mice. J. Biol. Rhythms 2012, 27, 48-58.

Specifically, NET inhibition increases climbing, whereas inhibition of SERT selectively increases swimming (e8],
B i S At e B P S R 0 AR R Qe R e Ak e SGEMI Wing
rodents. Nat. Protogér%(é)l@?,ltloog—lo

chronic™ treatment in ro IS mpor%éln't to refer that reduction of immobility is interpreted as an
8ahtiGeparssarfe. eMbomfeitedngsOplVessease Achbrltdncsuspansitnitie siashacndd dl€ontagsessings a false
positiviedeput h MtractivigjatRevigwiief fakatimbeaidgiressamtsgewgify stosties ientsicespdetirgigcieduce and

inciBasieghavoRewtR088)\VE9, db 7TdddRSin new environments (8. Moreover, behavioral experiments at different
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Sin&atkehe\ial sRickpsaiect theabtidinddtiesute livhe Fsthexadrioresl disyilaymiiffgreesteliffies entiatyrmed
durjmp checeatbyr dighotoimesg i siardrodeadrarenrgic antide dresgahts datk yttasp i nadvlagyt 20 9bfidet that

ratHBerBZnore agitated or worsened when taken from the swim apparatus during light phase 211,

8 r J.F.: Markou, A cki, I. Assessing antidepressant act|V|t |n rodents: Recent
ge o¥1apvar|atlons seem to |r|1'f ence "the “efficac 6} antldg ressants. In rats, 'Idrevealede significant seasonal

velopments and future nee s, Tren harm. Sci, 2002, 23, 238-2
fluctuatloné)ng the antidepressant e ect for TgEs namely ammep%ne am%rlsptyllne desipramine, imipramine, and

AidRsenatt&2]. NRodese|, rbtiyditebest Stacidziiter,it) . Efecimof tipgdraeent] darkiploasdotestingforethentioned
antite@stigaitonTot hiebpvioinal par adigeesinnamicenidbiay afeet foadabaeMnivatatanrd Sgiertek BYyderand
waBiathenadBeleper0ds, (IZBle1®-29. Nomifensine, a NE-dopamine reuptake inhibitor, was equally effective

ST WS YEBnRor 1o PN YA AN Reb ' CVRRRY, 3 Tﬂrc"tdé%?]gﬁﬁ’e@dﬁr‘\%fﬁi?ﬁg”?%rsep euTgR
AU s F ShLass Reak el AT HTable 2 o n She el pch‘n RIS MRS ot el av, BBG B 41 oW
nurgtéegl of experimental replicates (n = 1 or 2). Furthermore, the controlled cond|t|ons of rats excluded the
influence off the light—dark cycle, humidity and temperature variations that occur during the seasons. Therefore, the

b RBRISIN e Fsoh8CSkeAr malpsh Midd WasarMinMeliafsmeantnal and digatiany@istiansydk receptor
5-HIGRBHIHGI T ISP RASRLIR, AMieRRgRBNS Ninthe FRFFBd Rwikamay test in rats. Behav. Pharmacol.

1990, 1, 395-401.

QE%e%nChrwo%]@m%%?dwawc %uedrﬁ}gé) f Bm'%grseesrsnagﬁﬁrw '&rr%%%an and seasonal rhythms of 5-HT

T D T Sy - ST 2 L el BN e s I - - N 2 L = L T iy A amvbas ~f s
Initial of Pharmacodynamic he rat
Experiment Zeitgeber
. Species Dose N 24 h Drug
Antidepressant after Route Time (ZT) . . Ref.
(0 (mgIKg)Admmlstratlon Administrations  1€st Rh_ytl*_lm ObservationsConcentration
(h) Variation .
¢ nts with
ICR mice 772, ZT6, Lowest
Amitriptyline (male) 15 0.5 Intraperitoneal ZT10, ZT14, FST Yes immobility at - (4
ZT18, ZT22 ZT14.
No, but
significantly Lowest No significant
g C57BL/6 TST different immobility at differences
Bupropion mice 20 1 Intraperitoneal 211, 217, between 2T between (4]
ZT13, ZT19 zT dosing times
(male) .
in plasma and
Locomotor No T brain.
g activity [, 484_
C%DB_S ZT3, ZT7,
Desipramine 20 24,5and 1 Intraperitoneal ZT11, ZT15, FST No - - 221
rats
ZT19, ZT23
C (male)
~
Fluoxetine C57BL/6 30 1 Intraperitoneal ZT1, ZT7, Lowest No significant 24
mice ZT13,ZT19 TST Yes immobility at differences
(male) ZT1. between
C dosing times
™ Locomotor Yes Lowest in plasma and enous
activity locomotion brain.

MUNMNICOUDIVIT T HTATTTTUAVUNNU Y VAL Y eV 1 Uy ey UV TV

99. Kripke, D.F.; Nievergelt, C.M.; Joo, E.; Shekhtman, T.; Kelsoe, J.R. Circadian polymorphisms
associated with affective disorders. J. Circadian Rhythm. 2009, 7, 2.

100. Takahashi, T.; Sasabayashi, D.; Yucel, M.; Whittle, S.; Lorenzetti, V.; Walterfang, M.; Suzuki, M.;
Pantelis, C.; Malhi, G.S.; Allen, N.B. Pineal gland volume in major depressive and bipolar
disorders. Front. Psychiatry 2020, 11, 450.
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1C Initial of b Pharmacodynamic ]
. Experiment Zeitgeber '
. Species Dose N 24 h Drug
Antidepressant (L) (mglKg)Admi:];tsi:ation Route Adn:Ii:‘iZt(ri-{i)ons Test Rhythm ~ ObservationsConcentration Ret
(h) Variation
1C activity at i ake
ZT1
N - ZT2 > ZT14 in :
ZT2,ZT6, Lowest
) . plasma,
ZT10, ZT14, FST Yes immobility at significantly
) ICR mice } AR A different after  [74]
Fluvoxamine (male) 30 0.5 Intraperitoneal 1h of drug .
1C injection. No Sadlan
772, 7T14 LoEEmeey No Noeffect differences in
2EWIY brain.
Lowest No significant
TST Yes immobility at differences
C57BL/6
1C mice 30 1 Intraperitoneal Z%I:;é 221_;_719 £Tis. doi?r:‘ge;i:es = W.
(male) Locomotor N Reduced in plasma and
activity o educe brain acute
ZT1>7T13
for
Lowest imipramine
1C immobility and sants
30 1 Intraperitoneal ZT1, ZT13 FST Yes and highest desipramine
. . climbing at in plasma but
Imipramine 771 —-
. significantly
1C HW|star different at
annover 22
ratls Lowest
(male) 40 for immobility
2 1 Intraperitoneal ZT1,ZT13 FST Yes and highest - .
1C weeks climbing at via
ZT1.
—-899.
30 for
2 1 Intraperitoneal ZT1, ZT13 FST No - -
1C weeks D
C%DB'S 713, ZT7, nd
Mianserin t 15 24,5and 1 Intraperitoneal ZT11, ZT15, FST No - - (221
rats ZT19, ZT23
(male)
Milnacipran Wistar 60 1 Oral ZT1, ZT13 FST Yes Lowest No significant [zl
Hannover immobility differences

1C and highest between )
Melatonin and cortisol increase after fluvoxamine. Br. J. Clin. Pharmacol. 1986, 22, 620-622.

110. Demisch, K.; Demisch, L.; Nickelsen, T.; Rieth, R. The influence of acute and subchronic
administration of various antidepressants on early morning melatonin plasma levels in healthy
subjects: Increases following fluvoxamine. J. Neural Transm. 1987, 68, 257-270.

111. Hao, Y.; Hu, Y.; Wang, H.; Paudel, D.; Xu, Y.; Zhang, B. The effect of fluvoxamine on sleep
architecture of depressed patients with insomnia: An 8-week, open-label, baseline-controlled
study. Nat. Sci. Sleep 2019, 11, 291-300.

112. Murata, Y.; Kamishioiri, Y.; Tanaka, K.; Sugimoto, H.; Sakamoto, S.; Kobayashi, D.; Mine, K.
Severe sleepiness and excess sleep duration induced by paroxetine treatment is a beneficial
pharmacological effect, not an adverse reaction. J. Affect. Disord. 2013, 150, 1209-1212.

113. Wilson, S.; Hojer, A.M.; Buchberg, J.; Areberg, J.; Nutt, D.J. Differentiated effects of the

multimodal antidepressant vortioxetine on sleep architecture: Part 1, a
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Initial of Pharmacodynamic
. Experiment Zeitgeber
. Species Dose N 24 h Drug
Antidepressant after Route Time (ZT) . . Ref.
(L) (mglKg)Administration Administrations ~ T1€st Rh_ytl*_lm ObservationsConcentration
h Variation
(h)
rats swimming at dosing times
11 (male) ZT1. in plasma and on the
brain -~
59.
C%E;_S ZT3, ZT7, Lowest
11 Nomifensine o 5] 24,5and 1 Intraperitoneal ZT11, ZT15, FST Yes immobility at - 22l EffeCt Of
ZT19, ZT23 zZT7
(male)
Lowest
TST Yes immobility at ~ No significant
C57BL/6 ZT7. differences
11 Venlafaxine mice 30 1 Intraperitoneal 211, 217, between e S
(male) ZT13, ZT19 Lowest dosing times
Locomotor Yes locomotion in plasma and h
activity activity at brain > tO
ZT7.
IRy U O S

117. Refinetti, R.; Menaker, M. Effects of imipramine on circadian rhythms in the golden hamster.
Pharm. Biochem. Behav. 1993, 45, 27-33.

118. Castanho, A.; Bothorel, B.; Seguin, L.; Mocaer, E.; Pevet, P. Like melatonin, agomelatine
(S20098) increases the amplitude of oscillations of two clock outputs: Melatonin and temperature
rhythms. Chronobiol. Int. 2014, 31, 371-381.

11 Redmeahs\JiRmikgaesisT A& susremsioetstsof rat circadian rhythms by the melatonin agonist s-

20098 requires intact suprachiasmatic nuclei but not the pineal. J. Biol. Rhythms 1998, 13, 39-51.
The effect of light—dark cycles on pharmacodynamic studies with antidepressants has also been investigated. In

120 Redman. LRy Guardiola-bemajre B, Brown, M Rejagranae, Py Armstrond, S M. 2OSE inm, with
the SR RS 5 Hh S Ee e RSO0 RDITL D) AR ST RINnE Y Qb ab St adiany
(Tagi:etié/;twhythms. Psychopharmacology 1995, 118, 385-390.

121. Krauchi, K.; Cajochen, C.; Mori, D.; Graw, P.; Wirz-Justice, A. Early evening melatonin and S-

Duglgisgan-risiseEs ehds mmpas 8asF eI hsAITeRRhatitRr eiPesA: Bt tethheratlifeMpRLIty time of
micpﬁ@@q I@Qﬂ'%gm@mwg@@m@ggd a 24 h rhythm variation with a peak of antidepressant effect at ZT14

(Table 2 and Figure 3), identical to the previously mentioned results for fluvoxamine (z4] ) _
122. Leproult, R.; Van Onderbergen, A.; L'Hermite-Baleriaux, M.; Van Cauter, E.; Copinschi, G. Phase-

shifts of 24-h rhythms of hormonal release and body temperature following early evening
administration of the melatonin agonist agomelatine in healthy older men. Clin. Endocrinol. 2005,
63, 298-304.

123. Cajochen, C.; Krauchi, K.; Mori, D.; Graw, P.; Wirz-Justice, A. Melatonin and S-20098 increase
REM sleep and wake-up propensity without modifying NREM sleep homeostasis. Am. J. Physiol.
1997, 272, R1189-R1196.

124. Descamps, A.; Rousset, C.; Millan, M.J.; Spedding, M.; Delagrange, P.; Cespuglio, R. Influence of
the novel antidepressant and melatonin agonist/serotonin2C receptor antagonist, agomelatine, on
the rat sleep-wake cycle architecture. Psychopharmacology 2009, 205, 93-106.
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125. Mairesse, J.; Silletti, V.; Laloux, C.; Zuena, A.R.; Gio“iﬁ@r&.l;lﬁ@nsolazione, M.; van Camp, G.;
Malagodi, M.; Gaetani, S.; Cianci, S.; et al. Chronic ddilnaeigtiae treatment corrects the
abnormalities in the circadian rhyas it UP@RIBBp/wake cycle induced by prenatal
restraint stress in adult rgjg ~013, 16, 323-338.

126. Schmelting, B.; Co
Agomelatine in tj
hyperthermia g urepsychopharmacol ZD#4 \2klugxeting7.

127. Rainer, Q.; nre, E.; Gardier, A.M.;
David, D.J. ogenic effects of agomelatine ih a model of
depression rmacol."gb%l, 11%5, 321-33FT6

i Roch‘f&ﬁd;-@a%%r, E. Antidepressant action of

128. Barden, N.;

agomelatine se model. Prog. Neuropsychopharmacol. Biol.
: Venlafaxine
Psychiatry 2C
129. Kasper, S.; Haja aldi, E.; Rybakowski, J.K.;
Quera-Salva, M.A! icacy of the novel

symptoms 'nﬁﬁﬂﬁﬂﬁlmy A rcr)lriE%?:]ji’n%OUble_b“nd comparison

130. Quera Salva, M.A.; Vanier, B.; Laredo, J.; Hartley, S.; Chapotot, F.; Moulin, C.; Lofaso, F,;
FiguygiferRIRRRSE AN NS IS imE s e plide s Al ACerding g slySRmPbAIMacRIRsRlmidies Sluagemns.
Thig_%@g%mﬁ)may@%pgﬁtgﬁn@hm@@§ or rats when higher antidepressant effect was observed

during forced swimming 223741 or tajl suspension @4 tests. ZTO represents lights on and ZT12 indicates lights
1331% Bellet, M.M.; Vawter, M.P.; Bunney, B.G.; Bunney, W.E.; Sassone-Corsi, P. Ketamine influences

CLOCK:BMAL1 function leading to altered circadian gene expression. PLoS ONE 2011, 6,

In S&?é?gl,z-data from the animal studies herein discussed demonstrate that antidepressants display distinct

132 ENAREARN gy N3G | gRsARCE . (FigpLsi, RI. SVNisFutSBRYINDeY gPREficalyarRvaluaealiafefher Jrehavioral
eXPEERRBISESNCIOTe MBISFeACAVIBF nRAKBY 3Bt dilafarelirrike Asimg dienalu el medainifersashigsult
re”%‘?i“?dé%%e@@é‘?ﬂvﬁfoﬁ@rt@%.OBﬁj@IPrP@Eﬁi'é‘fF‘;‘? ggq-yb%mqggqri_z\?@'gn of circadian rhythms could facilitate the
implementation of clinical studies in humans. Transferability of data from mice to humans regarding circadian

133, enmid, Ryannichniak, A N drinde M Brunner M-, Held, Ky kel JCaimamagdive: both
secrad IR Aloimn SO oS OB I U Fy SRR 2 SO RSN Ol GBS S G A S "B uits of

nREHENED ortisel, AGTH, GH, prpiagtn, melatonin, ghelin, and leptin, and the DEX-CRH test i

depressed patients during treatment with mirtazapine. Neuropsychopharmacology 2006, 31, 832—

3.15.32’.4Human Data

Retrieved from https://encyclopedia.pub/entry/history/show/41344
Despite having yielded interesting and helpful results, chronopharmacodynamic studies in humans have not been

performed in recent years. Side effects of TCAs are the principal focus of these types of studies and experiments

showed diverse results for different TCAs (Figure 4).
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]
Lofepramine [1]1]}] I - l

12h | Clomipramine

Amitriptyline

Figure 4. Drug dosing-time of antidepressant drugs according to chronopharmacodynamic studies in humans. This
figure includes an optimal time for administration based on lower side effects for amitriptyline 23! and higher

antidepressant effects for clomipramine £ and lofepramine 28,

The side effects of amitriptyline seem to be higher after morning administrations. Its antimuscarinic effect,
measured through the mean percent decrease from the pre-drug level in salivary flow, demonstrated to be higher if
the drug is administered in the morning than in the evening, at 2 h (78 + 3% vs 59 + 7%) and 3 h (76 + 4% and 65
+ 5%) post-administration 231, |dentically, amitriptyline-induced sedative effects, such as drowsiness, confusion,

and mental slowness, measured by self-rating scales, were higher with morning than evening doses (Table 3) [23],

Table 3. Chrono-pharmacodynamics of orally administered antidepressant drugs in humans.

Pharmacodynamic

Daily . -
. . Study Duration Time 24h
GULLL HCEEE ST 0 Design Izgs;a (Days) Administrations Test Rhythm Observations =
9 Variation
10
healthy Antimuscarinic Highest
(d) action (saliva salivary flow
L subjects. 9h00 flow) and and lowest 23]
ALl Range Crossover 50 21 21h00 sedation effect ves sedative
age: 22— by self-rating effect at
31 years scales 21h00
old.
Clomipramine 40 Crossover 150 28 8h20 HRSD and Yes Lowest 7
patients 12h20 BDRS depressive
with 20h30
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Daily Pharmacodynamic
Study Dose Duration Time 24 h
Design (mg) (Days) Administrations Test Rhythm Observations
Variation

MDD symptoms at
(15 ¢, 12h20

25 4).

Range
age: 18-
65 years

old.

Antidepressant Subjects Ref.

30
patients
with

MDD 8h00 Lowest
2 Parallel 210 21 16h00 S Yes eldiEis 28
). 24h00 CSRS symptoms at
Range 24h00 bugh the

age: 25— 99
60 years (9] ) altered

old.

Lofepramine

and its
symptomatology 2199, Therefore, the evaluation of circadian rhythm differences in depressed-like mice before and
after antidepressant treatments is of utmost importance. Depressed patients experience a wide range of circadian
rhythms and sleep-cycle disruptions, and chronotherapy has proved to reduce their depressive symptoms 1911,
Therefore, drugs targeted to normalize circadian rhythms could be of interest for the treatment of depression. The

R RenreseinTs BranaamHestaRR O Elitikabraintatrdid pret (&t ahd Einkal dulgdsHagiapidiadng Paale

fpr Depression; MDD, major depressive disorder.

Table 4. Main findings of pre-clinical and clinical studies reporting the influence of different classes of

antidepressants on circadian rhythms.

Antidepressant Pre-Clinical Studies Clinical Studies References
SSRI
- Restores daily rhythms of
PER2 and BMAL1 and
baseline levels of serum

- Modulates Perl oscillation melatonin:
Citalopram/escitalopram in vitro. [102][103][104]

- Increases melatonin
suppression and delays the

internal clock rhythm.

. I [102][105][106][107]
Fluoxetine - Modulates Perl oscillation - Increases 6-
[108]
in vitro; sulfatoxymelatonin in urine.

- Induces non-photic effects

in light—dark cycle in mice;
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Antidepressant Pre-Clinical Studies Clinical Studies References
SSRI

- Induces light-phase

advances of SCN firing;

- Normalizes disrupted
circadian locomotor activity
and clock gene expression

in depressive-like mice;

- Decreases the response of
mice to light-induced

phase-delays.

- Increases plasma levels of

o melatonin and cortisol;
- Modulates Perl oscillation

Fluvoxamine in vitro. (102][109][110][111]
- Improves sleep parameters

and reduces insomnia.

- Delays REM onset and

reduces REM time sleep;

- Modulates Perl oscillation - Increases the changeover
Paroxetine in vitro. time of wakefulness to (02][LL2][LL3]
sleep;
- May induce “hypersomnia”.
- Modulates Perl oscillation
Sertraline in vitro. 102
SNRI
- Increases 6-
Duloxetine sulfatoxymelatonin in urine. 102
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Antidepressant

Desipramine

Imipramine

Agomelatine

Ketamine

Pre-Clinical Studies
SSRI

TCA

Restores photic
entrainment of activity after
exposure to

glucocorticoids.

Does not restore photic
entrainment after light
shifting.

Atypical

Modulates daily rhythm of

melatonin secretion;

Induces circadian effects
on locomotor activity and

body temperature;

Restores resynchronization
of light—dark cycle

advances;

Improves sleep parameters
(only if taken at night);

Restores circadian rhythm
activity in depressive-like

rodents.

Alters the entrainment of

clock genes;

Resets main clock in the
SNC.

Clinical Studies

Increases melatonin plasma

levels.

Increases melatonin plasma

levels.

Induces circadian
alterations of cortisol and
melatonin levels, core body

temperature and heart rate;

Improves sleep parameters;

Resynchronizes the
circadian rhythms and sleep
parameters of depressed

patients.

Increases neuroplasticity;

Improves sleep quality.

References
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Antidepressant Pre-Clinical Studies Clinical Studies References |, [105][109]
[110][114][115] 2218 [109][110]  hile SSRI
- Improves sleep continuity;  [105] ment with
[114][115]
- Increases slow-wave sleep;
123][124][125 ;
i _ - Incr(e[_as]e[_rn]([JJ?HaL()nin plasma 133 atonin or
irtazapine
. levels; rep—wake
123 «g) before
- Redages cortisol plasma
levels.
t of clock
[131] g;
- Delays REM onset and - Single
reduces REM time sleep; iticity and
132 imi
d timin
Vortioxetine 1Ll 9
- Increases the changeover 132 ", patients
time of wakefulness to sleep ses and a

132

In conclusion, commercially available antidepressants have demonstrated to play a critical role on circadian
SaNivnprichieseritieless|dhs; IBNKR hakirstothia atlnatEpinebhiinadianptke ngibitoan BEpIresskutsy stidlerecpia
rearetdReashigston TRANtTSightsamt@epeds shatdesign of better chronopharmacological strategies for the treatment
of depression.

| 4. Conclusions

Chronotherapy is known to improve drug efficacy and reduce toxicity. The choice of an appropriate dosing-time for
antidepressants is a possible factor of variation in pharmacokinetics and may promote therapeutic effects, while
reducing adverse effects. Several factors that can affect the pharmacokinetics and pharmacodynamics of
antidepressants are modulated by circadian rhythms, which undermine the comprehension of in vivo and human
findings. In spite of increasing scientific evidence emerging in this field, further studies in animals and humans
remain necessary to determine pharmacokinetic and pharmacodynamic parameters and understand the best time

of administration for different antidepressants.

Exploring the chronopharmacological profiles of each antidepressant is expected to provide a more effective
pharmacotherapy. Depressed patients can require different dosing-times for the same antidepressant, indicating
that individual chronopharmacological therapy should be the primary tool for effective treatment. Moreover, the
readjustment of circadian rhythms by some antidepressants is partially responsible for their effectiveness. Thus,
restoring circadian rhythmicity is a valid mechanism to promote the development of rapid and sustained treatments

in MDD, as it has been discovered in the recent years.
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