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1 | INTRODUCTION
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The importance of drug dosing time in pharmacokinetics, pharmacodynamics, and
toxicity is receiving increasing attention from the scientific community. In spite of
mounting evidence that circadian oscillations affect drug absorption, distribution,
metabolism, and excretion (ADME), there remain many unanswered questions in this
field and, occasionally, conflicting experimental results. Such data arise not only from
translational difficulties caused by interspecies differences but also from variability in
study design and a lack of understanding of how the circadian clock affects physio-
logical factors that strongly influence ADME, namely, the expression and activity of
drug transporters. Hence, the main goal of this review is to provide an updated analy-
sis of the role of the circadian rhythm in drug absorption, distribution across blood-
tissue barriers, metabolism in hepatic and extra-hepatic tissues, and hepatobiliary and
renal excretion. It is expected that the research suggestions proposed here will con-

tribute to a tissue-targeted and time-targeted pharmacotherapy.

Oster, 2018). Although transcriptional-translational feedback loop

mechanisms were originally described in Drosophila (Bargiello, Jack-

In the recent years, the academic and clinical interest in the role of cir-
cadian clock systems in physiology, pathology, and therapeutics
increased exponentially, as demonstrated by the award of the 2017
Nobel Prize in Physiology or Medicine to the discovery of molecular
mechanisms controlling the circadian rhythm (Firsov & Bonny, 2018).
The emergence of the topic in scientific literature was accompanied
by numerous chrono- concepts organized into sub-disciplines, such as
chronopharmacology and chronopharmacokinetics.

Circadian rhythms (Latin circa: about; dies: day) are generated by
cellular transcriptional-translational feedback loops that prompt neu-
roendocrine outputs, responsible for the coordination of several bio-
logical functions (Levi & Schibler, 2007; Pilorz, Helfrich-Forster, &

son, & Young, 1984; Reddy et al., 1984), subsequent studies
suggested that general core clock mechanisms have similarities in
mammals (King et al., 1997; Tei et al., 1997). Positive components of
core mechanisms, circadian locomotor output cycles kaput (CLOCK)
and brain and muscle Arnt-like protein-1 (BMAL1), heterodimerize
and bind to E-box elements in the promoter regions of period (Per)
and cryptochrome (Cry) genes. PER and CRY proteins are negative
components of core mechanisms, because their accumulation inhibits
CLOCK-BMAL1 heterodimers and represses their own transcription.
The stability and robustness of the core loop is also reinforced by aux-
iliary regulatory loops. For example, CLOCK-BMAL1 heterodimers

trigger the expression of reverse erythroblastosis virus o and

Abbreviations: ABC, ATP-binding cassette; ADME, absorption, distribution, metabolism, and excretion; BBB, blood-brain barrier; BCRP, breast cancer resistance protein; BMAL1, brain and
muscle Arnt-like protein-1; CLOCK, circadian locomotor output cycles kaput; Cpax, maximum concentration; CRY, cryptochrome; CYP, cytochrome P450; DBP, D site-binding protein; E4BP4, E4
promoter-binding protein 4; f,, ;jasma, unbound drug fraction in plasma; MRP, multidrug resistance-associated protein; OAT, organic anion transporter; Octn-1, organic cation transporter novel
type-1; PAR bZIP, proline and acidic amino acid-rich basic leucine zipper; P, effective permeability; PER, period; P-gp, P-glycoprotein; PK, pharmacokinetics; REM, rapid eye movement; ROR,
retinoid-related orphan nuclear receptor; SCN, suprachiasmatic nuclei; tyax time to reach the maximum concentration; V4, volume of distribution; ZT, zeitgeber time.
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retinoid-related orphan nuclear receptors, which inhibit or stimulate
the transcription of Bmall, respectively (Pilorz et al., 2018). Transcrip-
tion factors from the proline and acidic amino acid-rich basic leucine
zipper (PAR bZIP) family are important output mediators regulated by
core clock components (Gachon, Olela, Schaad, Descombes, &
Schibler, 2006). These proteins affect the expression of enzymes and
transporters involved in drug absorption and disposition, as it will be
subsequently discussed.

Despite being located in most cells of the body and cell autono-
mous, the endogenous clocks of the circadian timing system are hier-
archically organized (Levi & Schibler, 2007). In mammals, the master
clock or central pacemaker are hypothalamic suprachiasmatic nuclei
(SCN) neurons, which synchronize central and peripheral clock genes
in cells through the transmission of direct and indirect timing signals
(Dallmann, Brown, & Gachon, 2014; Pilorz et al., 2018). While light
signals are mostly perceived by retinal photoreceptive ganglion cells
and transmitted to the SCN via the retinohypothalamic tract (Pilorz
et al., 2018), peripheral clocks are regulated by non-chemical or chem-
ical zeitgeber (German, time giver), especially the timing of food
intake. This suggests that peripheral clocks are highly sensitive to met-
abolic cues (Levi & Schibler, 2007). Thus, light-dark cycles synchro-
nize the endogenous circadian rhythm to the 24-hr geophysical day
and lead to the development of physiological and behavioural func-
tions, namely, sleep-wake cycles and feeding habits (Pilorz
et al., 2018). As referred above, the SCN can be affected by hormones
secreted under its own hierarchical dependence, as a feedback mech-
anism. Melatonin, released by the pineal gland as a result of SCN out-
put, transmits information to SCN neurons about the occurrence and
duration of darkness (Flo, Cambras, Diez-Noguera, & Calpena, 2017;
Mark, Crew, Wharfe, & Waddell, 2017).

Based on these observations, it was found that clock disruptions
caused by modified light cycles lead to an SCN phase shift and
desynchronization between central and peripheral clocks in different
organs. Conditions that interfere with time homeostasis, such as jet
lag, shift work, aging and sleep disorders, have been associated with
the development of several diseases (Dallmann et al., 2014). Conse-
quently, chronotherapy arose as a strategy to prevent or treat ill-
nesses according to biological rhythms. In order to achieve maximal
therapeutic efficacy and avoid adverse effects, a drug must be at the
right site of action, at the right concentration, and at the right moment
(Bruguerolle, Boulamery, & Simon, 2008). The processes involved in
pharmacokinetics (PK), namely, absorption, distribution, metabolism,
and excretion (ADME), are also affected by pathways coordinated by
the SCN (Okyar et al, 2012). This has been defined as
chronopharmacokinetics, that is, time-dependent differences in the
ADME of drugs, due to rhythms in biological functions and processes
(Ben-Cherif et al., 2013). It means that ADME stages are influenced
by physiological functions that change throughout the day, indicating
that the time of drug administration is a critical factor to attain thera-
peutic efficacy. Furthermore, it entails that estimated PK parameters,
which are normally considered to be constant in time, may be, in fact,
circadian dependent (Bruguerolle et al., 2008). For these reasons,

determining the optimal time of drug dosing and scheduling can

improve drug efficacy and tolerability, thereby achieving the ultimate
goal of chronotherapy.

Circadian studies can be performed in silico, in vitro, in vivo, or in
humans. in vivo PK studies are often performed in rodents, the major-
ity of which are nocturnal and exhibit higher activity during the dark
period (Gaspar et al, 2019). Animals are generally entrained to
12/12-hr light-dark cycles, using light as a strong zeitgeber, and the
studied drug is administered at predefined zeitgeber times (ZT) to dif-
ferent groups, in the same dose (Gaspar et al., 2019). The ZT can be
defined as a standardized 24-hr notation of the phase in an entrained
circadian cycle, in which ZT O indicates the start of the light period
and ZT 12 corresponds to the beginning of darkness (Vitaterna, Taka-
hashi, & Turek, 2001). It may also be referred to as hours after light
onset (Sallam et al., 2015). Meanwhile, circadian studies in humans
should take into consideration several factors that can influence inter-
nal time and affect treatment response, namely, chronotypes (Gaspar
et al., 2019). Humans can be classified according to the time of day
during which their daily routines are preferably developed, that is, first
half of the day (larks or morning type), second half (owl or evening
type), or intermediate (Levi & Schibler, 2007). Determining the chro-
notype of a patient may be used to optimize the time of drug adminis-
tration or stratify them, thereby decreasing inter-patient differences
and the variability of therapeutic response (Gaspar et al., 2019).

The aim of this review is to provide an analysis of the circadian
effcts on ADME, in order to demonstrate how the study of PK alter-
ations can be used to attain a time-adjusted drug administration. A
particular emphasis will be given to circadian-regulated drug trans-

porters and their role in drug absorption and disposition.

2 | CHRONOPHARMACOKINETICS: NON-
CLINICAL DATA

21 | Absorption

211 | Oralroute

Oral administration is the most common administration route due to
its simplicity and convenience (Bardal, Waechter, & Martin, 2011).
The bioavailability of orally administered drugs depends on the physi-
cochemical properties of the drug (e.g., lipophilicity), as well as on sev-
eral physiological processes of the digestive system (Figure 1) that are
dictated by clocks within the gastrointestinal tract (Dallmann
et al., 2014).

Drug transporters are expressed in many organs, including the
intestine, liver, brain, placenta, testis, and kidney, where they regulate
molecular traffic by carrying drugs into or out of cells. In particular,
efflux transporters exert a protective role against xenobiotics, by
either opposing their passage or facilitating their elimination (Levi &
Schibler, 2007). The expression of efflux transporters in the apical
membrane of enterocytes severely hampers the bioavailability of vari-
ous drugs by actively pumping them from the cytoplasm back to the

intestinal lumen (Bardal et al., 2011). These transporters belong to the
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Oral Parenteral
Intranasal Pulmonary
- Gastric pH
- Gastric emptying time - Local blood flow
- Gastrointestinal blood flow - Intranasal, pulmonary,
- Gastrointestinal motility and ocular permeability
- Epithelial transporters alterations
- Intestinal permeability alterations Ocular
FIGURE 1 Circadian-dependent physiological factors that influence drug absorption by oral and parenteral (intranasal, pulmonary,

transdermal, and ocular) routes. Rhythmic alterations of these elements can lead to fluctuations of drug levels in plasma. In oral administration,
gastric emptying time is longer for solids in the evening than morning. Circadian variations of blood flow are relevant for oral and parenteral

routes. For example, skin blood flow is reduced in the morning

ATP-binding cassette (ABC) superfamily, namely, P-glycoprotein (P-
gp, ABCB1 and MDR1), breast cancer resistance protein (BCRP,
ABCG2), and multidrug resistance-associated proteins (MRPs), includ-
ing MRP2 (ABCC2).

The rhythmic expression of P-gp, BCRP, and MRP2 in the intes-
tine is dictated by circadian transcription factors, specifically elements
of the PAR bZIP family (Murakami, Higashi, Matsunaga, Koyanagi, &
Ohdo, 2008). P-gp transcription appears to be stimulated by PAR bZIP
factors and suppressed by PAR bZIP protein antagonist E4 promoter-
binding protein 4 (E4BP4; Table 1). Studies performed in rodents indi-
cate circadian oscillations in mRNA levels, protein levels, and P-gp
activity in small intestine regions throughout 24 hr (Ando et al., 2005;
Hayashi et al., 2010; Murakami et al., 2008; Okyar et al., 2012, 2019;
Stearns, Balakrishnan, Rhoads, Ashley, & Tavakkolizadeh, 2008;
Figure 2). Ando et al. observed an increase in Abcbla mRNA levels
from ZT O (lights on) until ZT 12 (lights off) with protein expression
reaching the nadir at ZT O and the peak at ZT 8-12. Accordingly, the
accumulation of digoxin (P-gp substrate) in isolated jejunum was sig-
nificantly lower at ZT 12 than ZT O, revealing higher efflux at ZT 12.
Thus, mRNA levels, protein levels, and efflux demonstrated daily
rhythmicity (Ando et al, 2005). Similar results were obtained by
Murakami et al. with a peak in Abcbla mRNA levels at ZT 10. This
coincided with lower digoxin accumulation from ZT 10-18, signifi-
cantly lower at ZT 14 (P < .01) in wild-type mice, compared with
clock/clock mutant mice. Clock/clock mice display reduced P-gp activ-
ity and no rhythm in its expression, due to the production of a mutant
CLOCK protein

et al.,, 2008). In an everted intestinal perfusion study using rat jejunum,

without transcriptional activity (Murakami
P-gp function was assessed by determining the serosal to mucosal
efflux of digoxin. The AUC of digoxin in the mucosal fluid of the ad
libitum feeding group was higher at ZT 18 than at ZT 0-6 (P < .05 and
.01, respectively). This indicates that more digoxin was effluxed to the
mucosal side. The authors also demonstrated higher Abcbl mRNA
expression levels at ZT 12 (Hayashi et al., 2010). Identically, the effec-

tive permeability (P.;) of P-gp substrates, talinolol and losartan, was

assessed by in situ intestinal perfusion, at ZT 1-3 and ZT 13-15, rep-
resenting day/rest span and night/activity span periods, respectively.
Pet values were lower for both compounds when studies were per-
formed at night, probably due to higher P-gp activity. However, in
in vivo studies, there were no statistically significant differences in
AUC between the two dosing times, even though AUC at ZT 13 was
slightly lower than at ZT 1. It is possible that the P-gp effect in bio-
availability could have been counteracted by the higher intestinal
blood flow and motility that rodents exhibit during the night (Okyar
et al., 2012). In a recent study, Okyar et al. found sex-specific differ-
ences in Abcbl mRNA and protein levels in ileum from mice. The
24-hr mean of Abcbla and P-gp expression was higher in females than
males, with larger circadian amplitude and a later acrophase. Feeding
patterns may also underlie variations of P-gp expression and activity.
These findings were incorporated into a physiologically based PK
model and validated, in order to refine PK predictions of P-gp sub-
strates (Okyar et al., 2019).

In Table 2, it is noticeable that P-gp substrates, roscovitine and
loratadine, exhibit lower systemic exposure, as shown by AUC, at ZT
19 and ZT 17, respectively, corresponding to higher efflux in the
active period. This was also reported for erlotinib, a P-gp and BCRP
substrate, which demonstrated lower AUC at ZT 13. Notwithstanding,
this could also result from an increased drug clearance and not from a
decreased bioavailability, as it will be discussed in Section 2.3. The
authors considered that the bioavailability and action time were
higher at ZT 1 and ZT 5 due to higher values of AUC, mean residence
time, and maximum concentration (Cp,,), even though the absorption
speed was slower, as suggested by the higher time to reach Cax (tmax;
Liu et al., 2016). Thus, in rodents, P-gp expression and activity in the
intestine appear to be greater in the nocturnal period (activity period),
but in vivo results may reflect other physiological variables that are
also affected by circadian rhythms, such as those represented in
Figure 1.

The translation of in vivo results from rodents to humans may

pose a challenge, as rodents are nocturnally active. Ilwasaki et al.
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FIGURE 2 Time-dependent expression and activity of efflux transporters in rodents that affect drug absorption, distribution, and elimination.
Oscillations of these transporters in the intestinal barrier have demonstrated to alter the absorption and tolerability of their substrates. This was
observed for digoxin (P-gp substrate), sulfasalazine (BCRP substrate), and irinotecan (P-gp/MRP2 substrate). Data concerning circadian variations
of efflux transporters at the blood-brain barrier are scarce and require further investigation, particularly regarding BCRP. Elimination by
hepatobiliary or renal routes may be affected by local fluctuations of biliary or renal blood flow, but the rhythmic expression of efflux transporters
in these organs is unclear and requires the evaluation of protein levels in addition to mRNA. BCRP, breast cancer resistance protein; CBF, cerebral
blood flow; MRP2, multidrug resistance-associated protein 2; P-gp, P-glycoprotein; ZT, zeitgeber time

performed a study in diurnally active cynomolgus monkeys, revealing
higher P-gp levels in the intestine from 15.00 to 21.00 hr. In agree-
ment, the AUC of quinidine and etoposide (P-gp substrates) in plasma
was higher at 9.00 hr than at 21.00 hr. Interestingly, the oscillations of
P-gp levels in the intestine did not coincide with Abcb1 mRNA expres-
sion, demonstrating an almost 12-hr delay (lwasaki et al., 2015).
Therefore, it is advisable to determine both mRNA and protein levels
of the transporter, in order to consider possible delays in translation.
As discussed later, the monkey was confirmed to be a reliable model
for the assessment of chronopharmacokinetics in humans.

Oscillations in BCRP and MRP2 expression in jejunum are also
associated with diurnal rhythmicity (Ando et al, 2005; Stearns
et al., 2008; Figure 2). While BCRP expression is influenced by activat-
ing transcription factor-4 (ATF4), an output component of the circa-
dian clock, MRP2 levels are up-regulated by PAR bZIP factor, D site-
binding protein (DBP; Table 1). In 24 hr, there were 2.5-fold and
1.6-fold changes between maximum and minimum levels of MRP2
and BCRP, respectively, in rats (Stearns et al., 2008). Hamdan et al.
examined the circadian expression of the Abcg2 isoform found in
mouse small intestine and reported higher mRNA levels at ZT 6 and
ZT 10. Nevertheless, higher BCRP levels were obtained at ZT 10 and
ZT 14, indicating a 4-hr delay relative to mRNA rhythm (Hamdan
et al, 2012). BCRP function was determined in vivo through the
administration of sulfasalazine to mice, which revealed an earlier tax
and higher C,,.x and AUC at ZT 2, when BCRP expression was lower,
compared with ZT 14. Hence, the bioavailability of sulfasalazine is
affected by rhythmic changes in BCRP function (Table 2).

The circadian oscillations in Abcc2 expression were analysed in
the ileum mucosa of mice from different strains and genders (Okyar
et al,, 2011). Gender differences in mMRNA expression were found in
the B6D2F; mouse strain, with the highest mRNA levels at ZT 12 and
ZT 9, in male and female mice, respectively. In contrast, there were no
gender differences in the B6CBAF; strain, with an mRNA peak at ZT
9-15. Furthermore, the ileum tolerability of anticancer drug and P-
gp/MRP2 substrate, irinotecan, improved almost fourfold with dosing
near the time of maximum Abcc2 expression, ZT 12. These results
reveal that circadian MRP2 oscillations not only are tissue specific but
also can be influenced by tissue region, gender, and genetic back-
ground (Okyar et al., 2011).

Circadian oscillations have been equally reported for members of
the solute carrier transporter (SLC) superfamily, such as the proton-
coupled peptide transporter-1 (PepT1, Slc15al) and the organic
cation transporter novel type-1 (Octni, SIc22a4; Okamura
et al., 2014; Wada et al, 2015). The absorption rate constant of
pregabalin in mice was significantly larger when administered at ZT
14 than ZT 2, coinciding with the highest expression of Octn1 in the
small intestine at ZT 14 and, thus, higher uptake (Akamine
et al,, 2015).

Finally, it should be mentioned that circadian variations in the
expression of tight junction proteins may be responsible for diurnal
fluctuations in intestinal permeability. This has been reported in both
the small (Tanabe et al, 2015) and large intestines (Oh-oka
et al., 2014) in mice. In mouse jejunum, occludin and claudin-3 mRNA

levels are significantly higher at the night period, suggesting that
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Lee, 1991). Corneal and conjunctival permeabilities were significantly
lower at light onset (ZT O; Lee et al., 1996), but the lowest values of
Crnax and AUC were observed later at ZT 6 (Table 2). Even though the
mechanisms behind variations in ocular PK are not yet completely
understood, a circadian disruption of intercellular junctional proteins
(occludin, claudin-4) in the corneal epithelium of Xenopus laevis was
observed during the night (Wiechmann, Ceresa, & Howard, 2014). In
future studies, it would be interesting to analyse possible conse-
quences of this temporary disruption of the epithelial barrier in ocular
drug delivery.

Lastly, a dosing-time dependency of the PK of several drugs was
also observed following intraperitoneal administration (Table 2).
Nonetheless, due to the limited availability of data and combination of
simultaneous PK processes, it becomes difficult to establish a clear
relationship between the circadian variation of PK parameters and
intraperitoneal drug absorption. Ben-Cherif et al. (2013) reported
chronopharmacokinetic variations for valproic acid in mice, which
attained higher C,.x and AUC in plasma at ZT 19 and the lowest
values at ZT 7 (rest phase). This is in agreement with previous results
regarding its tolerability, since maximum toxicity was found at ZT
17 and the highest survival rate occurred when valproic acid was
administered at ZT 9 (Ben-Cherif et al., 2012). Still, the highest anti-
convulsant activity was also achieved at ZT 7, despite lower plasma
AUC and higher clearance. The authors suggest that the dose required
for optimal prevention of epileptic seizures may be lower in rest
period than during activity (Khedhaier et al., 2017), but it would have
been relevant to monitor drug concentrations at the biophase

(i.e., brain), in addition to PK parameters in plasma.

2.2 | Distribution

221 | Plasma protein binding and blood flow

Drug distribution is influenced by several factors including cardiac
output, blood flow, and drug binding, to both tissues and plasma pro-
teins (Bardal et al., 2011). Rhythmic oscillations have been described
for plasma protein levels of albumin and «l-acid glycoprotein in
rodents, with acrophases at ZT 2 (albumin) and ZT 19/ZT 1 (a1-acid
glycoprotein; Scheving, Pauly, & Tsai, 1968). Such fluctuations are
particularly critical for drugs with high binding to plasma proteins
(>90%) and small volume of distribution (Vg; Dridi et al., 2014). In
Table 2, three highly bound drugs exhibited significantly higher V4
during the rest phase: roscovitine (ZT 3), mycophenolic acid (ZT 1),
and valproic acid (ZT 7), the exception being erlotinib (ZT 13: early
activity phase).

Cardiac output and general blood flow appear to be higher during
the activity phase. This was linked to a greater activity of the sympa-
thetic nervous system, as indicated by a higher turnover of
noradrenaline in rat heart during darkness (Lemmer, 1992). For exam-
ple, a significantly higher cardiac output was observed at ZT 14 than
that at ZT 2 or at ZT 10 (Delp, Manning, Bruckner, &
Armstrong, 1991). Lastly, despite having observed a peak during the

night, modulation of cerebral blood flow in rodents was unrelated to
the regulation of arterial BP and locomotor activity (Wauschkuhn,
Witte, Gorbey, Lemmer, & Schilling, 2005).

2.2.2 | Tissue exposure
CNS
Molecular exchanges between the blood and the CNS are limited and
regulated by the blood-brain barrier (BBB) and blood-CSF barrier
(Kervezee et al., 2014).

Recent studies in mice showed that the choroid plexus possesses
a strong clock that maintains the circadian homeostasis of the brain
and is capable of influencing the SCN, through diffusible factors in the
CSF (Myung et al., 2018). The rate of CSF influx is increased during
sleep (Xie et al., 2013), almost doubling during the resting phase of
(0.522 plmin™Y) in
(0.227 pl-min~?), which enables the removal of metabolites from the

animals relation to the active phase
CNS (Kervezee et al., 2014). In this context, it is important to mention
that natural sleep or anaesthesia increases cortical interstitial space by
more than 60%, thereby facilitating exchanges between the CSF and
interstitial brain fluid, and the clearance of metabolites via the
glymphatic system (Xie et al., 2013). Indeed, gadolinium concentra-
tions in the brain and cerebellum of rats were higher in late afternoon
injections than morning injections or injections with anaesthesia. This
was explained by a possibly higher glymphatic clearance in the morn-
ing (sleep/rest phase) or induced by anaesthesia (Taoka, Jost, Frenzel,
Naganawa, & Pietsch, 2018).

In addition to this, glial cells are capable of modulating circadian
rhythms (Ng, Tangredi, & Jackson, 2011). SCN neurons and astrocytes
cooperate in the regulation of circadian oscillations, as SCN astrocytes
also display pacemaker properties and regulate circadian timing at
night, while SCN neurons are metabolically active during circadian
daytime (Brancaccio, Patton, Chesham, Maywood, & Hastings, 2017).
Thus, SCN astrocytes participate in the definition of daily rest-activity
rhythms, locomotor behaviour, and cognition (Barca-Mayo
et al.,, 2017; Tso et al., 2017). Moreover, pericytes maintain the integ-
rity and homeostasis of the BBB through BMAL1, which, when
disrupted, leads to BBB hyperpermeability (Nakazato et al., 2017).
Time-dependent fluctuations in BBB permeability were recently con-
firmed (Zhang, Yue, Arnold, Artiushin, & Sehgal, 2018). Rhodamine B
revealed higher BBB permeability at night in Drosophila, which has a
similar molecular clock to humans. Moreover, P-gp-mediated efflux
was higher during the active period (day), in agreement with a lower
permeability at this time (Figure 2). This was verified by achieving
greater drug efficacy when administering the P-gp substrate,
phenytoin, at night (Zhang, Yue, et al., 2018).

Nonetheless, in vivo studies have generated conflicting results
regarding the CNS distribution of efflux substrates. In a microdialysis
experiment, the brain exposure of quinidine was lower at night in rats,
corroborating a higher P-gp activity during the active period. Such dif-
ferences were annulled following a pretreatment with the P-gp inhibi-

tor, tariquidar (Kervezee et al., 2014). However, PET also performed
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in rats with the radiolabelled P-gp substrate [*8F]MC225 yielded dis-
crepant data (Savolainen et al., 2016). The higher uptake of [*8F]
MC225 into the brain and V, (1.2-fold to 1.8-fold higher) were found
at ZT 15 (early active phase) suggesting lowest P-gp activity, while its
highest activity was at ZT 9 (late rest phase). This discrepancy was
explained by the different P-gp selectivity of quinidine and the radio-
labelled substrate, as well as by technical differences between micro-
dialysis and PET. While PET provides non-invasive regional and time-
dependent measurements, it cannot distinguish between bound and
unbound tracer concentrations (Savolainen et al., 2016). Later,
another assay was performed to assess diurnal variations in the brain
distribution of morphine, intravenously administered to rats. The low-
est efflux was observed in light-dark phase transitions (20% differ-
ence) but cannot be solely attributed to P-gp, given that morphine
transport is also affected by probenecid-sensitive transporters. The
authors concluded that morphine displayed a 12-hr rhythm transport
from the brain to the blood and such variations can be used to opti-
mize its dosing schedule (Kervezee, Hartman, van den Berg, Meijer, &
de Lange, 2017). In an earlier PK study, higher total C,,.x and AUC in
the brain were obtained for imipramine (P-gp substrate) when admin-
istered to rats at ZT 12.5 (close to light-dark transition; Lemmer &
Holle, 1991). Such parameters were higher at ZT 3 for another efflux
substrate, roscovitine, but not statistically significant. Nevertheless, it
is noteworthy that roscovitine was administered by the oral route
instead of intravenous, which may introduce bias (Table 2).

Overall, much is yet unknown about the impact of circadian oscil-
lations in drug access to the CNS. To the best of our knowledge, there
are no published data about possible diurnal variations in the expres-
sion and function of other efflux transporters in brain endothelial cells.
This would be particularly relevant for BCRP, given its co-operative
role with P-gp at the BBB.

Placenta

Pregnancy generates an intriguing interaction between maternal, fetal,
and placental circadian systems (Mark et al., 2017). The maternal cen-
tral clock undergoes alterations to support physiological adaptations
related to metabolic needs of the growing fetus (Wharfe et al., 2016).
Meanwhile, the placenta not only transmits external rhythmic signals
from the mother but may also influence fetal circadian biology
through its own rhythmic function (Mark et al., 2017). The presence
of clock genes has been confirmed in mice and rat placenta (Wharfe,
Mark, & Waddell, 2011).

Physiologically, the placenta is a barrier that governs nutrient and
metabolite exchanges between maternal and fetal circulations. The
syncytiotrophoblast, whose apical membrane faces the maternal circu-
lation, is the rate-limiting barrier for the trans-placental transfer of the
majority of substances. At the apical side of the syncytiotrophoblast
are ABC transporters with a protective role that efflux molecules back
into the maternal circulation (Mark, Augustus, Lewis, Hewitt, &
Waddell, 2009; Staud & Ceckova, 2015). The expression levels of
these transporters are controlled by endogenous factors and vary
throughout gestation. Although further studies are needed, it is
believed that maternal glucocorticoids have a complex role in their
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regulation (Staud & Ceckova, 2015). P-gp is a component of the pla-
cental glucocorticoid barrier, which prevents excess glucocorticoids
from inhibiting fetal growth. Rhythmic variations of P-gp expression
have been observed in rat placenta, with a peak at the beginning of
the active phase, ZT 13 (Mark et al., 2009; Waddell, Wharfe, Crew, &
Mark, 2012). Nonetheless, it is insufficiently understood whether cir-
cadian variations have meaningful effects on the fetal exposure to
xenobiotics, in addition to endogenous glucocorticoids. In mice, P-gp
did not significantly prevent fetal exposure to its substrate,
norbuprenorphine, although brain exposure was severely limited. This
was partly explained by a lower P-gp expression at the blood-
placenta barrier (6.3-fold) than BBB (Liao et al., 2017). Subsequently,
it was proposed that chronovariations of placental and brain P-gp
expression levels and activity could cause different tissue exposures
depending on the ZT of the study (Dash & Rais, 2017). While no con-
siderable P-gp variations were observed in the light phase (ZT 0-12),
alterations in the dark phase or between phases cannot be excluded.
Thus, more studies are necessary to characterize the effects of ZT on
P-gp and chronopharmacokinetics (Liao, Shen, & Mao, 2017).

Other tissues

Similarly to the BBB and the placenta, the blood-testis barrier is con-
sidered a “pharmacological sanctuary” because germ cells are protec-
ted from drugs and xenobiotics. This protection is conferred by tight
junctions between Sertoli cells and also by efflux transporters located
in Sertoli cells, peritubular myoid cells, Leydig cells, and endothelial
cells. P-gp and BCRP are expressed at the apical membrane of differ-
ent cell types (Mruk, Su, & Cheng, 2011). There is evidence of the
existence of several rhythms in the testis, including those for sper-
matogenesis and androgen production (Bittman, 2016). For instance,
the circadian rhythm of testosterone synthesis was disrupted after
the exposure of mouse Leydig cells to fenvalerate, a pesticide, which
inhibited its production (Guo et al., 2017). Exposure of P-gp substrates
in the testis of rodents has revealed paradoxical results so far. While
Sallam et al. (2015) observed higher C,,.x, AUC (Table 2), and tissue-
plasma ratio (1.32) in testis when orally administering roscovitine at
ZT 3, Savolainen et al. (2016) obtained higher tissue-plasma ratios for
[*BFIMC225 at ZT 15. The presence of diverse cell types in the testis
with variable amplitude and/or phase of oscillations (Bittman, 2016)
may complicate the interpretation of results. Thus, additional research
is required in order to elucidate circadian drug exposure in testis and
determine the optimal drug dosing time for therapeutic purposes or
prevention of adverse effects.

Importantly, several physiological functions of the cardiovascular
system and adipose tissue display 24-hr rhythmicity (Sallam
et al., 2015; Smolensky, Hermida, & Portaluppi, 2017), as mentioned
earlier for lung (Sundar et al., 2015). However, there is little informa-
tion regarding circadian variations of drug concentrations in organs,
even in animal models. Nifedipine levels in the heart were significantly
higher when dosed at ZT 16, whereas no differences were observed
for pL-propranolol. Higher AUC values were obtained for roscovitine
in adipose tissue and lung at ZT 3 with increases of 88% and 12%,

respectively, in relation to ZT 19 (Table 2), which indicated possible
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drug movement from the blood to the organs during the beginning of
the rest phase (Sallam et al., 2015).

23 | Metabolism

During metabolism, lipophilic drugs are often converted to more
hydrophilic polar metabolites through functionalization in phase |
reactions such as oxidation, mainly mediated by cytochrome P450
(CYP) enzymes, and phase Il conjugation reactions. Afterwards, in
phase lll, ABC transporters facilitate the excretion of metabolites into
the bile, milk, sweat, bronchial exudate, urine, and/or faeces (Bardal
etal, 2011).

The liver is a highly vascularised organ, as are the brain, lungs, and
kidneys (Bardal et al., 2011). Hepatic blood flow and enzymatic activ-
ity are two determinant factors for drug metabolism. In rodents, esti-
mated hepatic blood flow is more pronounced during the activity
phase (Dridi et al., 2008). Roscovitine displayed significantly higher
concentrations in mouse liver at ZT 19, and its microsomal intrinsic
clearance was also faster at this time (Sallam et al., 2015), which is in
agreement with a slower clearance and a longer elimination half-life at
ZT 3 (rest phase; Table 2).

The circadian expression of enzymes and transporters in liver tis-
sue is regulated by clock-controlled transcription factors, allowing a
coordinated xenobiotic detoxification (Gachon et al., 2006). PAR bZIP
factors interact with target genes that determine the expression of
enzymes required for CYP function, CYP isoforms, and efflux proteins
(Table 1). Some genes are direct targets of PAR bZIP factors, whereas
others may be indirectly regulated by xenobiotic receptors, such as
the constitutive androstane receptor. The expression of
aminolevulinic acid synthase 1, the rate-limiting enzyme in haem bio-
synthesis, and NADPH-cytochrome P450 oxidoreductase, the elec-
tron donor for CYPs, is circadian and modulated by PAR bZIP proteins
(Gachon et al., 2006). In mouse liver, mRNA expression of phase |
enzymes was greater in the dark phase, whereas phase Il enzymes
were generally more abundant at different times of the light phase.
Efflux transporters with higher mRNA oscillations were Abcb1
(2.9-fold), Abcg2 (1.8-fold), and Abcc2 (1.7-fold). Abcb1 and Abcg2
mRNA peaked at ZT 17, while Abcc2 mRNA peaked at ZT 5 (Figure 2).
The results are analogous to those of Ando et al. (2005) revealing
higher Abcb1 mRNA from ZT 12 to ZT 16 and increasing Abcc2 mRNA
from ZT 4 to ZT 8 (peak from ZT 8 to ZT 12; Zhang, Yeager, &
Klaassen, 2009). In another study, such oscillations of Abcc2 expres-
sion were annulled following removal of the gallbladder of mice
(Zhang et al., 2018). However, it is important to determine protein
levels due to possible delays in translation. In this regard, Mauvoisin
et al. (2014) suggested that besides rhythms in transcription, there
may be translational and post-translational rhythms affecting protein
formation. Then, Robles, Cox, and Mann (2014) showed that some
liver proteins displayed a significant time lag between transcription
and translation, occasionally even anti-phase. For Abcc2, there was an
8.03-hr time lag. In fact, the biliary clearance and cumulative excretion

of phenolsulfonphthalein, an MRP2 substrate, was highest at ZT

12, that is, approximately 8 hr after the mRNA peak (Figure 2). Never-
theless, P-gp and BCRP protein expression did not demonstrate a sig-
nificant rhythm in the same study, despite a 24-hr transcriptional
oscillation of Abcb1 (Oh, Lee, Han, Cho, & Lee, 2017) and Abcg2 (exon
1B isoform; Hamdan et al., 2012). In the liver from cynomolgus mon-
keys, P-gp, BCRP, MRP2, and CYP3A protein levels did not reveal sig-
nificant circadian variations. While P-gp and MRP2 remained mostly
constant, BCRP and CYP3A showed large interindividual variability.
Once again, mRNA of Abcbl oscillated in the liver (lwasaki
et al.,, 2015) but did not translate into protein in the same proportion.
This reinforces the importance of measuring both mRNA and protein
and raises questions regarding interspecies differences, which require
further investigation.

Evidence of circadian oscillations of enzyme levels is present in
studies concerning liver toxicity and drug metabolism. Hepatotoxicity
at different dosing times has been reported for isoniazid (ZT 1;
Souayed et al., 2015) and acetaminophen (ZT 12; DeBruyne,
Weaver, & Dallmann, 2014; Johnson et al., 2014), among others. The
works of DeBruyne et al. (2014) and Johnson et al. (2014) revealed
that the chronotoxicity of acetaminophen is regulated not only by the
central clock, through feeding schedules and GSH levels, but also by
the liver circadian clock. Deletion of the clock from hepatocytes
reduced the expression and activity of NADPH-cytochrome P450
oxidoreductase, resulting in lower acetaminophen toxicity. Isoniazid is
partly metabolized by CYP2E1-mediated oxidation to hepatotoxic
compounds (Souayed et al., 2016). Its greater toxicity at ZT 1 coin-
cided with higher C..x and AUC in plasma, as shown in chro-
nopharmacokinetic studies (Table 2). Moreover, Khemawoot et al.
demonstrated that CYP2E1 has circadian variations, with higher
microsomal mRNA levels in the liver at ZT 12, protein content at ZT
18, and hydroxylation activity at ZT 21, measured through the conver-
sion of chlorzoxazone to 6-hydroxychlorzoxazone in male rats. Thus,
in order to assess metabolic activity, it is recommended to quantify
the unconverted parent compound, as well as the total amount of
formed metabolite (Khemawoot, Nishino, Ishizaki, Yokogawa, &
Miyamoto, 2007). Despite confirmed circadian variations, no sex
dimorphism was observed for CYP2E1, even if trough-peak differ-
ences of mMRNA were obtained (5.4-fold in female and 16.6-fold in
male mice). Conversely, CYP2A4 and CYP7B1 oscillated in a circadian
manner and revealed female and male mice predominance, respec-
tively. The sexual dimorphism that affects drug metabolizing enzymes
was attributed to the pulsatile (males) or continuous (females) secre-
tion of the pituitary growth hormone (Lu et al., 2013). Therefore, the
circadian rhythm influences not only substrate concentrations through
blood flow and distribution but also enzyme levels and activity, which
can differ significantly between species and genders.

These observations apply to tissues other than the liver in which
biotransformation also takes place, even if with lower expression,
namely, the lungs, gut, kidneys, or brain, where it can affect acute and
chronic response to drugs (Carver, Lourim, Tryba, & Harder, 2014;
Sundar et al., 2015; Zuber et al., 2009). An interesting study by Carver
et al. found an ultradian expression (12 hr) of Cyp2c11 and Cyp4x1 in
rat brain microvascular endothelial cells and astrocytes from the
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hippocampus. This led to the hypothesis that the rhythmic production
of epoxyeicosatrienoic acids by these cells may be responsible for the
circadian regulation of cerebral blood flow (Carver et al., 2014). Identi-
cally, there is circadian expression of phase | and phase Il enzymes in
the kidney, most of which display maximal transcript expression at ZT
12 in male mice (Zuber et al., 2009).

24 | Excretion

2.4.1 | Hepatobiliary excretion

As aforementioned, ABC transporters participate in the hepatobiliary
excretion of drugs and their metabolites into the bile. Circadian
rhythms have been observed for bile flow, biliary concentrations, and
excretory rates of biliary lipids, which exhibited a peak at ZT 16 and a
trough at ZT 4 in rats (Nakano, Tietz, & LaRusso, 1990). Examples of
efflux substrates for which biliary excretion is a relevant elimination
route include the 7-O-glucuronide metabolite of mycophenolic acid
(Dridi et al., 2014) and irinotecan (Filipski et al., 2014). Interestingly,
the second peak of mycophenolic acid in plasma, corresponding to its
enterohepatic circulation, always occurred 6 hr after administration,
independently of the time of administration and in spite of its glucuro-
nide being an MRP2 substrate (Dridi et al., 2014). Meanwhile, P-gp is
essential for the detoxification of irinotecan, which demonstrated bet-
ter tolerability during the rest phase of mice, when the residence time
of the main cytotoxic metabolite was shortest (Filipski et al., 2014).
Nevertheless, as circadian oscillations of P-gp levels in liver tissue are
unclear and irinotecan is also excreted by the urinary route, no conclu-
sions can be drawn regarding a possible role of P-gp in the detoxifica-
tion process through biliary excretion. Thus, the importance of
circadian variations of efflux transporters in the hepatobiliary excre-

tion of drugs is as yet, not known.

2.4.2 | Renal excretion

Circadian oscillations of kidney function are well known (Firsov &
Bonny, 2018). The most relevant renal processes that undergo rhyth-
mic variations and affect drug excretion are the GFR, tubular
reabsorption, active tubular secretion, renal blood flow, and urinary
pH (Boulamery, Kadra, Simon, Besnard, & Bruguerolle, 2007; Firsov &
Bonny, 2018). In rodents, renal blood flow and GFR are higher during
the activity phase and lower during rest (Okyar et al., 2012). For
instance, Cao, Kim, Choi, and Lee (2005) described a more significant
urinary excretion of nifedipine at the end of the activity phase
(0.0342%) than when rats were most inactive (0.0137%).

Several compounds excreted in urine exhibit circadian oscillations
of elimination PK parameters (Table 2). The anticancer prodrugs of
5-fluorouracil, tegafur and capecitabine, revealed higher total oral
clearance at ZT 11, while the simulated population mean clearance of
5-fluorouracil showed the highest values at ZT 2/ZT 0. These alter-
ations are responsible for the fluctuations of plasma levels of
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5-fluorouracil and evidence the importance of dosing time. Clearance
differences were attributed to circadian oscillations of physiological
factors that affect not only elimination but also bioavailability and
plasma protein binding (Kobuchi, Ito, Takamatsu, & Sakaeda, 2018;
Kobuchi, Yazaki, Ito, & Sakaeda, 2018). Additional drugs that displayed
greater total clearance during the first or second halves of the rest
phase include isoniazid and valproic acid (ZT 7) and meperidine (ZT 2),
all dosed by intraperitoneal route to mice. This was associated with a
higher tolerability during the rest phase (Ben-Cherif et al., 2012) or
stronger efficacy/toxicity in the activity phase (Zhang, Yu, Li, Xu, &
Liu, 2014). Notwithstanding, higher clearance values were observed
for other compounds during the activity phase. For instance, a higher
elimination of gentamicin in the activity phase was related with a
greater nephrotoxicity in rodents at the rest phase (Choi, Kim, &
Lee, 1999).

In accordance, higher nephrotoxicity and ototoxicity were dem-
onstrated when it was dosed at the rest phase (ZT 2) in female rats,
although clearance values were slightly higher at ZT 2 than ZT
14 (4.53 vs. 3.22 ml-min~tkg™1; Blunston, Yonovitz, Woodahl, &
Smolensky, 2015). Similarly, Oda et al. evaluated the nephrotoxicity of
cisplatin in mice and reported it as less toxic when clearance is higher,
that is, active phase. This drug is transported into renal cells by the
organic cation transporter 2 (OCT2), which was less expressed during
this period (ZT 18). Therefore, the lower nephrotoxicity of cisplatin in
the dark phase is explained by its lower uptake into renal cells, caused
by lower levels of OCT2 (Oda et al., 2014). Rhythmic oscillations of
other transporters in the kidney have been investigated by Ando
et al. (2005), pointing towards higher mRNA levels of Abcc2 at ZT
12 in mouse (Figure 2). Conversely, no mRNA oscillations were found
for Abcbla or for P-gp expression. Hamdan et al. (2012) discovered
mRNA variations of the isoform 1B of Abcg2 with a peak at ZT 10 (Fig-
ure 2). No MRP2 or BCRP protein levels were determined in these
studies. Therefore, as mentioned for other tissues, more research is
required to investigate eventual delays in translation and post-
translation that may affect drug uptake and secretion and possibly
efficacy and/or toxicity.

3 | CHRONOPHARMACOKINETICS:
HUMAN DATA

When comparing chronopharmacokinetic data from different dosing
schedules, it is advisable to apply bioequivalence criteria. This will
improve the assessment of their clinical meaning and eventual impact
in efficacy and tolerability (Bethke, Huennemeyer, Lahu, &
Lemmer, 2010; Etienne-Grimaldi et al., 2008).

There is some evidence of the influence of circadian oscillations
in human ADME (Table 3), although it is much less than the
corresponding non-clinical data. Circadian variations of gastric empty-
ing time have been reported not only in the wake state but also
between rapid eye movement (REM) and non-REM sleep. In wake
state, it is slower in the evening (20.00 hr) than morning (8.00 hr),
which may affect the speed of drug absorption (Goo, Moore,
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Greenberg, & Alazraki, 1987). Moreover, in non-REM sleep, there is a
decline of gastric electrical rhythm that is recovered in REM sleep.
This indicated that this function is not independent from CNS activity,
since some CNS awareness is required to restore normal gastric emp-
tying (Vaughn, Rotolo, & Roth, 2014). Further studies exploring the
relationship between gastric emptying time, sleep states, and drug
absorption are recommended.

The oral bioavailability of efflux substrates appears to be higher
during the early active phase. P-gp substrates amlodipine and
sumatriptan exhibited higher AUC after oral dosing at 8.00 and
7.00 hr, respectively (Table 3). Additionally, the oral administration of
digoxin resulted in an earlier t.,.x when dosed at 8.00 hr instead of
20.00 hr (P < 0.5). Cinax and AUC were also higher at 8.00 hr but not
statistically significant (Erol, Kilic, Batu, & Yildirim, 2001). This is in
agreement with non-clinical data obtained for other P-gp substrates in
the laboratory monkey (lwasaki et al., 2015), as mentioned in Sec-
tion 2.1.1. Identically, tamoxifen, a BCRP and MRP2 substrate, rev-
ealed higher systemic exposure at 8.00 hr (Table 3). Notwithstanding,
more data concerning the circadian expression of these transporters
in the human intestine are necessary.

To the best of our knowledge, the only report concerning circa-
dian intranasal absorption in humans refers to the delivery of
calcitonin, with higher serum levels reached at 00.00 hr (Tarquini
et al., 1988). Other studies involving time-controlled parenteral drug
administration include the transdermal delivery of nicotine
(Hammann, Kummer, Guercioni, Imanidis, & Drewe, 2016), as
explored in Section 4.

Human plasma protein levels display circadian oscillations. Serum
albumin levels are higher from 08.00 to 20.00 hr, with a trough at
04.00 hr (Jubiz, Canterbury, Reiss, & Tyler, 1972), while a1-acid glyco-
protein reached the acrophase at 11.30 hr (Bruguerolle et al., 1989).
Indeed, highly bound valproic acid revealed higher unbound drug frac-
tion in plasma (fypasma) between 02.00 and 06.00 hr (Patel,
Venkataramanan, Levy, Viswanathan, & Ojemann, 1982), whereas
lower fypasma Was determined for diazepam at 09.30 hr (Nakano,
Watanabe, Nagai, & Ogawa, 1984). In Table 3, tacrolimus also dis-
played higher V in the rest phase (20.00 hr).

While cardiac output is higher during daytime, when sympathetic
nervous system activity predominates, peripheral blood flow is
decreased due to vasoconstriction (Smolensky et al., 2017). In fact,
regional rhythm variations (circadian and ultradian) have been identi-
fied in skin blood flow, with lowest flow determined during morning
hours (Yosipovitch et al., 2004). Similarly, cerebral blood flow velocity
is lower in the morning than in the afternoon or evening (Conroy,
Spielman, & Scott, 2005), which correlates positively with functional
connectivity and negatively with morning cortisol levels (Hodkinson
et al., 2014). It oscillates during sleep, decreasing steadily at the onset
of sleep until slow wave sleep but rising at the beginning of REM
sleep, when it may even overcome waking state levels
(Klingelhéfer, 2012). The average rate of CSF production also
increases during the night, oscillating from 12 ml-hr~! at 18.00 hr to
42 ml-hr~! at 02.00 hr (Nilsson et al., 1992). The clinical meaning of
these variations is yet to be determined.

The expression of clock genes has been detected in human full-
term placenta (Pérez et al., 2015). As already mentioned, glucocorti-
coids affect the activity of drug transporters during gestation. Syn-
thetic glucocorticoids (dexamethasone and betamethasone) are
administered to pregnant women at risk of imminent preterm delivery
to improve fetal lung maturation (Staud & Ceckova, 2015). The timing
of administration is decided according to the number of gestation
weeks and risk of preterm delivery within 7 days (Di Renzo
et al., 2019), rather than the chronopharmacokinetics of the exoge-
nous glucocorticoids. Although data on Abcg2 expression are inconsis-
tent, both drugs induced the expression of Abcbl in human
cytotrophoblasts (Staud & Ceckova, 2015).

Data from in vitro studies using human liver cell lines or primary
hepatocytes suggest that the circadian expression of CYP enzymes is
regulated by transcription factors from the Par bZIP family (DBP) or
the retinoid-related orphan nuclear receptors (Table 1). Possible impli-
cations of this for the metabolism of endogenous compounds or xeno-
biotics demand more investigation.

Estimated hepatic blood flow in humans is highest at 8.00 hr and
lowest at 14.00 hr (Lemmer & Nold, 1991), which may also affect drug
metabolism and hepatobiliary excretion. Efflux substrate doxorubicin
is highly excreted in the bile. In agreement, its total clearance, rep-
resenting renal and hepatic clearance, was higher after dosing at
9.00 hr than 21.00 hr (Table 3). As urinary elimination was unaffected
by dosing time, these variations were attributed to oscillations of
hepatic clearance, which encompasses metabolic and biliary clearance
1991).
Rambhau (1998) partly attributed the lower C,,.x of pentoxifylline at

(Canal et al, Identically, Srinivasu, Rao, Rao, and
01.00 hr to its biliary excretion and extensive enterohepatic circula-
tion (Table 3).

As mentioned in Section 2.4.2, there are several renal processes
affected by circadian variations. In humans, GFR was highest during
daytime (16.36 hr) and lowest at night (02.54 hr), whereas the peak
and trough of renal blood flow occurred later at 19.54 and 06.24 hr,
respectively. Urine volume and sodium excretion were in phase with
GFR rhythm (14.00/15.09 hr), but potassium excretion occurred ear-
lier (11.00 hr) due to tubular secretion dictated by plasma potassium
levels and aldosterone, which have acrophases in the morning. Addi-
tionally, the contribution of tubular secretion to the clearance of p-
aminohippurate was higher during the night (20.54 hr; Koopman
et al., 1989). The uptake of p-aminohippurate across the basolateral
membrane of proximal tubule cells is mediated by organic anion
transporters (OATs), while its secretion into the renal lumen is carried
out by MRP2 (Leier, Hummel-Eisenbeiss, Cui, & Keppler, 2000). On
the other hand, methotrexate and gentamicin were depurated more
quickly following intravenous dosing in the morning (Table 3). The
excretion of methotrexate, a weak organic acid, is influenced by uri-
nary pH. As the urine is more acidic at night, tubular reabsorption of
methotrexate increases while tubular secretion is reduced, and conse-
quently, renal clearance is lower (Koren et al., 1992). Its uptake into
proximal tubule cells is performed by OAT1/OAT3 and reduced folate
carrier-1, whereas MRP2/MRP4 and BCRP secrete the drug into urine
(Kawase, Yamamoto, Egashira, & lwaki, 2016). The renal route is also
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the main excretion pathway of gentamicin, and its higher clearance
coincided with the higher GFR at daytime (Choi et al., 1999).

Lastly, it is important to highlight the presence of phase | enzymes
in human kidney. CYP3A5 was the main identified isoform and hence
considered the most relevant for renal drug metabolism (Schuetz
et al., 1992). Although its expression was shown to influence the
metabolism and clearance of tacrolimus in the kidney, apart from the
liver and small intestine (Zheng et al., 2014), no circadian PK variations
were found for this drug in patients with renal transplant (Satoh
et al., 2008). These results imply more research is needed on circadian

oscillations of CYP expression and activity in humans.

4 | CHRONOPHARMACOKINETICS AND
DRUG DELIVERY

The purpose of chronomodulated drug delivery is to release a drug at
a specific time window, in order to synchronize plasma concentrations
with the circadian rhythm of the disease. For example, the existence
of higher BP in the late morning or early afternoon, in both normoten-
sive and hypertensive subjects, has been associated with the occur-
rence of angina pectoris, acute myocardial infarction, or hypertensive
crisis (Zhang et al., 2016). Other conditions such as migraine and rheu-
matoid arthritis also display worse symptoms in morning hours (Hadi,
Raghavendra Rao, & Srinivasa Rao, 2016; Jagdale & Pawar, 2014).
Therefore, in all these pathologies, it becomes important to ensure an
adequate drug delivery at a critical time interval.

This is normally achieved by delaying drug release from the for-
mulation or its absorption, which implies the development of a system
that creates a lag time before exposure (Hadi et al., 2016). Recent
examples of such formulations can be found in Table S1. Additional
advantages of time-controlled drug release include an improvement
of patient compliance and of the oral bioavailability of the delivered
drug, by evading drug interactions with efflux transporters or exten-
sive first-pass metabolism (Farag, Abd El Malak, & Yehia, 2018). For
instance, press-coated floating tablets were developed for the chro-
nomodulated delivery of sumatriptan, a drug with poor oral bioavail-
ability (14%). A lag time of 7 hr was achieved, allowing drug
administration at night and release in the early morning (Jagdale &
Pawar, 2014). Previous studies had also pointed towards a higher sys-
temic exposure when sumatriptan was administered in the morning
(07.00 hr; Table 3), indicating that drug delivery in this period benefits
from time-dependent PK.

Other administration routes that are being explored for chro-
nomodulated drug delivery besides the oral route encompass trans-
dermal and buccal drug delivery. In the first case, nicotine was
transdermally administered to humans in a pulsatile manner, in order
to improve withdrawal symptoms after smoking cessation. This is
advantageous in part because nicotine levels undergo chro-
nopharmacokinetic oscillations, as its clearance increases in the late
morning and after meals (Hammann et al., 2016). The second
approach was conceived to circumvent the first-pass metabolism of

zaleplon and improve treatment of middle-of-the-night insomnia. The
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drug was incorporated into a bilayered buccal chronopatch and
released in pulses. Its bioavailability was 2.63-fold higher compared
with the immediate-release commercially available capsule (Farag
et al., 2018). The optimization of these strategies is essential to recon-
cile a safer and effective treatment with adherence to therapy.

5 | CONCLUSION

Several physiological functions under clock regulation affect PK,
including the presence of drug transporters widely distributed across
biological membranes. A greater knowledge of how circadian mecha-
nisms regulate the expression and activity of these transporters may
allow a time-adjusted administration of efflux substrates. This could
be achieved by administering the drug at a specific time of the day or
incorporating it into a chronomodulated drug delivery system that
would release it at the most advantageous moment. This moment
would depend on the main goal; is it to increase bioavailability or tis-
sue exposure (e.g., lowest expression/activity of efflux transporter in
the site of drug absorption/distribution), decrease adverse effects
(e.g., higher expression/activity of efflux transporter in the site of drug
elimination/distribution), or both. Hence, the first step is to expand
our current understanding of the chronovariations of efflux trans-
porters in different organs by resorting to in vitro/in vivo models.
in vivo studies in particular should be performed with trained animals,
maintained in constant and controlled conditions to avoid circadian
disruption. It is also necessary to specify the species, strain, gender,
and feeding pattern, because these aspects can interfere with trans-
porter levels and PK. Additionally, mRNA oscillations must be comple-
mented with levels of functional protein, due to the existence of
translational and post-translational rhythms. If these factors are taken
into consideration during study design and reported, data may be
more easily interpreted and extrapolated.

The next step is to improve the clinical assessment of
chronopharmacokinetics. Bioequivalence criteria ought to be applied
when analysing PK data from different administration times and study
subjects should be grouped according to chronotype, in order to
decrease inter-patient variability and prevent masking of possible PK
alterations. This will imply the development of better tools to evaluate
human circadian phenotypes and apply a personalized medicine
approach.

In further studies, either clinical or non-clinical, it is important for
researchers to bear in mind that PK parameters may oscillate
according to drug dosing time and that the study of these fluctuations
can be useful to select the optimal time of drug administration. As
already demonstrated, there are many research directions to pursue in
this field in order to, at the end, achieve an effective and safe drug

dosing that will benefit pharmacotherapy and patients' quality of life.

51 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
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common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2019/20 (Alexander, Cidlowski
et al, 2019; Alexander, Fabbro et al, 2019; Alexander, Kelly
etal, 2019).
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