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Abstract
Background: Everolimus is an oral mammalian target of rapamycin
(mTOR) inhibitor used as an immunosuppressant and anticancer. Its phar-
macokinetics is highly variable, it has a narrow therapeutic window and
shows chronotoxicity with the best time at ZT13 and worst time at ZT1 (ZT;
Zeitgeber time, time after light onset) in the preclinical setting.
Objectives: In the present study, we aimed to investigate whether the phar-
macokinetics of everolimus vary according to dosing time and whether sex
and feeding status interfere with the chronopharmacokinetics.
Method: A single dosage of 5 mg/kg everolimus was administered orally to
C57BL/6J male and female mice, in fed or fasted states at ZT1-rest and
ZT13-activity times and blood and tissue samples were collected at 0.5,
1, 2, 4, 12, and 24 h following drug administration. Ileum, liver, plasma, and
thymus concentrations of everolimus were determined.
Results: Females had a greater ileum AUC0–24h than males when fed
(P = 0.043). Everolimus AUC0–24h in the liver was substantially greater
at ZT1 than at ZT13 in a fasted state (P = 0.001). Plasma Cmax, AUC0–24h,
and AUCtotal were not statistically significant between the groups
(P = 0.098). In one of the target organs of everolimus, the thymus, males
had considerably higher amounts at ZT1 than females (P = 0.029).
Conclusion: Our findings imply that the pharmacokinetics of everolimus in
mice may differ according to dosing time, sex, and feeding. Greater tissue
distribution of everolimus at ZT1 may be associated with the worst tolerated
time of everolimus. Our research suggests that oral chronomodulated ever-
olimus therapy may be more effective and safer for cancer patients.
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1 | INTRODUCTION

The circadian timing system (CTS) regulates the major-
ity of mammalian cellular processes and biological
functions over a 24-h period, leading to diurnal changes
in organism physiology and behavior. The CTS also
controls key pathways in the pharmacokinetic and phar-
macodynamic processes of anticancer agents. Almost
half of the protein-coding genes including proteins

Abbreviations: AKT, protein kinase B; AUC0–24h, area under the curve
between 0 and 24 h; BCS, Biopharmaceutics Classification System; Cl/F,
clearance; Cmax, the maximum concentration; CTS, circadian timing system;
CYP, cytochrome; HPLC, high performance liquid chromatography; ICH,
International Council on Harmonisation; kel, elimination rate constant; LOD,
limit of detection; LOQ, limit of quantification; mTOR, mammalian target of
rapamycin; P‐gp, P‐glycoprotein; PI3K, phosphoinositide 3‐kinase; PK,
pharmacokinetics; t1/2, elimination half‐life; tmax, the time when the maximum
concentration is reached; Vd/F, the apparent volume of distribution; ZT,
Zeitgeber time.
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responsible for drug metabolism and drug transport in
mammals display circadian-dependent transcription [1].
Circadian changes in drug pharmacokinetics and phar-
macodynamics may cause variations in the efficacy
and/or toxicity profiles of drugs. Numerous drugs’ phar-
macokinetic profiles are time-dependent, and diurnal
fluctuations in expressions and activity of metabolic
enzymes and drug transporters appear to be the funda-
mental cause of dosing-time dependence of systemic
drug exposure [2–4].

Many published studies show that the pharmacoki-
netic properties of 5-fluorouracil (5-FU) [5], irinotecan
[6,7], cisplatin [8], doxorubicin [9], oxaliplatin [7], tamox-
ifen [10], erlotinib [11], sunitinib [12,13], seliciclib [14],
methotrexate, and orally used capecitabine [15] vary
according to the time of application. The delivery of
5-FU, leucoverin, and oxaliplatin in chronomodulated
fashion to colorectal cancer patients decreased the
dose-limiting adverse effects and toxicity [16]. Strik-
ingly, a meta-analysis by Giachetti et al. revealed
that chronomodulated infusion of chemotherapeutics
significantly improved therapeutic outcomes in males
as compared to flat infusion and the opposite effect was
found in females [17]. Innominato et al. also reported
that sex influenced the best tolerated time for irinotecan
with 5-FU, leucoverin, and oxaliplatin chronomodulated
therapy [18]. This observations prove that the sex-
related effects should be considered in cancer
treatment.

Everolimus is a selective oral mammalian target of
rapamycin (mTOR) inhibitor having immunosuppres-
sive and anticancer properties [19]. mTOR is a major
serine–threonine kinase in the Phosphoinositide
3-kinase (PI3K)/Protein kinase B (AKT)/mTOR signal-
ing pathway that regulates protein synthesis in relation
to cell growth, proliferation, angiogenesis, cell metabo-
lism, and autophagy [20]. It is recognized that this path-
way is dysregulated in the vast majority of human
malignancies [19,20]. Everolimus is authorized for the
treatment of advanced renal cell carcinoma, progres-
sive pancreatic and gastrointestinal neuroendocrine
tumors, and breast cancer in postmenopausal women
with advanced hormone-receptor-positive, HER2-
negative breast cancer in combination with exemes-
tane. Additionally, it is used to prevent organ
rejection [21].

According to a recent study, the mTOR signaling
pathway is controlled by the circadian clock, and mTOR
activity exhibits circadian periodicity. The diurnal varia-
tion in mTOR activity has altered the dosing-dependent
therapeutic effect of everolimus [22]. Everolimus is pre-
dominantly metabolized by cytochrome (CYP) P450
enzymes (CYP3A4, CYP3A5, and CYP2C8) in the liver
[21,23]. Everolimus has a large inter-individual pharma-
cokinetic variability. This variation is attributed to the
diverse activities of the drug efflux pump P-glycoprotein

(P-gp) and the enzymes CYP3A4, CYP3A5, and
CYP2C8 that metabolize everolimus [23]. The dietary
pattern also contributes to this inter-individual variabil-
ity. Food is known to reduce everolimus absorption [24]
but it has not been established how this may be
affected depending on the dosing time.

In a study conducted by our study group, everoli-
mus was administered to C57BL/6J male mice at
different Zeitgeber times (ZT; hours after light onset)
ZT1, ZT7, ZT13, and ZT19 for 14 days. Circadian
biomarkers, drug-related body weight loss, and
clinical observations confirm the best (ZT13) and worst
(ZT1) tolerated times. The well-tolerated oral dose of
everolimus by the male (5 mg/kg) and female mice
(15 mg/kg) was different [25]. Based on this, everolimus
was administered to C57BL/6J male (5 mg/kg) and
female (15 mg/kg) mice at ZT1 or ZT13 in another
setting. Changes in body weight and immunological
and hematological toxicity findings showed that the ani-
mals experienced higher toxicity at ZT1. These findings
were more prominent in the thymus [26]. In pilot
research, Giacchetti et al. demonstrated the dose-
dependent tolerance of everolimus in patients with
metastatic breast cancer. Compared to evening dosing,
morning administration of everolimus improved toler-
ance and adverse effects such as edema, tiredness,
and pneumonia [27].

Based on the available information in the literature
and our previous preclinical and clinical findings, we
aimed to investigate the effects of dosing time
(ZT1-rest/worst tolerated time vs. ZT13-activity/best
tolerated time), sex, and feeding on everolimus phar-
macokinetics. In order to achieve the objective, male
and female C57BL/6J mice were administered a
5 mg/kg dose of everolimus orally. This administration
was carried out in two distinct states (fed and fasted)
and at two distinct times (ZT1-rest and ZT13-activity).
The concentrations of everolimus were quantified in
plasma, liver, ileum, and thymus at six distinct time
points. Better understanding the chronopharmacoki-
netics of everolimus and adjusting the administration
time based on circadian cycles may be a beneficial
method for enhancing the therapeutic efficacy of
everolimus.

2 | RESULTS

Body temperature rhythms were measured rectally and
recorded a day before the experiment. In the dark
period body temperatures increased as expected in
nocturnally active mice. Diurnal changes in body tem-
perature were found statistically significant (P < 0.0001;
one-way ANOVA) and rhythmic (P < 0.0001; Fourier
analysis) both in male and female groups according to
ZT (Figure 1).
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2.1 | Ileum concentrations and
pharmacokinetic parameters of everolimus

All pharmacokinetic parameters of everolimus in ileum
tissue are presented in Table 1. Ileum concentration-
time graphs are presented in Figure 2 for all groups.
Cmax and AUC0–24h parameters were evaluated

according to ZT, feeding status (FS), and sex factors in
the ileum. ZT interaction was found statistically different
in females, Cmax values were higher at ZT13
(P = 0.042). Cmax of everolimus affected by sex in the
ileum was higher in females at ZT13 (P = 0.038) and in
fed groups (P = 0.002), also higher in females com-
pared to males in the ZT1 fed group (P = 0.016). When

F I GURE 1 Body temperature rhythms measured rectally of ZT1 male (a), ZT1 female (b), ZT13 male (c), and ZT13 female (d) mice.
One-way ANOVA; * P < 0.05; ** P < 0.01; *** P < 0.001; ****, P < 0.0001.

TAB LE 1 Dosing-time dependent pharmacokinetic parameters of everolimus in ileum mucosa in fed or fasted male and
female mice.

PK parameters
of everolimus

Fed Fasted

Male Female Male Female

ZT1 ZT13 ZT1 ZT13 ZT1 ZT13 ZT1 ZT13

tmax (h) 1 4 2 1 2 2 1 0.5

Cmax (μg/g) 3.21 (1.84–
3.79)

4.89 (2.26–
8.29)

7.91 (4.13–
9.83)

12.09 (9.91–
12.64)

4.25 (3.42–
9.08)

6.98 (0.60–
7.54)

3.68 (0.63–
13.37)

15.02 (4.60–
24.83)

AUC0–24h

(μg�h/g)
45.43 (10.73–

64.68)
39.93 (17.90–

98.17)
105.4 (15.06–

119.6)
96.11 (33.59–

181.2)
28.15 (17.27–

43.71)
43.11 (7.93–

222.6)
31.73 (11.95–

102.7)
79.72 (17.26–

159.7)

Note: The data were presented as median (min � max).
Abbreviations: AUC0–24h, area under the curve between 0 and 24 h; Cmax, the maximum concentration; PK, pharmacokinetics; t1/2, elimination half-life; tmax, the
time when the maximum concentration is reached.
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AUC0–24 of everolimus is investigated only sex and FS
are found to affect AUC0–24h values in the ileum.
AUC0–24 is higher in fed female mice compared to fed
males (P = 0.043).

2.2 | Liver concentrations and
pharmacokinetic parameters of
everolimus

The validation results of the method used for the quan-
tification of everolimus from the liver are presented in
Table S2. Following oral administration of everolimus,
Cmax, tmax, and AUC0–24h in the liver varied according

to dosing time, sex, and fasted/fed states (Table 2,
Figure 3). Cmax was affected by FS, it was higher at
ZT1 in fasted mice (P = 0.016). When AUC0–24h values
of the liver are investigated, AUC0–24h was found to be
approximately 10-fold higher at ZT1 in fasted mice in
both sexes (P = 0.007, male; P = 0.032, female)
(Figure 3e). When we investigated ZT*FS interaction,
AUC0–24h was found higher at ZT1 compared to ZT13
(P = 0.0004) at fasted state, and fasted AUC0–24h

was found higher than fed AUC0–24h at ZT13
(P = 0.003). Additionally, when we compared the sex
effect on ZT, AUC0–24h was found higher at ZT1
compared to ZT13 in males (P = 0.0006) but not in
females (P = 0.068).

F I GURE 2 Dosing-time dependent concentrations of everolimus in ileum of male fed (a), male fast (b), female fed (c), female fast (d) mice
and dosing-time dependent AUC0–24h values of everolimus in ileum of both groups (e). Everolimus ileum concentrations and AUC0–24h values
are presented using median (min � max) values according to Zeitgeber time (ZT). In the ileum, the sex*FS interaction for AUC0–24h was
statistically significant (P = 0.08), but the three-factorial interaction was not (P = 0.64). Other statistical comparisons are presented in the text.
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TAB LE 2 Dosing-time dependent pharmacokinetic parameters of everolimus in the liver in fed or fasted male and female mice.

PK parameters
of everolimus

Fed Fasted

Male Female Male Female

ZT1 ZT13 ZT1 ZT13 ZT1 ZT13 ZT1 ZT13

tmax (h) 12 0.5 12 0.5 4 0.5 1 0.5

Cmax (μg/g) 6.54 (2.01–
11.18)

3.82 (3.23–
9.76)

7.54 (3.71–
8.93)

6.52 (4.71–7.80) 16.82 (5.24–28.91) 5.47 (1.07–
6.41)

8.79 (8.00–
9.12)

4.88 (3.16–
9.45)

AUC0–24h

(μg�h/g)
116.30 (31.38–

184.6)
38.27 (8.06–

116.2)
90.09 (26.55–

178.0)
77.83 (26.48–

123.5)
239.2 (95.62–

511.8)
20.32 (0.85–

61.29)
66.27 (8.43–

140.4)
5.65 (1.71–

19.81)

Note: The data were presented as median (min � max).
Abbreviations: AUC0–24h, area under the curve between 0 and 24 h; Cmax, the maximum concentration; PK, pharmacokinetics; t1/2, elimination half-life;
tmax, the time when the maximum concentration is reached.

F I GURE 3 Dosing-time dependent concentrations of everolimus in liver of male fed (a), male fast (b), female fed (c), female fast (d) mice
and dosing-time dependent AUC0–24h values of everolimus in liver of both groups (e). Everolimus liver concentrations and AUC0–24h values are
presented using median (min � max) values according to Zeitgeber time (ZT). In the liver, the ZT*sex interaction for AUC0–24h was statistically
significant (P = 0.046), but the three-factorial interaction was not (P = 0.12). Other statistical comparisons are presented in the text.

CHRONOPHARMACOKINETICS OF EVEROLIMUS. 887
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2.3 | Plasma concentrations and
pharmacokinetics parameters of
everolimus

The validation results of the method used for the quan-
tification of everolimus from plasma are presented in
Table S1. All pharmacokinetic parameters were evalu-
ated according to ZT, FS, and sex factors in plasma.
After oral administration of everolimus, plasma pharma-
cokinetics varied according to dosing time and sex
(Table 3). Plasma concentration-time graphs are pre-
sented comparatively in Figure 4 for all groups. Dosing
time affected the Cmax of everolimus in plasma. Cmax

values were higher at ZT13 in both sexes (P = 0.006,
male; P = 0.05, female) and both fed (P = 0.027) and
fasted (P = 0.011) groups, however, only male fed
(P = 0.016) and female fasted (P = 0.029) groups
showed statistical dosing time difference when com-
pared individually. Among all groups, the lowest plasma
Cmax value was seen in the ZT1-fed male mice.
Plasma everolimus AUC0–24h (Figure 4e) and AUCtotal

were not significantly different according to dosing time
(P = 0.098). Similarly, related to sex and FS (P > 0.05).
Plasma clearance (Cl/F, mL/h) was affected by ZT and
sex factor when compared individually. Cl/F was higher
at ZT1 in males (P = 0.023), but not in females
(P = 0.35). Additionally, it was higher in males than
females (P = 0.029) at ZT1 and in the fed state
(P = 0.029). The volume of distribution (Vd/F, mL) was
also affected by ZT and sex. Vd/F was higher at ZT1 in
males (P = 0.018), but not in females (P = 0.19), spe-
cifically it was higher in fed males compared to females
(P = 0.008) at ZT1 and compared to ZT13 males
(P = 0.008). Additionally, Vd/F was higher in males

than females at both ZT1 (P = 0.002) and ZT13 (0.011)
and in both fed (P = 0.007) and fasted (P = 0.0015)
states. FS affected Vd/F in ZT1 male groups, Vd/F was
higher in fed state than fasted (P = 0.016).

2.4 | Thymus concentrations and
pharmacokinetic parameters of everolimus

All pharmacokinetic parameters of everolimus in the
thymus are presented in Table 4. There is a dramatic
change considering ZT and sex. Cmax and AUC0–24h

values of everolimus in thymus were not significant
according to dosing time only (P > 0.05) (Figure 5).
AUC0–24h was higher in males compared to females at
ZT1 (P = 0.029). tmax varied according to sex, it was
higher in males with 24 h compared to females with
0.5–2 h.

3 | DISCUSSION

In this study, we investigated the pharmacokinetics of
everolimus depending on the fed-fasted state, sex, and
dosing time and aimed to elucidate underlying causes
of the chronotoxicity findings of everolimus observed in
our previous study which demonstrated that everolimus
toxicity was less severe when administered at ZT13
compared to ZT1 [25, 26, 28]. Few research in the sci-
entific literature [27, 29, 30] investigate the pharmacoki-
netics of everolimus in healthy or tumor-bearing
animals. There is only one study that evaluates the
pharmacokinetics of intravenously administered evero-
limus (20 mg/kg, single dose) based on administration

TAB LE 3 Dosing-time dependent plasma pharmacokinetic parameters of everolimus in fed or fasted male and female mice.

PK parameters
of everolimus

Fed Fasted

Male Female Male Female

ZT1 ZT13 ZT1 ZT13 ZT1 ZT13 ZT1 ZT13

tmax (h) 2 0.5 0.5 1 0.5 1 2 1

Cmax (μg/mL) 1.57 (1.44–
1.90)

2.70 (2.13–
3.28)

2.99 (1.48–
3.23)

3.21 (2.80–
6.12)

2.39 (1.49–
2.94)

2.82 (2.59–
3.59)

2.21 (1.97–
2.61)

2.66 (2.61–
3.67)

AUC0–24h

(μg�h/mL)
12.10 (4.83–

18.93)
21.77 (5.27–

26.57)
21.40 (8.69–

29.10)
20.28 (9.25–

40.84)
19.06 (12.05–

25.49)
22.52 (14.99–

30.29)
20.93 (9.07–

27.70)
24.81 (13.14–

32.88)

AUCtotal

(μg�h/mL)
12.73 (5.10–

20.15)
23.28 (6.37–

28.09)
22.39 (8.73–

30.88)
22.56 (9.31–

43.84)
19.38 (12.13–

28.97)
23.34 (15.44–

38.67)
21.92 (9.30–

29.15)
28.01 (14.58–

39.05)

t1/2 (h) 5.55 (5.02–
6.86)

6.03 (4.85–
6.19)

5.37 (3.30–
6.08)

6.86 (3.10–
7.54)

5.68 (3.29–
6.08)

4.88 (4.50–
10.19)

5.46 (4.28–
5.59)

7.07 (3.57–
7.54)

Cl/F (mL/h) 8.90 (5.85–
12.47)

4.63 (3.08–
5.93)

3.98 (2.89–
9.85)

4.08 (2.10–
5.80)

5.68 (3.86–
9.66)

4.71 (2.85–
6.79)

4.11 (3.09–
8.98)

3.21 (2.30–
5.98)

Vd/F (mL) 70.11 (51.81–
123.5)

40.96 (21.50–
49.72)

30.86 (25.31–
46.90)

25.88 (22.83–
43.89)

45.77 (33.84–
55.15)

41.83 (33.18–
44.06)

30.89 (24.90–
56.13)

28.59 (25.04–
32.79)

Note: The data were presented as median (min � max).
Abbreviations: AUC0–24h, area under the curve between 0 and 24 h; AUCtotal, area under the total curve; Cl/F, clearance; Cmax, the maximum concentration; PK,
pharmacokinetics; t1/2, elimination half-life; tmax, the time when the maximum concentration is reached; Vd/F, distribution volume.
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time (ZT0-day and ZT12-night) [22]. Given that everoli-
mus is an orally delivered drug in the clinic and exhibits
interindividual differences in its pharmacokinetics, it is

reasonable to assess the oral pharmacokinetics of
everolimus in terms of dosage time, feeding, and sex-
dependence, collectively [23, 31].

F I GURE 4 Dosing-time dependent concentrations of everolimus in plasma of male fed (a), male fast (b), female fed (c), female fast (d) mice
and dosing-time dependent AUC0–24h values of everolimus in plasma of both groups (e). Everolimus liver concentrations and AUC0–24h values
are presented using median (min � max) values according to Zeitgeber time (ZT). There was no significance was observed for AUC0–24h in the
two or three-factorial interactions in plasma (P > 0.1). Other statistical comparisons are presented in the text.

TAB LE 4 Dosing-time dependent pharmacokinetic parameters of everolimus in the thymus in male and female mice.

PK parameters
of everolimus

Male Female

ZT1 ZT13 ZT1 ZT13

tmax (h) 24 24 2 0.5

Cmax (μg/g) 286.0 (68.61–952.5) 101.2 (7.89–175.7) 41.37 (12.38–177.0) 17.08 (12.99–144.2)

AUC0–24h (μg�h/g) 4388 (1676–7105) 1548 (230.4–2412) 357.1 (29.30–901.7) 247.3 (134.3–401.7)

Note: The data were presented as median (min � max).
Abbreviations: AUC0–24h, area under the curve between 0 and 24 h; Cmax, the maximum concentration; PK, pharmacokinetics; tmax, the time when the maximum
concentration is reached.
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After oral administration of 5 mg/kg everolimus to
mice, dosing time affected Cmax of everolimus in
plasma, which was higher at ZT13 in both sexes and
both fed/fasted states (P < 0.05). It can be due to
greater absorption or rapid elimination of the drug when
dosing at ZT13. Plasma clearance (Cl/F, mL/h) was
higher at ZT1 in males. Vd/F which indicates the distri-
bution of everolimus was also high in males at ZT1,
especially in the fed males. Plasma and liver data were
consistent with each other in terms of dosing time-
dependent drug exposure. Liver everolimus Cmax and
AUC0–24h values were found to be higher in ZT1 than
ZT13 in all groups. The higher distribution of everolimus
into the liver at ZT1 can be explained by the slower
absorption and slowing down of drug metabolism in the
liver during the resting phase (ZT1) [2, 32–34]. Also,
the liver/plasma ratio was found to be higher in ZT1,
except for ZT1 female groups. This ratio confirms that
liver tissue distributions are higher in ZT1. Everolimus
is metabolized by CYP3A4 and CYP3A5 [35] and
excreted by the multidrug transporter P-gp [60,61] in
the liver and intestinal wall. mRNA levels of Cyp3a11
(homologous to human CYP3A4) in the liver of
C57BL/6J mice were highest at ZT21 and lowest at
ZT1 [36,37]. Mice with lower everolimus detoxification
at ZT1 may be the reason for the higher drug

accumulation in the liver of ZT1-treated mice. Studies
also showed 24-h rhythm in protein and mRNA expres-
sion of P-gp in the liver and gastrointestinal tract of
mice [37,38]. Okyar et al. demonstrated daily oscilla-
tions in P-gp activity in the rats [39] and in mice intes-
tines [40]. In these studies, ileum P-gp activity was
higher in the activity phase of mice. Accordingly, the
high P-gp expression [40] indicates that everolimus will
be excreted more by P-gp into the ileum. This is consis-
tent with our findings, in which everolimus Cmax and
AUC0–24h values in the ileum are higher in fasted mice,
especially females, treated at ZT13, but not concordant
with fed mice. Although it is known that the drug admin-
istration time affects the intestinal absorption of everoli-
mus, it is also influenced by the feeding–fasting status,
therefore the systemic exposure of this drug varies
depending on the degree of the contribution of these
factors.

It is known that the absorption of everolimus
decreases with food [24]. Everolimus is a poorly soluble
drug in water and has low membrane permeability
(Biopharmaceutics Classification System 4; BCS Class
IV) [41]. Drugs with these properties may act as
Class II (low solubility, high permeability) or Class III
(high solubility, low permeability) according to the for-
mulation. Accordingly, when everolimus is taken with

F I GURE 5 Dosing-time dependent concentrations of everolimus in thymus of male (a), female (b) mice and dosing-time dependent AUC0–

24h values of everolimus in thymus in both sexes (c). Everolimus thymus concentrations and AUC0–24h values are presented using median
(min � max) values according to Zeitgeber time (ZT). The results of the factorial analysis using non-parametric ANOVA showed that no
significance was observed in the ZT*sex interaction in thymus (P > 0.1). However, sex factor was found significant (P = 0.002), but not ZT
(P = 0.125). Other statistical comparisons are presented in the text.
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food, Cmax and AUC0–24h decrease and tmax prolongs
[24,42]. In the current study, Tmax was prolonged, and
Cmax and AUC0–24h decreased in male mice in the fed
compared to the fasting state.

The effect of food intake on everolimus pharmacoki-
netics is also observed in ileum data. AUC0–24h

decreased in the ileum in all groups in the fasted state
compared to the fed groups. The higher presence of
everolimus in the ileum of fed mice confirms that the
absorption of everolimus decreases with food [24]. In
the ileum, Cmax and AUC0–24h values of everolimus
were also dependent on administration time and sex
apart from FS, which is very likely due to P-gp expres-
sion and activity in mammals. Cmax of everolimus in the
ileum was generally higher at ZT13, and the most
prominent ZT1 difference was seen between fasted
female groups (P < 0.05). The sex-related difference
was more pronounced in the fed groups, with AUC0–24h

approximately 2-fold higher in females in both ZT
(P < 0.05). P-gp expression and activity were evaluated
by the time of administration, sex, and fasted/fed states
using the P-gp substrate talinolol by Okyar et al. [40].
According to Okyar et al., fasting increased the mesor
value of P-gp activity and prevented its rhythmicity [40].
This situation contradicts our findings because, in our
findings, the everolimus AUC0–24h value in the ileum
decreased in the fasted state.

When we investigated ZT*FS interaction in the liver,
AUC0–24h was found significantly higher at ZT1 com-
pared to ZT13 at fasted state, and fasted AUC0–24h was
higher than fed AUC0–24h at ZT13. When a restriction of
food intake is added to the time-dependent effect
of drug absorption and metabolism, an increase in liver
everolimus distribution may have occurred. Because
food intake may reduce the bioavailability of everoli-
mus [24]. Hepatic blood flow is known to increase with
nutrients, but its importance in drug absorption and dis-
tribution has not been proven [43]. Besides, nutrients
may have changed the metabolism of everolimus by
influencing Cyp3a4 and P-gp [44–46]. On the other
hand, the increase in the bioavailability of everolimus in
the fasting state was seen only in ZT1 male mice. This
can be explained by the higher drug metabolism at
ZT13 (activity phase), and in females than in males [36,
37, 47–49].

Another factor that may affect everolimus pharma-
cokinetics is sex. Sex changed Cmax and AUC0–24h of
everolimus in the ileum, it was higher in females
(P < 0.05). The sex-related difference was more pro-
nounced in the fed groups, with AUC0–24h approxi-
mately 2-fold higher in females in both ZT (P < 0.05).
The mesor value of ileum P-gp activity was higher in
males than in females. However, P-gp expression
in ZT15 was significantly higher in females [40].
Accordingly, the high P-gp expression indicates that
everolimus will be excreted more by P-gp into the
ileum. This is consistent with our findings, in which the

everolimus AUC0–24h value is higher in females in the
ileum. The difference between male and female physi-
ology can affect drug pharmacokinetics in various
ways. In females, for instance, the gastrointestinal tran-
sit time of nutrients is longer, which may increase the
absorption of everolimus. However, longer transit time
can also increase the interaction time of drugs with
intestinal membrane transporters and metabolizing
enzymes located in the gastrointestinal mucosa [50].
This may explain the greater amount of unabsorbed
everolimus in the ileum of female mice. At the same
time, CYP3A4 (homolog to Cyp3a11 in mice) activity,
which is responsible for everolimus metabolism, is
higher in females [47, 48], which leads to faster metab-
olism of the drug in the liver and intestine. Although it is
known that the hepatic P-gp expression is greater in
men than in women, higher expression in females has
been observed in mouse studies [40]. This may explain
the lower everolimus exposure in female mice in the
current study.

Apart from this, the biggest differences between
male and female mice were seen in thymus everolimus
levels. Everolimus tissue distribution in male mice was
substantially greater than in females at ZT1 (P < 0.05).
This variation in the distribution of everolimus within the
thymus was consistent with our prior chronotoxicity
investigation in fed male and female mice. In the thy-
mus, both organ weight loss and histopathological
results showed higher toxicity at ZT1. Males were more
susceptible to everolimus toxicity than females [26].
The toxicity seen in the thymus depending on the dos-
ing time can be explained by the increase in the distri-
bution of everolimus to the tissue in ZT1. Another study
by Laplanche et al. showed that the highest binding
potential of everolimus was found in the thymus along
with the lungs and spleen. Also, tissue affinity was
greatest in the thymus along with skin and muscle [51].
Our current chronopharmacokinetics and previous
chronotoxicity study [26] showed that tissue affinity and
binding potential of everolimus in the thymus may be
greater when the drug was administered at ZT1, espe-
cially in male mice.

On the other hand, the plasma data of the current
study does not explain the cause of the diurnal variation
of everolimus toxicity reported in our previous study. In
general, the relationship between the blood levels of
anticancer drugs and toxicity as a function of time can
be established. It is possible to mention such a relation-
ship for methotrexate, an anticancer and immunosup-
pressant drug [52]. This was not the case for
everolimus since higher toxicity was seen in ZT1 which
plasma levels are low. However, our liver data indicated
that AUC0–24h of everolimus in the liver (i.e., drug expo-
sure) were higher at ZT1 (the most toxic Zeitgeber time
for everolimus), and lower at ZT13 (the least toxic
Zeitgeber time) in all groups (fed/fasted and male/
female), and surprisingly this was particularly more
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evident in fasted male mice. We can suggest that
plasma levels cannot always reflect the toxicity of a
drug, evaluation of the plasma and tissue levels of the
drugs together will be a more rational approach, as
shown in our study and many others [53, 54]. Similarly,
ileum data of the study indicated no significant differ-
ences in AUC0–24h values between ZT1 and ZT13, but
the difference was more evident according to sex and
FS (higher in female and fed mice). The diurnal
difference in the ileum, liver, and thymus levels of ever-
olimus appeared to be more evident when given as tis-
sue/plasma ratio (Figures S2–S4), which was higher at
ZT1 in each tissue, especially in male mice. These find-
ings are also supportive of our previous study findings
of everolimus chronotoxicity [26].

As a conclusion, we indicated that the plasma
pharmacokinetics and tissue distribution of everolimus
significantly changed according to dosing time, sex,
and FS in this study. It is also important in terms of
revealing the effect of factors such as feeding (fed/
fasted state) and sex (male/female) on everolimus
pharmacokinetics. On the other hand, we achieved our
goal, albeit partially, with our current study findings,
which was to elucidate the underlying causes of evero-
limus chronotoxicity in mice observed in our previous
study. We think that our preclinical study findings will
contribute to the attempts to individualize everolimus
treatment and optimize the therapeutic outcomes by tai-
loring chemotherapy to the CTS and sex of the patient.
Determining the circadian rhythms in the body and
adapting drug therapy to these rhythms, so-called chro-
notherapy, will improve the tolerability and efficacy of
drugs, yet this strategy needs to be further investigated
with clinical trials.

4 | MATERIALS AND METHODS

4.1 | Animals and their synchronization

Ten to twelve weeks old C57BL/6J female and male
mice (18–25 g) were purchased from Bezmialem Vakif
University Experimental Animals Unit, and experiments
were performed in the Experimental Animal Care
and Accommodation Unit of Istanbul University Faculty
of Pharmacy (EDEHAB). The study was conducted
according to the ethical guidelines and approved by the
Bezmialem University Local Ethics Committee of
Animal Experiments (approval no: 2015/253). Mice
were housed in polycarbonate cages for up to five ani-
mals at standard temperature (22 ± 2�C), illumination
(12 h of light/12 h of darkness), and humidity (55
± 5%). Water and food were given ad libitum. On the
experimental days, food restriction was applied only to
the animals in the fasting group. Food was discontin-
ued 6 h before drug administration and not given until
4 h later. The procedures to be applied in the dark were

performed under dim red light (7 � 104 erg/cm2). All
mice were synchronized for 3 weeks prior to the experi-
ments. Synchronization was controlled by rectal tem-
perature measurement (Testo 108 Thermometer,
Harvard App. USA) four times a day (7:00, 13:00,
19:00, and 01:00) for 1 day before the experiment.

4.2 | Experimental study design

The summary of the experimental procedure is visually
presented in Figure 6. Everolimus (ApexBio Technol-
ogy, TX, USA) was freshly prepared by dissolving in
propylene glycol:distilled water (50:50, v/v). A single
dose of 5 mg/kg everolimus (5 mL/kg) was adminis-
tered by oral gavage to each experimental animal in
both sexes under fasting or ad libitum conditions at dif-
ferent Zeitgeber times (ZT1 and ZT13). Blood and tis-
sue samples were collected at 0.5, 1, 2, 4, 12, and 24 h
following drug administration. Five animals were
used for a single time point (a total of 240 mice). Blood
was taken via cardiac puncture under light isoflurane
anesthesia. After exsanguination, the chest was
opened, and the left lateral lobe of the liver was
removed. Intestines were removed and the ileum was
separated. Ileum cleaned with serum physiologic.
Then opened longitudinally, the ileum mucosa was
scrapped with a clean scalpel tip. The thymus was
removed, and all tissue samples were weighted
immediately and snap-frozen under liquid nitrogen. All
blood samples were collected in EDTA tubes
(BD Vacutainer®, NJ, USA), and the tubes were centri-
fuged at 4000 rpm for 10 min (Hettich, Germany) to
obtain plasma. A ratio of 1:1 saline was added to tissue
samples, and they were homogenized by a mechanical
homogenizer (Art-Miccra-D1, Germany). Plasma and
tissue samples were stored at �80�C until the day of
analysis.

ZT0 (Zeitgeber Time 0) means light onset, which
corresponds to the beginning of the rest phase of the
mice. ZT12 is the time of lights off, which corresponds
to the beginning of the active phase. Everolimus
administration times (ZT1-rest/worst tolerated time
vs. ZT13-activity/best tolerated time) were selected
according to our preliminary experiments [25].

4.3 | Analysis of plasma and tissue
samples

Everolimus in plasma and tissue samples was deter-
mined by the validated HPLC-UV method. Everolimus
metabolites were not analyzed because they do not
contribute to the pharmacological effect. The extraction
method was given as supplemental material. Shimadzu
HPLC system (Kyoto, Japan) with LC-30AD pump
and SPD-20A UV/VIS detector was used for the
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determination of everolimus. Chromatographic separa-
tion was carried out on Phenomenex C8 column
(100 � 4.6 mm, 5 μm, USA) heated at 50�C and using
acetonitrile:ammonium acetate buffer (60:40, v/v, pH
4.0) isocratically at a flow rate of 1 mL/min. Repaglinide
(Biocon Limited, India) was used as an internal stan-
dard. The chromatographic peaks were detected via a
UV detector at 278 nm. Method validation was made
according to International Council on Harmonisation
(ICH) Guidelines [55]. Linearity, accuracy, sensitivity,
specificity, detection limit (LOD), and quantification limit
(LOQ) were calculated.

4.4 | Pharmacokinetic calculations and
statistical analysis

The pharmacokinetic parameters of everolimus were
obtained using the non-compartmental analysis
method. Everolimus peak plasma concentrations
(Cmax) and time to reach peak concentration (tmax)
values were obtained directly from the plasma
concentration-time curves of observed experimental
data. The area under the plasma concentration-time
curve from 0 to 24 h (AUC0–24h) was calculated by
using the linear trapezoidal rule. The total area under
the plasma concentration-time curve from time zero to
infinity (AUCtotal) was calculated as the sum of AUC0–

24h and extrapolated part after the last sampling time
using the standard formula (concentration at 24 h
(C24h)/elimination rate constant (kel)). kel was obtained
by plotting the exponential graph by using the last four
time points. Elimination half-life (t1/2) was calculated by
the equation 0.693/kel. The apparent total systemic
clearance (Cl/F) after the peroral dose was calculated
by using the equation Dose/AUCtotal, and the apparent
volume of distribution (Vd/F) was calculated by the for-
mula (Cl/F)/kel. The pharmacokinetic parameters were
presented as median (min � max). A three-way non-
parametric ANOVA used to evaluate the effects of ZT,
sex, and FS on the AUC0–24h. The non-parametric
ANOVA was performed via the rankFD package in the R
3.5.2 [56] software using the method (H0F: hypothesis
built on distribution functions) developed by Brunner
et al. [57–59]. The differences between any two groups
were evaluated with Mann–Whitney U test as a sub-
group analysis in case of significant interaction. A
P < 0.05 was considered statistically significant except
interaction results (all interaction effects were assessed
at 0.1 significance level). Body temperature rhythms
were evaluated by spectral analysis through Fourier
analysis using IBM SPSS 27.0 (NY, USA). Statistical sig-
nificance of the sinusoidal 24-h body temperature rhythm
was also determined by cosinor analysis. All figures
were created with GraphPad Prism version 9.0.0 for
Windows, GraphPad Software, San Diego (CA, USA).

F I GURE 6 The summary of the experimental procedure.
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