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Abstract

Objective The purpose of the current study was to
investigate the effect of the dosing time on the pharma-
cokinetics of erlotinib and the circadian rhythms of the
metabolism enzymes in tumor-bearing mice.

Methods  Female C57BL mice were randomly assigned to
six groups. Erlotinib was orally administrated to the mice in
each group at six different times of day. The plasma concen-
tration of erlotinib was determined through a high-perfor-
mance liquid-chromatographic assay, and the total mRNA was
extracted from liver tissues to determine the expression of the
mRNA of the related drug metabolism enzymes by qRT-PCR.
Results The results indicated that AUCg 4, and
MRT(_54 , were the lowest in the 20:00 group (P < 0.01).
Tmax of the 13 HALO (hour after light onset), 17 HALO
and 21 HALO groups was higher than that of the 1 HALO
and 5 HALO groups (P < 0.01). CL of the light-phase
groups was lower than that of the dark-phase groups
(P <0.01). The peak value of C.x appeared in the 5
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HALO group (P < 0.01). The mRNA levels of Cyp3all,
Cyp3al3 and Cypla2 were generally higher during the
afternoon and the dark phase.

Conclusion  Circadian rhythm plays a critical role in the
pharmacokinetics of erlotinib in mice, and the mechanisms
may be attributed to gene expression rhythms of drug-
metabolizing enzymes in liver tissues.

1 Introduction

It has been well recognized that almost all living organ-
isms, including plants, animals, bacteria and fungi, are
functioning along certain cycles or circadian rhythms.
Daily activities such as sleep, metabolism, hormonal
secretion and cellular proliferation are controlled by these
endogenous rhythms [1]. Chronopharmacology is a subject
that explores the interaction of medication and the biologic
rhythmic events. The traditional administration regimen
divides the total daily dosage evenly into several times,
based on the assumption that the physiological function,
pathology of the body and drug effect remain constant
during 24 h. However, with recent advances in
chronopharmacology, new rigorous scientific regimens
have been proposed, and the old even-division precepts are
now being replaced by chronotherapy.

The efficacy and tolerability of a drug vary with adminis-
tration time, which is related to the circadian rhythms of
biochemical, physiological and behavioral processes. Indeed,
many diseases such as asthma [2, 3], allergic rhinitis [4],
cardiovascular diseases [5, 6] and cancer [7, 8] demonstrate
circadian patterns in the occurrence or intensity of symptoms.
Therefore, different dosing times of drugs for these diseases
may demonstrate various effects. For example, aspirin [9, 10],
torasemide [11], ramipril [12] and amlodipine/valsartan
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combination [13] are more effective when administrated at
bedtime; prednisone MR [14] and simvastatin [15] should be
given in the evening, while the night time is believed to be
superior to other times for nebicapone [16, 17].

Chrono-chemotherapy is based on the therapy of
chronopharmacology, researching the rhythms of drugs and
the body in order to improve the effect and reduce toxicity.
Dihydropyrimidine dehydrogenase (DPD, a rate-limiting
enzyme of 5-fluorouracil) has been found to display
remarkable circadian rhythms, and the activity of the enzyme
is higher during midnight to 10:00 in the morning [18]. The
present universal administration regimen of 5-fluorouracil is
continuous intravenous infusion from 22:00 to 10:00, and the
Tmax appears at 4:00, which predicts a better efficacy.

Erlotinib (TARCEVA) is a small molecule-targeting
inhibitor, which suppresses the intracellular phosphoryla-
tion of tyrosine kinase associated with the epidermal
growth factor receptor (EGFR). Erlotinib is metabolized
mainly by CYP3A4 in the liver, and only a small part is
metabolized by CYP1A2 and CYP1A1l. An optimal study
compared the efficacy and tolerability of erlotinib versus
standard chemotherapy in the first-line treatment of
patients with advanced EGFR mutation-positive NSCLC.
The result indicated that erlotinib conferred a significant
progression-free survival benefit and was associated with
more favorable tolerability [19]. Erlotinib is the only TKI
that has been proved to significantly prolong progression-
free survival in NSCLC patients. However, none of the
previous studies have determined -circadian-dependent
variations of erlotinib thus far. In the present study, we
investigated the chronopharmacokinetic characters of
erlotinib in Lewis tumor-bearing mice. Moreover, we also
determined the expression of Cyp3all, Cyp3al3 and
Cypla2, which are homologs of CYP3A4 and CYP1A2 in
the human body, in order to identify whether the enzymes
display a circadian oscillation.

2 Materials and Methods
2.1 Materials

Erlotinib hydrochloride tablets (Tarceva, Schwarz Pharma
Manufacturing Inc., Chinese Drug Approval No.
J20090116, 150 mg). The tablets were suspended in 0.5 %
CMC-Na solution to a final concentration of 15 mg/ml
after the coating was removed. Erlotinib hydrochloride
standard (purity = 98 %) and sorafenib standard (internal
standard, purity = 98 %) were purchased from Toronto
Research Chemicals Inc. (TRC, Toronto, Canada). Ana-
lytical grade n-hexane and ethyl acetate were purchased
from Aibi Chemistry Preparation Co., Ltd. (Shanghai,
China). HPLC-grade acetonitrile was from Shield Fine
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Chemical Products Co., Ltd. (Tianjin, China). All the other
reagents were of analytical grade.

The StarSpin animal mRNA kit was purchased from
Genstar Biosolutions Co., Ltd., China. The PrimeScript®’
RT reagent kit with gDNA Eraser and SYBR® Premix Ex
TaqTM were purchased from Takara Biotechnology
(Dalian) Co., Ltd., China.

2.2 Animals and Cells

Female C57BL/6 mice, 4 weeks old, were obtained from Vital
River Laboratory [Beijing, China; approval no. SCXK (Bei-
jing) 2012-0001]. The mice were housed under standardized
12 h-light/dark cycle conditions (lights on at 7:00 a.m., off at
7:00 p.m., 500 lux and 25 lux, were controlled during the light
span and dark span, respectively) at 24 £ 2 °C and
70 £ 10 % humidity with food and water available ad libitum
[20-22]. All mice were synchronized for 3 weeks.

Lewis lung cancer (LLC) cells (ATCC, USA) were
obtained from Beinachuanglian Biological Science Institute
(Beijing, China) and were passaged in vitro to reach a proper
quantity before the implantation. Three weeks later, the
tumor cells were suspended, and a 0.2 ml volume of
approximately 1 x 10° to 1 x 107 viable cells was inocu-
lated subcutaneously into the right groin of the mice [22, 23].

2.3 Experimental Design

Ten days after the inoculation, a total of 504 tumor-bearing
mice were randomly assigned into six circadian groups,
with 84 animals in each group. All the mice of six groups
were orally given 0.2 ml erlotinib hydrochloride suspen-
sion at 1 HALO (hours after light onset), 5 HALO, 9
HALO, 13 HALO, 17 HALO and 21 HALO, respectively.
Seven tumor-bearing mice without the administration and
another three normal mice were added to each circadian
group as model and blank controls, respectively. The six
circadian groups were further divided into 12 subgroups of
7 mice each to study the plasma erlotinib concentrations
over time. Blood was taken at 5, 10, 20, 30, 45 min, 1.5, 3,
5, 8, 12, 16 and 24 h after each administration with one
subgroup at a time. All the mice were killed immediately
after their blood had been taken. Blood samples were
collected in 2 ml heparinized tubes and centrifuged at
4000 r/min for 10 min at room temperature. The plasma
was separated and stored at —86 °C before analysis. The
liver tissue samples were taken from three mice of the
subgroups that were killed at 30 min, 1.5, 3, 8, 12, 16 and
24 h after administration. The livers of corresponding
controls were taken at 8:00, 12:00, 16:00, 20:00, 24:00 and
4:00, respectively, on the same experimental day. The
tissue samples were immediately frozen in liquid nitrogen
for 15 min and then stored at —86 °C.
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2.4 Pharmacokinetics
2.4.1 Chromatographic Methods

Erlotinib and sorafenib were determined by an Agilent
1260 Infinity LC (Agilent, USA), and the stationary phase
consisted of a ZORBAX SB-C18 column (5 pm,
4.6 x 250 mm, Agilent) and a guard column (5 pm,
4.6 x 12.5 mm, Agilent) of the same packing.

The elution was performed using the mobile phase
consisting of a mixture of acetonitrile and water (55:45,
v/v), with the pH adjusted to 2.0 (trifluoroacetic acid) [24].
The flow rate was 1.0 ml/min and the total running time
was 15 min. The column temperature was maintained at
25 °C. Sample volumes of 20 pl were injected, and erlo-
tinib was detected by the UV absorbance at 250 nm.

Stock solution, calibration standards and quality con-
trols: Erlotinib and IS were dissolved in the mobile phase
and diluted to a final concentration of 456 and 85.2 pg/ml,
respectively. All stock solutions were stored at 4 °C.
Standard solutions of erlotinib were prepared by diluting
stock solutions into eight concentrations of 446,880,
223,440, 148,960, 111,720, 74,480, 27,930, 13,965 and
4655 ng/ml. The quality control (QC) samples of
558.60 ng/ml  (LQC), 4468.80 ng/ml (MQC) and
35,750.40 ng/ml (HQC) were prepared in the same
manner.

2.4.2 Sample Preparation

Mouse plasma (100-pul aliquot each) was transferred to a
1.5 ml polypropylene microcentrifuge tube. Then 20 pl
of IS (85.2 pg/ml) and 50 pl of NaOH (0.1 N) were
added to this aliquot. Next, 1 ml of hexane—ethyl acetate
(30:70, v/v) was added, and the mixture was vortexed for
5 min followed by centrifugation at 12,000 r/min for
10 min at room temperature. The supernatant was
transferred into a new 1.5-ml polypropylene microcen-
trifuge tube and evaporated to dryness at 40 °C under a
nitrogen stream. The residue was reconstituted in 100 pl
of mobile phase.

Pharmacokinetic analysis and statistical analysis: The
concentration of erlotinib in the plasma was determined as
described above, and the concentration-time curve of each
administration time was drawn accordingly. WinNonlin
was employed to calculate the pharmacokinetic parameters
of all the groups. Finally, the pharmacokinetic parameters
of the six circadian groups were compared by analyses of
variance (ANOVA, F value). The differences between the
means were considered statistically significant when
P < 0.05.

2.5 Gene Expressions of Cyp3all, Cyp3al3 and
Cypla2

2.5.1 Total RNA Preparation and Primer Design

Total RNA was extracted from the tissue samples by using
StarSpin animal mRNA kits according to the manufac-
turer’s protocol. The complementary DNA (cDNA) was
synthesized using the PrimeScript® RT reagent kit
according to the manufacturer’s instructions. The primers
of the three genes and GAPDH, which was used as internal
control because of its stable expression level in liver cells,
were designed by UCSC Genome Browser.

2.5.2 gRT-PCR

The PCR reaction mixture contained 12.5 ul SYBR®"
Premix Ex TaqTM, 5 uM PCR forward primer and PCR
reverse primer, 1 pl cDNA and 9.5 pl dH,O, adding up to a
final volume of 25 pl. The specificity of PCR amplification
was analyzed by the melting curve.

Each sample was run in triplicate in a TL988 Real-Time
Quantitative PCR (Xi’an Tianlong Science and Technology
Co., Ltd.). The threshold cycle, ACt, was calculated as Ct
(target gene) — Ct (GAPDH). The relative changes in the
target genes in different treatment groups were determined by
the formula 272", where AACt was calculated as follows:

AACt = ACt (blank control) — ACt (circadian group)

ANOVA was conducted to compare the variation of
mRNA expression of the three drug metabolic enzymes for
24 h after six administration time points.

3 Results
3.1 Determination of Erlotinib by Chromatography

Representative chromatograms of blank mouse plasma, the
internal standard in the mobile phase and a sample of
erlotinib in mouse plasma are shown in Fig. 1. Erlotinib
(tfr = 2.9 min) and the internal standard sorafenib
(tr = 11.6 min) were well separated, and no significant
interference from endogenous or exogenous compounds
was observed in these chromatograms.

3.2 Linearity and Limit of Quantitation
Calibration curves were linear over the range of
465.5-44,688 ng/ml. The assay showed good correlation

coefficients (r2 > 0.99). Erlotinib’s limit of quantitation
was 465.5 ng/ml.
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Fig. 1 Determination of mAU I
erlotinib by chromatography. 1904 a
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3.3 Accuracy, Precision and Recovery

Intra- and inter-assay bias and precision are shown in
Table 1. For the high and medium level, the intra- and
inter-assay precision was lower than 15 %, and the low
level was under 20 %. The mean intra- and inter-assay
accuracy was below 20 % at all levels. The samples are
shown in Table 2.

3.4 Pharmacokinetic Parameters

The plasma concentration-time profile of erlotinib after
administration at six different time of day is shown in
Fig. 2. Table 3 summarizes the different pharmacokinetic
parameters (mean grade £ SD) of erlotinib in mouse
plasma after a single dose of 150 mg/kg at 1 HALO, 5
HALO, 9 HALO, 13 HALO, 17 HALO and 21 HALO. The

Table 1 Precision, accuracy and recovery

study showed that the 13 HALO group was the lowest in
both AUCy 54, and MRTy 54 , compared to the other
groups (P < 0.01), while the 1 HALO group and 5 HALO
group were significantly higher than the others (P < 0.01).
Tmax of the 13 HALO, 17 HALO and 21 HALO groups was
significantly lower than that of the 1 HALO, 5 HALO and 9
HALO groups (P < 0.01) and the 1 HALO group appeared
the highest. C,,,.x was the highest in the 5 HALO group and
the lowest in the 13 HALO group (P < 0.01). As for CL,
the 13 HALO group appeared to be the highest and the 9
HALO group the lowest (P < 0.01). Moreover, the ¢, of
the 1 HALO group was significantly lower than those of all
the other groups, while the 9 HALO group showed the
highest, which was nearly three times that of the 1 HALO
group (P < 0.01). The Vz/F of the 1 HALO group was the
lowest compared with the other groups, and the 13 HALO
group appeared the highest (P < 0.01).

Erlotinib (pg/l) Within-day precision RSD (%) RE (%) Between-day precision RSD (%) RE (%) Recovery (%)
35,7504 40,366 + 2718 6.7 12.9 40,878 + 1913 4.7 14.3 924 +72
4468.8 4861 + 442 9.1 8.8 4674 + 311 6.7 4.6 96.5 + 4.7
558.6 480 + 75 15.7 —14.1 467 + 66 14.1 —16.4 88.0 +£ 4.7

Mean grade + SD, n = 15
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Table 2 Sample stability

Erlotinib Room temperature RSD RE (%) Repeated freezing and RSD RE Low temperature RSD RE (%)

(pg/) storage (%) thawing (%) (%) storage (%)

35,750.4 41,028 £+ 791 1.92 14.8 40,824 + 946 2.31 142 39,527 + 465 1.18 10.6
4468.8 4330 + 272 6.28 —3.11 4809 + 395 8.21 7.61 4423 + 245 5.54 1.02
558.6 475 £ 27 5.68 —15.0 515 £ 81 15.7 —17.81 483 + 72 14.8 —13.5

Mean grade & SD, n = 15

Room temperature storage: 22 °C

Repeated freezing and thawing: —20 to 37 °C
Low temperature storage: —86 °C
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Fig. 2 Plasma concentration-time profile of erlotinib after administration at six different times of day
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3.5 Expression Levels of the Three Metabolic
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Fig. 3 Comparison of Cypla2, Cyp3al3 and Cyp3all mRNA
expressions among the six circadian groups. a Comparison of Cypla2
mRNA expressions among the six circadian groups. b Comparison of
Cyp3al3 mRNA expressions among the six circadian groups.

¢ Comparison of Cyp3all mRNA expressions among the six
circadian groups

circadian clock [28]. The Dbp gene has been identified as a
direct target for rhythmic BMAL1 and CLOCK binding
[29, 30]. Stratmann et al. [31] have discovered a special
BMALI1-binding site in the promoter region of the Dbp
gene to regulate the phase of its expression according to the
photoperiod. Indeed, computer-aided analysis identified a
putative DBP-binding site in the promoter region of mouse

7.00

I
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% 6.00
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(g 5.00
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.g 4.00
=
K
O 3.00 -
c
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(1HALO) (SHALO) (9HALO) (13 HALO) (17 HALO) (21 HALO)

Fig. 4 Variation tendency of Cypla2, Cyp3al3 and Cyp3all mRNA
expressions of the modeling groups during 24 h

Cyp3all, which is highly conserved between human and
mouse [28, 32]. Based on our observations, even though no
significant ups and downs were found in mRNA expression
of Cyp3all during 24 h normally, this is still something we
should not have ignored. Figure 3 shows that obvious
uniformity was exhibited among all six groups in the
expression variation of Cyp3all with time (the peak values
appeared at about 8-16 h after every administration),
which indicated the mRNA expression of Cyp3all may be
effected by erlotinib. This means that no matter when the
drug was given during 1 day, the mRNA expression of
Cyp3all will reach a relative peak value at 12-16 h after
administration. Previous reports had demonstrated that
erlotinib is a moderate inhibitor of CYP3A4, and a potent
inhibitor of CYP1A2, which seemed inconsistent with our
study. In humans and dogs, rifampicin is a strong inducer
of CYP3A4, but not in rats and mice [33]. Thus, the effect
of erlotinib on the enzymes may be different between
human and mouse. However, our assumption warrants
further investigation.

The daily variations in Cyp3all, Cyp3al3 and Cypla2
expressions may partially explain why the pharmacoki-
netics of erlotinib varies with its dosing time. In addition,
there has been evidence that the blood flow rate to the liver
also shows circadian rhythms, which can cause variations
in the pharmacokinetics of medications as well [34]. The
mRNA expression of the three drug-metabolizing enzymes
and the organ blood flow had a significant peak in the
active phase (the dark period), leading to a relatively high
CL and low Ty, in the 20:00 and 24:00 groups. Therefore,
the drug absorption and elimination were both fast.

Our study showed significant differences in the phar-
macokinetics of erlotinib in tumor-bearing mice when it
was administered at different times of day. Circadian
variations in the absorption, distribution, metabolism and
excretion of drugs may be responsible for circadian vari-
ations in drug effects and/or side effects [35]. Thus, it is
necessary to further investigate the chronopharmacokinet-
ics of erlotinib in clinical practice.
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